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PREFACE 

This report summarizes the fiscal year (FY) 1991 (October 1, 1990, through September 30, 1991) 
progress of the subcontracted photovoltaic (PV) research and development (R&D) performed 
under the Photovoltaic Advanced Research and Development Project at the National Renewable 
Energy Laboratory (�)-formerly the Solar Energy Research Institute (SERI). The NREL 
subcontracted PV R&D represents most of the subcontracted work that is funded by the U.S. 
Department of Energy (DOE) National Photovoltaics Prognim. The DOE National Photovoltaics 
Program is managed by the Photovoltaics Division under the Office of Solar Energy Conversion 
(which is under the Office of Utility Technologies within DOE's Conservation and Renewable 
Energy organization). Major program thrusts in FY 1991 continued to be implemented based on 
DOE's new Photovoltaics Program Plan FY 1991-FY 1995. The mission of the national PV 
program is to develop PV technology for large-scale generation of economically competitive 
electric power in the United States. The major challenge in fulfilling the mission is to assist 
industry in laying the foundation for installing at le�t 1000 MW of electrical capacity by the 
year 2000. The NREL PV subcontracts are managed under the following areas: Amorphous 
Silicon, Polycrystalline Thin Films, Crystalline Silicon Materials Research, High-Efficiency 
Concepts, New Ideas for Photovoltaic Conversion, University Participation, Photovoltaic 
Manufacturing Technology Project, and Module and System Performance and Engineering. In 
these areas, technical summaries of each of the subcontracted programs list approaches, major 
accomplishments, and future research directions. This document assists technology transfer of 
research results into commercial products and applications. 

Approved for the NATIONAL RENEW ABLE ENERGY LABORATORY 

� -� 
Thomas Surek, Manager 
Photovoltaic Program 

Robert Stokes, Acting Director 
Photovoltaics Division 

Notice: This publication was reproduced fnm camera-ready copy submined by tbe :illdivi.dualsubc:ontractors. The efficiency values reported 
by the subcontractors may not have been independently CODfinned by NREL or Sandia. 
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SUMMARY 

The National Renewable Energy Laboratory (NREL)-form.erly the Solar Energy Research 
Institute (SERI)-subcontracted photovoltaic (PV) research and development (R&D) represents 
most of the subcontracted work funded by the U.S. Department of Energy (DOE) National 
Photovoltaics Program. The DOE National Photovoltaics Program is managed by the 
Photovoltaics Division under the Office of Solar Energy Conversion (which is under the Office 
of Utility Technologies within DOE's Conservation and Renewable Energy organization). This 
rep<m covers fiscal year (FY) 1991 (October 1, 1990, through September 30, 1991). 

Major program thrusts in FY 1991 continued to be implemented based on DOE's new 
Photovoltaics Program Plan FY 1991-FY 1995. The mission oi the national PV program is to 
develop PV technology for large-scale generation of economically competitive electric power in 

. the United States. The major challenge in fulfilling the mission is to assist industry in laying the 
foundation for installing at least 1000 MW of electrical capacity by the year 2000. 

The NREL PV subcontracts are managed under the following areas: Amorphous Silicon, 
Polycrystalline Thin Films, Crystalline Silicon Materials Research, High-Efficiency Concepts, 
New Ideas for PV Conversion, University Participation, PV Manufacturing Technology Project 
(PVMaT), and Module and System Performance and Engineering. The subsections that follow 
summarize the objectives and approaches for each area. Technology transfer activities are also 
summarized. 

There were more than 80 subcontracts in FY 1991 with a total, planned annualized funding of 
over $19 million. Cost sharing by seven industry subcontractors added another $3.7 million to 
the NREL funding. Slightly over half of the subcontracts were with universities, at a total 
funding of about $5.4 million. We initiated all approved FY 1991 subcontract procurements, and 
we awarded approximately 75% of the planned $19 million. Procurement highlights included 

/ awards under the amorphous silicon government{mdustry and fundamental studies progiams, the 
polycrystalline thin films government{mdustry and fundamental studies programs, the crystalline 
silicon materials research on impurities and defects, high-efficiency concepts Phase 1 of the 
PVMaT Project, and various module, system, and market development subcontracts. Highlights 
of initiated activities included Phase 2A of PVMaT, the amorphous silicon utility{mdustry PV 
power project, and the DOE collegiate Sunrayce 93 PV powered car competition. 
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Amorphous Silicon Research Project (ASRPl 

The near-term objective is to achieve a 12% stable prototype module efficiency by 1994 in 
accordance with the goals in DOE's new Photovoltaics Program Plan (FY 1991-FY 1995) 
through better understanding and improvement of the optoelectronic properties of amorphous
silicon-based alloy materials. A transition in emphasis has occurred in FY 1990 from single
junction cell and submodule research to multi junction module research, and from initial efficiency 
to stabilized efficiency. · 

The ASRP consists of three tasks: (1) subcontracted research, (2) NREL amorphous silicon 
research,· and (3) Surface and interface a.t,talysis. Within the subcontracted research there are two 
principal activities: subcontracted multidisciplinary research activities, and subcontracted 
fundamental research activities. The subcontracted multidisciplinary research activities are 
performed by broad-based research teams under cost-shared programs between government and 
industry. The teams are located at the individual industrial fru;ilities that perform focused 
research ranging from feedstock materials through the development of modules. The 
subcontracted fundamental research activities involve basic and supporting research done by 
academia and research laboratories to aid the industry groups' advances of the technology base. 
The cost-shared subcontracted multidisciplinary research programs address issues related to all 
aspects of two-terminal amorphous silicon multijunction cells and modules using same-bandgap 
or different-bandgap device structures. Research was performed to advance the stabilized 
conversion efficiency of multijunction modules with areas of about 900 cm2 that use glow 
discharge deposition as the primary method of fabricating the amorphous silicon films. 

Polycrystalline Thin Films 

The objective of the Polycrystalline Thin Films Program is to develop thin-film, flat-plate 
modules that meet DOE's long-term goals of reasonable efficiencies ( 15%-20%), very low cost 
(near $50/m2), and long-term reliability (30 years). The approach relies on developing solar cells 
based on highly light-absorbing, compound semiconductors such as CulnS�, CdTe, and thin-film 
crystalline silicon. These semiconductors are fabricated as thin films ( 1-3-pm thick) with 
minimal material and processing costs. Cell efficiencies greater than 10% have been achieved 
by 18 laboratories. Module efficiencies of 10%-11% have been reached by both CdTe and CIS 
at one square foot; 10% has been reached by CIS for a 4-ff module. 

Polycrystalline devices require continued development to achieve 15o/'o-20% conversion 
efficiencies. The focus of our work is to develop single-junction cells. Improvement in the 
single-junction technologies has been steady and reliable. This strategy remains the major focus 
of the task. Potentially achievable module efficiencies exceed 15% at costs under $50/nr. 

Developing scalable, low-cost fabrication methods is important in providing industry with a 
foundation for future large-area, high-throughput commercial processes. Within the NREL 
program, methods for fabricating polycrystalline cells irtclude various selenization methods (for 
CulnSCz), sputtering, close-spaced sublimation, evaporation, electrodeposition, metal-organic 
chemical vapor deposition, and spraying for CdTe. 
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Crvstalline Silicon Materials Research 

The emphasis of the NREL Crystalline Silicon Materials Research Program is to develop a 
coordinated effort between industry, university, and NREL to study basic mechanisms pertaining 
to the kinetics of oefects and synergistic effects related to defect-impurity interactions. Of 
particular interest is the work to identify the effects of post-growth processing on the photovoltaic 
properties of low-cost silicon and methods for passivating electrically active defects in silicon. 

Although silicon solar cells fabricated on low-cost substrates have already demonstrated 
efficiencies exceeding 15%, the teclniology to commercially produce cells of such high efficiency 
on low-cost substrates does not exist. Some of the reasons for the lack of such a technology are 
related to our inadequate understanding of the roles that many defects and impurities play in cell 
performance. Furthermore, it is not well understood how the characteristics of silicon, containing 
defects/impurities, change under various theriml\ processes; this lack of information makes it 
difficult to design cell fabrication processes that .can ameliorate the deleterious effects of 
defects/impurities. 

High-Efficiency Concepts 

The objective of the High-Efficiency Concepts program area is to evaluate and develop advanced 
PV technologies capable of energy conversion efficiencies in excess of 20% for flat-plate 
configurations and 30% for concentrator systems. Because of the demonstrated performance of 
crystalline ill-V semiconductors, the task has become synonymous with ill-V compound 
semiconductor research. 

NREL's program of research in High-Efficiency Concepts has approached the terrestrial PV goals 
from the direction of first demonstrating the feasibility of exceeding these efficiency targets to 
ensure th�t production engineering trade-offs between performance and cost can be 
accommodated. Recent advancements by the community researching high-efficiency technologies 
provide a high level of confidence that the efficiency goals can readily be met. 

Research supported by this program benefits future development activities by strengthening the 
understanding of basic mechanisms that affect the uniformity of doping, composition, and 
thickness over large-area wafers, from wafer to wafer and from run to run. Efficiently utilizing 
source materials and evaluating potentially superior sources (cost, purity, control, safety, and 
other factors) are also important topics for research. Continued improvement . ..1 cell efficiency 
is also a critical factor in reaching cost-effectiveness for the technology. 

The basic issues that form the focus of research supported under this program have been 
summarized. Clearly, the technology for deposition of ill-V compound semiconductors by 
potentially low-cost processes that provide excellent uniformity, purity, and crystallographic 
quality is the key factor for achieving the near-term PV program goals through the high
efficiency path. Research on characterizing materials and cells, analyzing loss mechanisms in 
cells, demonstrating improved cell designs, and improving the monitoring, control, and safety of 
the processes also contribute greatly to the technology base. 
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New Ideas Program 

The objectives of the New Ideas Program are to identify new PV materials, device configurations, 
and concepts, and to conduct preliminary R&D in the areas that show the most promise. 

The program provides public solicitations for new and innovative research ideas that are relevant 
under the PV program guidelines. The responses to the solicitations are submitted by universities, 
businesses, and non-profit organizations. Subcontracts are awarded to study the most promising 
concepts. These subcontracts are reviewed, and successful concepts are selected for renewal with 
a second year of funding. Subcontracted New Ideas research that shows signmcant potential is 
transferred into the appropriate major task area within the DOE PV program for contin.ued 
support. 

University Participation Program 

The objective of this program is to maximize the contribution of universities to the future of PV 
technology by focusing on the traditional needs and strengths of that community. Thus, it 
provides a forum in which the university researchers identify research topics critical to advancing 
the PV technology with minimal influence from the current programmatic interests. The selected 
participants are then permitted to pursue the proposed basic and applied research ideas in an 
environment designed to foster creativity both by limiting the requirements for delivering reports 
and samples and by achieving specific goals. Reporting is limited to. annual reports and journal 
publications. Research symposia organized by the participants are held periodically and are open 
to all students, program participants, and outside researchers. The intent of the initiative is to 
provide continuity of funding over a minimum three-year period, which will allow universities 
to build and support interdisciplinary teams with specialized expertise that can be applied to 
furthering the technology base of PV. Such a program is expected to attract the most highly 
qualified university research teams to the national PV program. The University P�cipation 
Program also supports the . PV industry through technology transfer; this occurs through 
publishing research results in the technical literature but also through enhanced student awareness 
of PV technology and educating future professionals. 

PV Manufacturing and ,Technology (PVMaTl Project 

The objective of the Photovoltaic Manufacturing Technology (PVMaT) Project is to assist the 
U.S. PV industry in improving manufacturing processes, accelerating manufacturing cost 
reductions for PV modules, increasing commercial product performance, and generally laying the 
groundwork for a substantial scale-up of U.S.-based PV manufacturing plant capabilities. This 
project is a government{mdustry PV manufacturing R&D effort composed of partnerships 
between the federal government (through the U.S. Department of Energy) and members of the 
U.S. PV industry. 

Phase 1 of this project, the problem identification phase, was completed early in 1991. Phase 1 
competitive bidding was open to any U.S. firm with existing manUfacturing capabilities, 
regardless of material or module design. Twenty-two subcontracts of up to $50,000 each were 
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awarded. Phase 2 is now under way. This is the solution phase of the project and addresses 
problems of specific manufacturers. Subcontracts under the first Phase 2 solicitation, tailed 
Phase 2A, will be awarded in early FY 1992. This Phase 2A solicitation was only open to 
participants in the Phase 1 effort. The envisioned subcontracts under Phase 2 may be up to three 
years in duration and will be highly cost-shared between the U.S. government and U.S. industrial 
participants. A second, overlapping, and similar process-specific solicitation (Phase 2B) is 
planned to follow soon and will be open to all U.S. PV manufacturing companies. A third 
portion of the PVMaT project, called Phase 3, is also under way, although it is slightly behind 
Phase 2. In October 1991, a Phase 3A solicitation was released for subcontracted team research 
on module-related R&D problems common to several PV manufacturers. In Phase 3, because 
of the general interest to industry, some general issues related to PV module development will 
be studied through various teaming arrangements. The PVMaT project's ultimate goal is to 
ensure that U.S. industry retains and extends its world leadership role in the manufacture and 
commercial development of PV components and systems. Activities to date under PVMaT have 
received outstanding support, and the level of interest in participation is exceptional. 

PV Module and System Performance and Engineering Project 

The PV module and system performance and engineering project is structured to conduct state-of
the-art PV module, system, and application research; to perform engineering, testing, evaluation, 
and analysis tasks; to provide technical results and solutions to technical issues; to develop PV 
applications and application opportunities. The project is also designed to maintain and enhance 
supporting facilities and capabilities that are consistent with DOE's new Photovoltaics Program 
Plan FY 1991-FY 1995, are complementary to other DOE PV projects, and will ensure that 
project capabilities and facilities are available resources for cooperative research and utilization 
by the PV research and development community. 

Project actj.,vities are managed through the module and systems performance and engineering 
project management task and are organized to address project objectives through the following 
five primary tasks: (1) Cell and Module Standardized Characterization Performance; (2) Module 
and System Performance Testing; (3) Module Reliability Research: (4) Solar Radiation Research; 
and (5) System and Utility Applications. 

· 

Subcontract activities represent support for industry/utility PV power projects, domestic and 
international standards development, PV ·systems applications including demand-side 
management, assessment of and effects on roof mounted modules, and solar resource utility load 
matching assessment. 

Technology Transfer 

Consistent with recent DOE policy, technology transfer is collaborative R&D with industry to 
aid industry in the commercialization of products or services. An underlying theme of NREL 
technology transfer activities is the joint work (focused on a common R&D objective) 
accomplished by industry researchers and NREL researchers. Among government laboratories, 
there are seven principal tools for effecting technology transfer: subcontracted R&D, cooperative 



R&D, industry sponsored R&D, user facilities (at NREL), technology licenses, researcher . . 
exchanges, and information dissemination. NREL's PV program conducts its technology transfer 
primarily through three of the above: Subcontracts, informal cooperative R&D, and information 
dissemination. 
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1.0 INTRODUCTION 

This report reviews subcontracted research and development (R&D) activities under the NREL 
Photovoltaic Program from October 1, 1990, through September 30, 1991. 

1.1 Background 

The National Renewable Energy Laboratory (NREL) - formerly the Solar Energy Research 
Institute (SERI) - subcontracted photovoltaic (PV) R&D represents most of the subcontracted 
work funded by the U.S. Department of Energy (DOE) National Photovoltaics Program. The 
DOE National Photovoltaics Program is managed by the Photovoltaics Division under the Office 
of Solar Energy Conversion (which is under the Office of Utility Technologies within DOE's 
Conservation and Renewable Energy organization.) 

Major program thrusts in fiscal year (FY) 1991 continued to be implemented based on DOE's 
new Photovoltaics Program Plan FY 1991-FY 1995. The mission of the National Photovoltaics 
Program is to develop photovoltaic technology for large-scale generation of economically 
�ompetitive electric power in the United States.· The major challenge in fulfilling the mission 
is to assist industry in laying the foundation for the installation of at least 1000 MW of electrical 
capacity by the year 2000. 

Under the DOE PV program, the NREL Photovoltaic Advanced Research and Development 
Project sponsors fundamental and applied R&D, manufacturing development, and systems and 
market development in PYenergy technology. The project also provides services to industry and 
electric utilities or other users, and it provides the leading support for the national PV program. 
The NREL subcontract program is responsible for most of the R&D, manufacturing technology 
development, and some of the systems and market development task areas under the national PV 
program. The implementation of the subcontract program is based on competitive public 
solicitations. One of the most important mechanisms is in the form of government/industry 
partnerships, with industry frequently sharing the cost of research with DOE. We also work 
closely with both manufacturers and potential users to expand the market and foster a viable PV 
industry, and to hasten the acceptance of PV systems by utilities. 

NREL's PV activities include managing subcontracted R&D projects as well as conducting 
research at the laboratory. The primary research activities are conducted in advanced PV material 
technologies, including amorphous-silicon thin-film materials; polycrystalline thin films, such as 
copper indium diselenide (CIS) and cadmium telluride and their alloys; and high-efficiency 
crystalline cells, including silicon and gallium arsenide and their alloys. Improving the way that 
PV devices are manufactured is vital. Two complementary approaches are pursued. One 
involves government/industry partnerships under the PV Manufacturing Technology (PVMaT) 
Project. That approach focuses on improving manufacturing processes and products, accelerating 
manufacturing cost reduction, and laying the foundation for increased production capacity. The 
second approach involves module development research to evaluate modules and module 
performance and to suggest solutions to common module problems. System and market 
development rounds out the balanced ·approach pursued. The objective is to create the 
environment whereby system technology, user acceptance, and the PV industry can accommodate 
the continued expansion of PV into larger applications and markets. NREL subcontracts also 
support the continued influx of new ideas and highly qualified university research teams to 
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expand the current limits of PV technology. And, transferring research results into commercial 
products and applications in a timely and effective manner is another major activity of NREL' s 
PV project. 

Subcontracted R&D is a· significant part of the NREL PV project - more than 50% of the 
project's budget is allocated yearly to subcontracts�, · In FY 1991, we managed more than 80 
subcontracts with a total planned annualized fundiri.g' of better than $19 million. Cost-sharing by 
seven il}.dustry subcontractors added an additional $3.7 million to the NREL funding. Slightly 
over half of ·the subcontracts were with universities, at funding of $5.4 million. Table 1-1 shows 
how the subcontract budget was distributed. Figure 1-1 shows the distribution of subcontract 
funds by business category. Table 1-2 shows the NREL contacts for theJ?V subcontracts. 

Fiscal Year 

1978-1988 1989 1990 
Task Area ($M) ($M) ($M) 
Research and Development 

Amorphous Silicon Thin Ftlms 59.2 7.7 6.0 
Polycrystalline Thin Ftlms 37.1 3.7 4.6 
High-Efficiency Concepts 30.6 2.0 1.9 
Crystalline Silicon 22.1 0.6 0.5 
New Ideas 17.6' 0.4 0.4 
University Participation 4.8 0.9 0.4 
Subtotal 171.4 153 13.8 

Manufacturing Technology, and, System and Market Development 

PV Manufacturing Technology Project N/A N/A 1.7 
Module and System Performance and Engineering Project N/A N/A N/A 

Subtotal N/A N/A 1.7 

Total 171A 15.3 15.5 

Table 1-1. Subcontract Budget mstory of the NREL Photovoltaic Program• 

Notes: (a) Includes approximately 10-15% for program management; fees, etc. 
(b) Includes $9 million for photoelectrochemical cell research. 
(c) Significant effort initiated in FY 1991. 
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1991 
($M) 

3.3 
4.5 
13 
0.9 
0.4 
0.8 

11.2 

6.7 
2.0 

8.7 

19.9 



Small business 

1.8% 
Other 

Total Subcontracts = $18.5 million 
Cost-Share by industry= $9.million {est.} 

PVMaT 

Figure 1-1. Business category distribution of FY 1991 subcontract funds 

Task Area 

PV Progcim 

Amotphous Silicon 
Research Project 

High-Efficiency Concepts, 
Crystalline Silicon Materials, 
and University Project 

Polycrystalline 
Thin Ftlms 

New Ideas Project 

PV Manufacturing Technology 

Module and System 
Performance and Engineering · 

Contact Name 

Thomas Surek, Manager 
Kathy Summers, Admin. AssisL 
Thomas Basso 

Werner Luft, Manager 
Byron Stafford 
Bo1ko von Roedern 

John Benner, Manager 
Bhushan Sopori 

Kenneth Zweibel, Manager 
Harin U1lal 

Thomas Basso 

Ed Witt, Manager 
Rick Mitchell 
Dave Mooney 

Richard DeBlasio, Manager 

Table 1-2. NREL Photovoltaic Program Subcontract Personnel 

Notes: (a) Area code (303), FTS number 327-xxxx. 
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Telephone• 

231-1371 
231-1395 
231-7035 
231-1452 
231-7126 
231-1380 
231-1396 
231-1383 

231-7141 
231-1486 
231-7035 
231-1402 
231-1379 
231-7074 

231-1286 



1.2 Key Accomplishments 

1.2.1 Amorphous Silicon Research Project 

NREL implemented a transition to focus industrial subcontractors and university subcontractors 
on stabilized efficiencies, rather than to focus on maximizing initial performance and minimizing 
degradation. 

• One contract to· United · Solar Systems Corporation was awarded under the third 
government/industry 50% cost-shared partnership for amorphous silicon research. This 
contract completed the awards under this competitive procurement. The principal objectives 
of this procurement are: (1) to conduct research on semiconductor materials and non
semiconductor materials to enhance two-terminal, multijunction, thin-fJlm, large-area, all
amorphous-silicon-alloy device performance, (2) to develop high-efficiency, stable, 
reproducible, and low-cost multijunction photovoltaic modules based on all-amorphous 
materials, (3) to demonstrate stable 12% (AM 1.5) aperture-area solar conversion efficiency 
for different-bandgap modules, and (4) to demonstrate stable 10% (AM 1.5) aperture-area 
solar conversion efficiency for same-band-gap modules. The ·modules will be at least 
900 cm1 in a,rea and ·will consist of at least two . integrally stacked devices using all
amorphous-silicon alloy materials. 

• The awards under the recompetition for amorphous. silicon fundamental research were 
completed. Awards under the competitive procurement were made to Colorado School of 
Mines, Institute of Energy Conversion (IEC) , Iowa State University, North Carolina State 
University, Pennsylvania State University, Syracuse University, University of Illinois, 
University of North Carolina, University of Oregon, and Xerox. Two additional non
competitive awards were made--one to the National Institute of Standards and Technology 
and one to the Jet Propulsion Laboratory. 

• An extensive safety analysis review for resuming amorphous silicon operations in Building 
16 was completed, and an off-site safety analysis review began for amorphous Silicon 
deposition from concentrated silane. 

• On 20-22 February 1991, an international conference convened jointly with NREL and the 
Electric Power Research Institute (EPRI) to review the status of understanding of the light
induced degradation of amorphous silicon and to refocus the research onto pertinent stability 
issues. The proceedings from the conference were published and distributed worldwide. 

• On 29 August 1991, a DOE panel of selected experts evaluated the progress and future 
direction of the amorphous silicon research project and found th e  project well balanced and 
well managed. 

• Improved stabilized efficiencies for amorphous silicon modules were measured by NREL: 
7.2% efficiency for a Solarex triple-junction prototype module (962-cm1 aperture area), and 
6.3% efficiency for a United Solar Systems Corporation dual-junction module from their 
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production line (3676-cm2 aperture area). These stabilized efficiencies of 6%-7% for 
commercial and prototype modules are a significant improvement from the 3%-5% 
·efficiencies of such modules produced 3 or 4 years ago. 

• The IEC at the University of Delaware developed, in collaboration with Pennsylvania State 
University, a charge-defect equilibrium model that concludes that the light-induced dangling 
bond defect is fanned in an exothe.nnic reaction with negative entropy and free energy 
changes. This model suggests that the annealed state is unstable and can only be maintained 
when there is a lack of free charge. 

• Syracuse University reported changes in the drift mobilities measured at low temperatures 
in a high-quality p-i-n junction upon light-soaking. None of the present prevailing models 
for the Staebler-Wronski effect include the possibility of mobility changes. 

• The University of North Carolina reported that the electroluminescence in thick p-i-n 
junctions, when no.nnalized for the current density, does not degrade upon light-soaking. The 
radiative lifetime does not shorten with photo-degradation at a temperature below 200°K. 
An attempt was made to describe these phenomena using a hopping transport model that 
includes Coulomb interaction. 

· 

• The University of. Oregon reported drive level photocapacitance results suggesting changes 
in the deep-tail-state region of a-Si:H upon light-soaking. In high-quality a-SiGe:H samples, 
these states may also be important. High midgap defect densities of states coexist in these 
a-SiGe:H alloys with sharp Urbach parameters. This questions the validity of certain defect 
equilibrium models (Stutzmann, Smith and Wagner). 

• Xerox reported very strong field dependencies of the conductivity of doped layers below . 
1 00°K. ; The conductivities are virtually temperature-independent. An analysis of a 
compensated a-Si:H sample shows 6 orders of magnitude decrease of the carrier mobilities 
with increased compensation. These very large decreases in mobility cannot be rationalized 
in te.nns of gap states and are attributed to potential fluctuations of the band edges. 

• A new model for light-induced degradation was proposed by B. von Roedern at NREL. The 
model combines the features of the "bond breaking" models and the "charge defect" models. 
The .model suggests that solar cell degradation is mostly due to degraded mobility of 
electrons. Experiments carried out in collaboration with R. Braunstein (University of 
California-Los Angeles) have now experimentally con:fi.nned the mobility decreases caused 
by light-soaking. We also showed that metastable defects are charge-trapping defects. 

• A 1991 R&D-100 award was made for low-emissivity coated glass. The award is partially 
based on NREL-funded research on fluorine-doped tin-oxide films deposited on glass fqr 
amorphous silicon photovoltaic modules. The awards was made jointly to Libby-Owens-Ford 
(LOF) and inventor R. Gordon of Harvard University. LOF obtained a license for the basic 
patent (awarded to R. Gordon) that was based on NREL-funded subcontracted research. LOF 
scaled-up the process to deposit the film on 12-ft sheets of glass while the glass is still 
n;10lten. The basic patent is also used by ·manufacturers of commercial amorphous silicon 
photovoltaic modules. Gordon is currently funded by NREL to develop a low-temperature 
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fluorine-doped zinc oxide coating to be used on the next generation thin-fllm photovoltaic 
modules. 

· 

1.2.2 Polycrystalline Thin Films 

Significant progress was made in FY 1991 in the subcontracted research of polycrystalline thin 
films. The key accomplishments in both CdTe and CulnSez solar cells and modules are listed 
below. 

• A phased, two-year subcontract with Martin Marietta of Denver, Colorado, was signed. The 
purpose of the subcontract ("Innovative Sputtering Techniques for CIS and CdTe Submodule 
Fabrication") is to investigate the potential of rotating cylindrical magnetron sputter 
deposition of copper and indium for CIS modules; and of cadmium and tellurium for CdTe 
modules. If successful, the u8e of rotating cylindrical magnetrons would provide an attractive 
opportunity for cost reductions since such magnetrons have higher rates and better materials 
utilization than conventional planar magnetrons. The period of performance is from 
September 1, 1991 through November 30, 1993. The subcontract provides $396K for the 
first year .and $596 for the second year. International Solar Electric Technology (ISET) is 
a sub-tier contractor of Martin Marietta, for whom they are providing selenization expertise. 
ISET is also providing the expertise needed to produce CdTe from a Cdffe film. (!SET 
holds the patent for this approach, developed under a recent NREL New Ideas project.) 

• Photon Energy reached a significant milestone by demonstrating an 8% aperture-area 
efficiency for an approximate 1 ff CdTe module. The module was measured outdoors at 

. NREL using a specially designed maximum power (P m.J tracking system. P mu: was 6.82 W 
under 1018 W/m1 sunlight at 32°C. The aperture area of the module is 831 cm1, yielding 
an aperture-area efficiency of 8.1 %. This is the highest efficiency for 1-ft" CdTe that we 
have measured at NREL, and it was measured at 7°C hotter than standard conditions (i.e., 
the efficiency at standard conditions would be slightly higher than 8.1% ). British Petroleum 
(BP) Solar has reported reaching 10% efficiency on 1-tr CdTe modules. Photon Energy is 
beginning the process of fabricating 4-:ff modules. 

· 

• The judges for the 1991 R&D 100 Awards competition for significant new technology have 
selected for recognition the thin-film cadmium telluride PV modules project. R. Mitchell and 
K. Zweibel, jointly with Photon Energy, received the award. 

• Siemens Solar Industries delivered a 9.7% efficient (aperture area) 4-tr 'module (fully 
encapsulated) to NREL. The achievement of this efficiency surpasses the fU'St year milestone 
of its new subcontract (9.4%). The fmal goal of the subcontract is 12.5% at the end of the 
third year. The DOE's new Photovoltaics Program Plan FY 1991-FY 1995 key thin-filin 
goals are for stable, 4-tr module efficiencies of 10% (1992), 11% (1993), and 12% (1993). 
All of these goals are within the scope of the Siemens effort. 

• NREL representatives K. Zweibel, R. Noufi, and L. KazmerSki attended th� kickoff meeting 
of the EPRIINREL CIS Working Group (CISWG) in Denver on May 23, 1991. Sixteen 
invited attendees included representatives from EPRI, Siemens Solar, ISET, Solarex, 
American Physical Society, Boeing, Martin Marietta, University of lllinois, IEC, Colorado 
State University, University of South Florida (USF), and AT&T. A mission statement for 
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the CISWG was developed during the meeting. The group's pmpose is to accelerate the 
availability of the CIS technology for significant energy contributions. Members will consist ·
of CIS "stake holders" who are willing to work together on issues that will serve the group's 
purpose. The first two subcommittee topics were chosen: life-cycle environme.ntal 
acceptability and modeling. The two chairmen for these subcommittees are K. Zweibel and 
J. Sites, respectively. 

• We have further confirmation of the outstanding intrinsic stability of CIS modules. Mter 
almost three years (972 days) outdoors, the two ARCO Solar (now Siemens Solar) CIS 
modules delivered in October 1988 are within 97.5% and 99.8% of their original efficiencies 
as measured outdoors in Golden, Colorado. In fact, all the parameters on these 8% efficient 
(aperture area) modules are within experimental error of their original values. Although these 
tests are not yet adequate to predict a 30-year life for CIS modules, they provide a very 
strong indication that, with proper encapsulation, long outdoor life can be expected. 

• T. Chu at USF has achieved a major advance in CdTe cell technology through a NREL
verified world record 13.4% efficiency for a 1.2-cm2 CdTe cell (standard conditions). The 
cell structure is glass/tin oxide/cadmium sulfide/cadmium telluride/graphite. The device 
parameters were 840 m V, 21.9 mA/cm2 , and a 72.6% fill factor (FF). Four one-cm2 cells 
were measured, and all were oyer 12% efficiency. Besides remarkable voltages (all 825-
840 mV), cell FFs were as high or higher than any seen before. The highest FF was 74.6%, 
almost 2% higher than any previous FF. The improvement was achieved via progress in 
chemically dip-coated CdS. In fact, 840 m V was achieved several weeks ago when Photon 
Energy deposited its CdTe on a dip-coated CdS substrate made at USF. Thus, USF's high 
voltages are a result of improved CdS, not improved CdTe. (USF makes CdTe by close
spaced sublimation (CSS), and it is developing dip-coated CdS as a sub-tier contractor to 
Photon Energy.) An important aspect of the USF device is that the record efficiency was 
achieved despite very mediocre short-circuit current. We have previously reported currents 
over 2Q mA/cm2 made with thin CdS on CdTe (Photon Energy). The dip-coated CdS being 
developed by USF is designed to make thin layers that allow high currents. But USF has not 
yet optimized its dip-coating process for this advantage. Thus, it may be expected that within 
the next few months USF will � able to increase their currents substantially, i.e., to in 
excess of 25 mA/cm2• Combining the existing parameters with a 25 mA/cm2 current would 
allow USF to surpass 15% efficiency. Both Photon Energy and Solar Cells Inc. (which uses 
CSS to make their CdTe) have shown intense ·interest in the USF results. 

• A major government/industry partnership subcontract with Siemens Solar Industries has been 
awarded by the Polycrystalline Thin Films Project. The goal of the three-year subcontract 
is to develop high efficiency CIS power modules (12.5%, 49 watt, 4-ff modules). Achieving 
this goal is important to reaching the key thin-film milestones of the Photovoltaics Program 
Plan FY 1991-FY 1995� The three-year award is for $4.6 million, of which NREL's share 
is $2.4 million. With the award of this and the Boeing subcontract, we have accomplished 
a key annual operating plan milestone; completing the Polycrystalline Thin Films Module 
Development request for proposal (RFP). The purpose of the RFP was to bolster the 
infrastlilctUre in CIS and CdTe, two very promising thin film materials. With the recent 
award of several subcontracts, we are now supporting Solare� Siemens, ISET and Boeing 
in CIS, and Photon En�rgy and Solar Cells Inc� in CdTe. In addition, we have added support 
for Astropower in thin x-Si. The participation of these key companies meets the goals of the 
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RFP. They should provide the progress needed to bring the polycrystalline thjn-fllms 
technologies to commercial success. 

• . Photon Energy , under its subcontract entitled "Module Process Optimization and Device 
Efficiency Improvement for Stable, Low-Cost, Large-Area, CdTe-Based Photovoltaic Module 
Production," has produced another record cell. Separate from its equally promising w ork on 
solution grown thin-CdS. with Chu at the USF, Photon Energy has made additional 
advancements in the deposition of its CdS window layer. This has re sulted in a sig nificant 
improvement in the uniform thickness of the CdS layer allowing Photon Energy to reduce 
this layer to a few hundred angstroms. Results of this process improvement �ave b een two 
record 0.3-cm1 cells cut from 6" by  12" panels and tested at NREL. The device parameters 
of the cells were as follows: eff = 12.7% ,  V oc = 0.7888 V, Jsc = 26.18 mA/cm1, and FF = 

61.40%; and Eff - 1 2.7% , V oc = 0 .7989 V, Jsc = 26.21 mAcm1, and FF = 60.51 % .  These 
measurements have established record efficiencies and short-circuit currents. When measured 
in May 1 991 , efficiency equaled the highest efficiency polycrystalline thin-film cells 
measured at NREL. 

• AstroPower has been awarded a multiyear phased subcontract for $2.6M. AstroPower wlll 
be cost sharing the subcontract at about 20% .  The period of performance is from May 1, 
1991 , through February 28 , 1 994. The objective of the research is to fabricate, by the end 
of the third year, 1 2% efficient thin silicon-:film submodules deposited on ceramic substrates 
that are monolithically integrated. The area of the submodule is 1 200 cm1• The film 
thickness of the silicon-film will be less that 50 microns (Ast.roPower · will be using its 
proprietary method for depositing the thin silicon-film.) 

• We met with G. Coors and B.L. Mornin of Adolph Coors Company to discuss the company's 
interest in PV. The Coors Company is considering PV as a possible technology for corporate 
development. NREL provided an overview and introduction to PV at the company in 
January. 

• ISET has made further improvement to the metal organic chemical vapor deposition 
(MOCVD) ZnO films for ZnO/CdS/CulnSezi'MO/glass devices under their Polycrystalline 
Thin ·Film subcontract, entitled " Process Development for High Efficiency, Low-Cost, Cu(ln, 
Ga) Sez Module Fabrication." The result has been a new NREL-measured efficiency record 
for ISET. Two devices were measured at NREL with 1 1.4% and 1 1. 5% efficiencies, 
improving ISET devices significantly over the 10 .6% ISET record set recently. The best of 
these 1 -cm1 cells had the following parameters; 11 = 1 1 .5% , V oc = .483 V, Jsc = 

35. 60 mA/cm1, and FF - 66.65 % .  The improvement in these devices has been attributed 
mainly to ·a reduction in ZnO layer sheet resistance from 35 ohms/square to 20 ohms/square, 
and a 10% increase in their transmission. These efforts have been supported by 
measurements by R. Matson, K. Emery, R. Dhere , and K. Ramanathan of NREL. Further 
reductions in sheet resistance and thinning of the ISET ZnO is expected to produce additional 
improvements in the next few months. Other areas of improvement b eing addressed at ISET 
include control arid thinning of the CdS layer �now ranging from 800 A to 1200 A), and the 
addition of antireflection costing (MgF�. 
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• The BP Solar unit has announced several important results in its thin ftlm CdTe technology. 
We have known for about seven years that BP Solar has been developing CdTe, however, 
the company has never before made its results public. At the 5th International · PVSEC, in 
Kyoto, Japan, it reported reaching 9.5% efficiency on a 706 cm2 (aperture area) CdTe 
submodule made by electrodeposition. BP Solar also announced stability results from a CdTe 
module tested outdoors for more than year. There was no significant difference between the 
initial efficiency (6.4%) and the final one (6.2%). BP Solar stated that it expects to be able 
to reach about 12% efficiency on submodules with its existing CdTe capabilities. The BP 
Solar work is based on previous work funded through DOE'JNREL at Monosolar. Monosolar 
was purchased by SOIDO and BP in 1983. . 

. 

1.2.3 Crystalline Silicon Materials Research 

NREL has actively worked with subcontractors in several research areas and facilitated 
interactions among subcontractors and with the industry. Development of a basic facility for 
optical processing and availability of NREL expertise for hydrogenation have led to fonnation 
of a nucleus for a collaborative program. 

· 

Major accomplishments of this project are: 

• A method, based on optical processing, was developed to produce texturing on the back-side 
of a solar cell. This "dry texturing" technique works on all crystal orientations. 

• Fonnation of hydrogen damage and the associated defect structure was identified. A back
side hydrogenation technique was developed for defect passivation of solar cells. 

• Efficiency of dislocations as sinks for point defects was detennined for commercial low-cost 
silicon. 

• Diffusion of hydrogen in silicon was modelled using experimental data. 

• Influence of dissolved oxygen on minority-carrier lifetime in silicon was studied. 

• A technique for fabrication of optically reflecting low-resistivity ohmic contacts on silicon 
was developed. 

1.2.4 High-Efficiency Concepts 

The following is a list of FY. 1991· key accomplishments for the high-efficiency project. 

• Rensselaer Polytechnic has experimentally validated a new stagnation-point reactor 
configuration. The uniqueness of the design arises from the prediction that a water-cooled, 
source-gas design manifold can be located only 1 em away from the 700° C susceptor and 
still be maintained at less than 150°C temperature. Initial growth runs yielded films with 
close to the predicted unifonnity. 
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• Spire developed thin GaAs cells for enhan�ed efficiency using Bragg reflectors to double the 
optical path length. The Bragg reflector was tuned to have peak reflectivity in the range of 
· 850-900 run. Tests using a cell thickness of only 1 micrometer showed significantly 
improved red response. These cells have exceptionally high open-circuit voltages, at least 
20 mV higher than. Spire has ever achieved in traditional cells, due to · the reduction in 
recombination attalned by using only a 1 micron thick active layer. 

• In a collaborative effort with the Massachusetts Institute of Technology and ffiM, Spire has 
petfonned initial investigations of a silicon substrate patterning concept for reduced 
dislocation densities in heteroepitaxial GaAs. NREL' s transmission electron microscopy 
(TEM) analysis of one sample revealed that some annihilation of dislocations resulted from 
the use of sutface features. 

• Kopin established operating parameters usirig diethylgailium chloride needed to attain lateral 
overgrowth capability in the MOCVD reactor. GaAs growth was demonstrated with good 
morphology and growth rates of up to 10 micrometers per hour. Little or no nucleation of 
polycrystalline material was observed on CLEFf masks. Tests to optimize the overgrowth 
will be petfonned. Successful development of this technology will cut epitaxy costs in half 
relative to . the current process by elimination of the hydride chemical vapor deposition 
overgrowth prior to organometallic vapor deposition solar cell growth. 

1.2.5 New Ideas for Photovoltaic Conversion 

Competitive, public solicitations are periodically issued for new and innovative PV research 
ideas. In late FY 1991, a letter-of-interest (LOI) solicitation was issued and over one-hundred 
responses were received. The LOI responses will be reviewed during FY 1992 and the ones 
found to be in the competitive range will be invited to submit an expanded proposal for review. 
Based on FY 1992 funding and the availability of FY 1993 funds, it is likely that subcontract 
awards will start late in 1992. 

Three ongoing subcontracts were renewed: novel ways of depositing ZnTe films by solution, 
researched by the IEC at the University- of Delaware; develqpment of an inverted AlGaAs/GaAs 
patterned tunnel junction cascade concentrator cell, at the Research Triangle Institute (RTI), and 
development of high efficiency epitaxial optical reflector cells, at USC. These awards started in 
FY 1990 based on the FY 1988 solicitation. 

The following is a list of FY 1991 key technical accomplishments for the new ideas project. 

• Researchers at IEC achieved Cu-doped ZnTe ftlms, 50-300 nm thick, deposited directly by 
an electrochemical method for the first time. A CdTe/CdS solar cell using the ZnTe:Cu as 
the primary contact to the CdTe achieved an efficiency of 8.7% with a FF >65%. The 
optical transmission of cells using electrochemically deposited ZnTe:Cu is higher than for 
cells using evaporated ZriTe:Cu. 

• Scientists at RTI have reported the first demonstration of an inverted-grown, thin-film, fully 
processed GaAs solar cell. This suggests that the inverted-growth approach to high efficiency 
AlGaAs/GaAs cascades is realistically feasible in the near term. Further, inverted growth can 
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offer a significant degree of freedom for the complete optimization of many multijunction 
cascade solar cells. 

• Scientists at RTI developed an approach denoted as eutectic-metal-bonding (EMB) for 
providing PV -device-quality GaAs-AlGaAs thin films bonded onto Si substrates. The 
material quality is evidenced by the demonstration of a minority-carrier lifetime of 103 ns 
on an EMB GaAs�AIGaAs double heterostructure. Also, Raman spectroscopy indicates the 
EMB thin· fllms on Si are free of strain. 

1.2.6 University Participation · Project 

The following is a list of FY 1991 key accomplishments for the university participation project. 

• North Carolina State University reported results of extended light soaking on "intrinsic" 
(lightly doped with boron) micro-crystalline silicon material. The measurements for more 
than 40 hours under 100 mW/cmz of white light can detect no degradation in the 
photoconductivity. 

• C. Taylor at the University of Utah has been awarded a patent .for doping amorphous silicon 
using tertiary butyl phosphine as the phosphorus source. Alternate sources may lead to a 
high ratio of electronic activity to chemical concentration. The university has chosen not .to 
elect tide to this invention. DOE may wish to take tide on it 

1.2.7 PV Manufacturing Technology (PVMaT) Project 

The PVMaT project is a government/industry PV manufacturing R&D project composed of 
partnerships between the federal government (through DOE) and members of the U.S. PV 
industry. It is designed to assist the U.S. PV industry in improving manufacturing processes, 
accelerating manufacturing cost reductions for PV modules, increasing commercial product 
performance, and generally laying the groundwork for a substantial scale-up of U.S.-based PV 
manufacturing plant capabilities. 

Phase 1 activities under this project have been completed, with each company identifying and 
developing a specific set of R&D areas that address its specific process problems. In FY 1991, 
a competitive solicitation was directed to these Phase 1 participants to identify R&D efforts 
appropriate under ·Phase 2 of this project Under Phase 2, selected companies will develop arid 
implement solutions to their manufacturing problems. The final selection of successful bidders 
under this phase has been completed, negotiations are under way at this time, and the award of 
research subcontracts is expected to begin soon. It is anticipated that as many as six subcontracts 
will be awarded under this phase, in which successful bidders will be supported for as long as 
three years as they realize improvements to their manufacturing processes. As with most PVMaT 
projects, these companies will be expected to cost-share their work. 

Future efforts in the PVMaT 'project are expected to include an additional Phase 2B solicitation 
focusing on company-specific problems (open to all U.S. fmns, including those who weren't yet 
ready for the Phase 1 call for proposals). Additionally, in October 1991, a Phase 3A solicitation 
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was released for subcontracted team research on module-related R&D problems common to 
several PV manufacturers. The activities under PVMaT to date have received outstanding 
support, and the level of interest in participation is exceptional. 

1.2.8. PV Module and System Performance and Engineering Project 

The PV module and system performance and engineering project is structured to conduct state-of
the-art PV module, system, and application research, and engineering, testing, evaluation, and 
analysis tasks. The project also provides technical results and solutions to technical issues and 
develops PV applications and application oppornmities. The project is designed to maintain and 
enhance supporting facilities and capabilities that are consistent with DOE's new Photovoltaics 
Program Plan FY 1991-FY 1995, are complementary to other DOE PV projects, and will ensure 
that project capabilities and facilities are available resources for cooperative research and 
utilization by the PV R&D community. 

Overall project activities are managed through the module and systems performance and 
engineeriitg project management task and organized to address project objectives through the 
following five primary tasks: (1) Cell and Module Standardized Characterization Performance; 
(2) Module and System Performance Testing; (3) Module Reliability Research: (4) Solar 
Radiation Research; and (5) System and Utility ApplicationS. 

Subcontract activities represent support for industry/utility PV power projects, domestic and 
international standards development, PV systems applications (including demand-side 
management), assessment of and effects on roof mounted modules, and solar resource utility load 
matching assessment A solicitation entitled "Amorphous Silicon Utility/Industry Photovoltaic 
Power Project" was released to the general public in FY 1991. 

1.3 Technology Transfer 

Consistent with recent DOE policy, technology transfer is collaborative R&D with industry to 
aid industry in the commercialization of products or services. The industry and NREL joint work 
accomplished by researchers focused on a common R&D objective is an underlying theme of 
NREL technology transfer activities. Among government laboratories, there are seven principal 
tools for effecting technology transfer: subcontracted R&D, cooperative R&D, industry sponsored 
R&D, user facilities (at NREL), technology licenses, researcher exchanges, and information 
dissemination. NREL' s PV program conducts its technology transfer primarily through three of 
the above: subcontracts, informal cooperative R&D, and information dissemination. 

1.3.1 Subcontracts with Industry 

In FY 1991, NREL had seven cost-shared subcontracts to industry totalling $7.8 million. The 
industry contribution to these research projects totals about $3.7 million. Technically 
knowledgeable NREL research managers participate in the definition, evaluation, award, and 
negotiation of statements of work submitted by industry researchers in R&D proposals. 
Following subcontract awards, NREL subcontract managers direct and evaluate research progress; 
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they made numerous site visits to subcontractor facilities in FY 1991 to review research progress. 
A fundamental assumption of NREL's PV Program is that technology development done by 
industry researchers circumvents the obstacles to technology transfer that are intrinsic in 
technology development done by NREL in-house research. 

1.3.2 Informal Cooperative R&D 

NREL in-house researchers frequently perform informal cooperative R&D with thefr industrial 
counterparts working under NREL subcontract. These interactions have been virtually ongoing 
since NREL (SERI) PV research started in 1977. The majority of these informal cooperative 
R&D activities involves performance measurements and materials analysis performed with 
NREL's large and unique set of capabilities for photovoltaic. efficiency an� materials analysis. 
Informal cooperative R&D, as distinguished from Cooperative Research and Development 
Agreements (CRADAs), is a natural complement to NREL's subcontracted PV program. 
CRADAs, as authorized by the National Competitiveness Technology Transfer Act of 1989, are 
formal agreements signed by the NREL Director and his industrial counterpart for the· conduct 
of joint research projects involving both NREL and industrial researchers. No CRADAs were 
signed in FY 1991 although preliminary discussi.ons were conducted on four potential CRADAs. 
Informal cooperative R&D in FY 1991 included the analysis of over 10,000 samples of materials, 
devices, or modUles. Over 100 companies worked with NREL researchers in this fashion. The 
following list from one month's activities (not at all a complete listing for the year) illustrates 
the large, small, PV, and non-PV companies working with NREL researchers: Solarex 
Corporation, International Telephone and Telegraph, Photon Energy, Inc., Boeing Aerospace and 
Electronics, Siemens Solar Industries, Mobil Solar Corporation, Pacific Gas and Electric 
Company, Solec International, Inc., United Solar Systems Corporation, Tideland Signal 
Corporation, Italsolar, Carrizo Solar, Chronar Corporation, and Public Service Company of 
Colorado. 

1.3.3 Information Dissemination 

During FY 1991, there were various conferences, meetings, or workshops organized with the help 
of PV program staff members. These events include the 22nd IEEE PV Specialists Conference 
and the International Solar Energy Society Conference. Other activities in which NREL 
researchers and subcontracted researchers participated include an ad-hoc IEEE Standards 
Coordinating Committee and SOLTECH 91. These gatherings provide important opportuniti�s 
for industry researchers to exchange technical information with NREL and NREL-subcontracted 
university researchers. These information dissemination activities do contribute to progress for 
industry researchers; one measure of progress is the joint publications of NREL and industry 
researchers that describe the outcome of their joint research endeavors. A small sampling taken 
from the conference proceedings of the 22nd IEEE Photovoltaic Specialists Conference showed 
NREL researchers publishing in conjunction with researchers from Spectrolab Inc., Boeing 
Aerospace and Electronics, International Solar Electric Technology, Photon Energy, Inc., AT&T 
Microelectronics, and Varian Research Center. 
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1.4 Conclusions 

Major program thrusts in FY 1991 continued to be implemented based on DOE's new 
Photovoltaics Program Plan FY 1991-FY 1995. The mission of the National Photovoltaics 
Program is to develop PV technology for large-scale generation of economically competitive 
electric power in th� United States. The major challenge in fulfilling the mission is to assist 
industry in laying the foundation for the installation of at least 1000 MW of electrical capacity 
by the year 2000. Under the DOE PV program, the NREL PV Advanced Research and 
Development Project sponsors fundamental and applied R&D, manufacturing development, and 
systems and market development in PV energy technology. The project also provides services 
to industry and electric utilities or other users, and it provides the leading support for the 
National Photovoltaics Program. The NREL subcontract program is responsible for most of the 
R&D, manufacturing technology development, and some of the systems and market development 
tas k  areas under the National Photovoltaics Program. 

The subcontract activities of the NREL PV project are summarized under the following sections: 
2.0 Amorphous Silicon, 3.0 Polycrystalline Thin Films, 4.0 Crystalline Silicon Materials 
Research, 5.0 High-Efficiency Concepts, 6.0 New Ideas for Photovoltaic Conversion, 
7.0 University Participation, 8.0 Photovoltaic Manufacturing Technology Project, and, 9.0 Moduie 
and System Performance and Engineering. The sections include a brief overview including the 
objectives, approaches, and some key de,velopments� Following the overview are technical 
summaries of the subcontract activities in that area. The summary sections were provided by 
subcontractors themselves or were compiled from various project reports submitted by the 
subcontractors. Section 10.0 lists FY 1991 subcontracts, and Section 11.0 lists subcontractor 
major reports. 
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2.0 AMORPHOUS SILICON RESEARCH PROJECT 

Werner Luft (Manager), Byron Stafford, and Belko von Roedem 

The near-term objective of the Amorphous Silicon Research Project (ASRP) is to achieve 12% 
stable prototype module efficiency by 1 994 in accordance with the goals in DOE's. new 
Photovoltaics Program Plan FY 1991-FY 1995 through better understanding and improvement 
of the optoelectronic properties of amorphous-silicon-based alloy materials. A transition in 
emphasis did occur in FY 1 990 from single-junction cell and submodule research to multijunction 
module research, and froni initial efficiency to stabilized efficiency. NREL implemented the 
transition in FY 1 991 to focus industrial subcontractors and university subcontractors on 
stabilized efficiencies, rather than to focus on maximizing initial performance and minimizing 
degradation. 

The ASRP consists of three tasks: ( 1) subcontracted research, (2) NREL amorphous silicon 
research, and (3) surface and interface analysis. Within the subcontracted research there are two 
principal activities: subcontracted multi-disciplinary research activities, and subcontracted 
fundamental research activities. The subcontracted multi-disciplinary research activities are 
performed under cost-shared· programs between government and industry .by broad-based research 
teams located at the individual industrial facilities that perform focused research ranging from 
feedstock materials through the development of modules. The subcontracted fundamental 
research activities involve basic and supporting research done by academia and research 
laboratories' to aid the industry groups' advances of the techriology base. The cost-shared 
subcontracted multidisciplinary research programs address issues related to all aspects of two
terminal amorphous silicon multijunction cells and modules using same-bandgap or different
bandgap device structures. Research was performed to advance the stabilized conversion 
efficiency of multijunction modules having areas of at ' least 900 cm2 using glow .. discharge 
deposition as the primary method of fabricating the amorphous silicon films. The stability of 
these devices was examined for fundamental changes in the bulk material properties, for 
temperature effects such as diffusion, for fabrication and area-related defects (interfaces), and for 
extrinsic degradation related to module encapsulation and framing issues. Transparent conductors 
were studied to improve the electrical conductivity while achieving optical transmissions greater 
than 85%. The quality and controlled texturing of ZnO transparent conductors based on low-cost 
processes were emphasized. The opto-electronic properties of a-SiGe:H and a-SiC:H alloy 
materials were investigated to determine the limits of these materials with regard to their use in 
practical multijunction devices. The interconnection of cells in a series-connected module 
configuration was a major issue studied since it impacts conversion efficiency through the 
inactive area losses, influences stability through changes over time in the contact resistance, and 
influences cost through its impact on yield and on the number and types of processing steps. 

Multidisciplinary subcontracted research was initiated in FY 1 990 to transfer the small-area 
technology developed under previous government/industry initiatives to large-area multijunction 
modules that are stable, reliable, reproducible, and have low cost. For this purpose, a new 
Government/Industry Program with 3-year subcontracts was started with three subcontract awards 
funded from the FY 1990 budget (Solarex, Glasstech Solar [GSI]), and UD.ited Solar Systems 
Corporation). One of these (GSI) was subsequently terminated after 6 months of work. The 
principal objectives of this research are: (1) to conduct resean:h on semiconductor materials and 
non-semiconductor materials to enhance two-terminal, multijunction, thin-film, large-area, all-
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amorphous-silicon-alloy device performance, (2) to develop high-efficiency, stable, reproducible, 
and low-cost multijunction photovoltaic modules based oil all-amorphous materials, (3) to 
demonstrate in stable 12% (AM 1.5) aperture area solar conversion efficiency for different
bandgap modules, and (4) to demonstrate in stable 10% (AM 1.5) aperture area solar conversion 
efficiency for same-bandgap modules. The modules will be at least 900 cnf in area and consist 
of at least two integrally stacked devices using all-amorphous-silicon alloy materials. The 
Government/Industry Program has been highly successful and significant advances have been 
made in cel1/submodule performance. · · 

The total subcontracted fundamental research program (with the exception of ZnO transparent 
electrode development) was recompeted in FY 1990. Ten awards were made in FY 1991 under 
the competitive procurement to Colorado School of Mines, Institute of Energy Conversion, Iowa 
State University, North Carolina State University, Pennsylvania State University, Syracuse 
UniversitY, University of lllinois, University of North Carolina, University of Oregon, and Xerox. 
Two additional noncompetitive awards were made to the National Institute of Standards and 
Technology and the Jet Propulsion Laboratory. The following general areas are being addressed 
in support of the multidisciplinary activities: light-induced stability, alternative material 
deposition approaches, amorphous silicon alloy .materials, and material characterization. Several 

- models have been proposed to explain metastable effects observed in amorphous silicon ftlms. 
More research was done to differentiate between the often subtle aspects and predictions of the 
models. More importantly, research was done on photovoltaic <:levices to correlate light-induced 
changes in the films with light-induced changes in the device performance. Continued research 
was done on both high- and low-bandgap alloys to determine the relationship of observed 
structural inhomogeneities to electrical transport - properties. Research was done on high- and 
low-bandgap alloys in device structures and under measurement conditions which simulate the 
intended end-use environment of the materials. Alternative deposition methods are explored to 
improve or develop discrete component layers such as wide bandgap, high conductivity doped 
layers, or alloy films. As the amorphous silicon technology matures, more sophisticated 
measurement and characterization techniques are needed for studies from the atomic level to 
characterization of materials in efficient photovoltaic devices. Collaborations between the 
fundamental research groups, governmentfmdustry research groups, and the NREL internal 
research groups was maintained through sample exchanges, workshops, and copublications. 

The NREL in-house research by the amorphous silicon group covered four investigations: 
(1) using alternate deposition methods such as hot-wire thermal decomposition deposition, 
hydrogen ion-implantation, and remote plasma hydrogen-radical chemical vapor deposition for 
improved material properties; (2) maintaining our ability to fabricate good quality p-i-n solar cells 
for device physics and photo-degradation studies; (3) maintaining state-of-the-art measurement 
facilities and developing new methods for material and device characterization; and 
(4) investigating and modeling photo-degradation phenomena with particular emphasis on 
correlating microstructure and defect properties with stability. Early in May 1991, deposition of 
a-Si:H using concentrated silane was stopped for safety reasons in the existing laboratories in · 

Building 16 of NREL. To restart deposition from concentrated silane, the activity will have to 
be moved off-site. A new Safety Analysis Review was started for an off-site facility. Facility 
modifications and deposition equipment modifications are required to meet safety demands. 
Shake-down of the modified facility and equipment is .expected to be completed by May 1992 . 
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fabricating polycrystalline cells include, for CoinS�, sputtering (with selenization) (Siemens 
Solar, Martin Marietta, International Solar Electric Technology, and Solarex), a reactive
sputtering and hybrid sputtering/evaporation method (University of Dlinois and Solarex), and 
evaporation (Boeing); for CdTe, close-spaced sublimation (Solar Cells Inc. and USF), evaporation 
(Institute of Energy Conversion), metal-organic chemical vapor deposition (Georgia Institute of 
Technology and USF), and spraying (Photon Energy). For CulnS�. we are also investigating 
non-HzSe selenization methods at NREL and Institute of Energy Conversion. For CdTe, we plan 
work in sputtering and elecirodeposition. 

· 

An initiative in the Polycrystalline Thin Film Program was begun with the release of a Request 
for Proposal (RFP) in FY 1989. The objective of the solicitation was to stimulate progress in 
CulnS� and CdTe submodule development and to deepen the U.S. participation in these 
promising technologies. The research community responded favorably, as reflected in the many 

. excellent technical proposals received in response to th� solicitation. Several new cost-shared 
contracts have resulted from the RFP. In 1991, we completed our university program plan to add 
several new participants early in FY 1992. 
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Title: Small Angle X-ray Scattering Studies of Amorphous Silicon-Based 
Semiconductors 

' 

Organization: Department of Physics, Colorado School of Mines, Golden, Colorado 

Contributors: D. L Williamson, principal investigator, Y. Chen, S.J. Jones, and 
G. D. Mooney. 

Objectives 

In fiscal year 1991 ,  Small Angle X -ray Scattering (SAXS) measurements were made on a 
host of amorphous semiconductor films in order to examine their microstructures on a scale 
of 1 to 25 nm. The objectives of this work are to determine whether the presence of 
microstructure as detected by SAXS 1) limits the photovoltaic properties of the present 
device-quality a-Si:H, 2) plays a role in determining the stability of the amorphous 
semiconductor materials, and 3) is responsible for the degradation of the photoelectronic 
properties upon alloying with germanium. Besides these studies, efforts are also being made 
towards improving the methods used in sample preparation for SAXS measurements and 
SAXS data analysis. 

Approach 

To address the above objectives, the following tasks have been completed: 

. 1) A number of a-Si:H and silicon-based alloy films were measured and the results 
compared with the films' relative photoelectronic properties; 

2) Several device-quality a-Si:H films were measured in both the light-soaked and 
annealed conditions to search for any light-induced effects (Staebler-Wronski effect) in the 
SAXS data; 

3) A first round of measurements was made using the Brookhaven National 
Synchrotron Light Source (NSLS). The use of high x-ray intensities and a point focus 
geometry at this facility allows for quick data acquisition (30 minutes as compared to 15 
hours using the system at CSM) and, in principle, a more straight-forward interpretation of 
the data; 

4) Some initial steps were taken to model the SAXS data in order to extract 
microvoid shape information based on a recent paper by Shibiyama et al. [1]. 

Results 

a-Si:H films 

We have examined series of rf glow discharge-produced a-Si:H samples made using 
different applied powers (NREL) and substrate temperatures (Utrecht University). Increases 
in the microvoid volume fractions were found with increasing applied power and decreasing 
substrate temperature. In both cases, the increases in microstructure follow typically 
observed deteriorations in the photoelectronic properties. 

A set of samples prepared in a rf sputtering system (J. Shinar's Group of Iowa State 
University) at various deposition powers was· also measured. Contrary to what was found 
for the fllms produced by rf glow discharge, the smallest void fractions were found for the 
films produced at the highest powers. The low · void volume fraction samples have 
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microvoids that are predominantly 0.8 to 1 .0 nm in diameter, whereas the higher void 
fraction films have a significantly larger predominant size of 1 .5  nm. . · 

SAXS data obtained for six ECR-deposited films provided by Yu-Han Shing of JPL 
reveal microvoid volume fractions which are at least four times larger than those usually 
found for device quality, rf glow discharge produced a-Si:H. 

a-Sit-xGe�:H 

a) The SAXS data for several a-Sit-xGex:H films produced by different groups are 
displayed in figure 1 .  In contrast to device quality a-Si:H, the SAXS signals for each of 
these films are more intense and the associated microvoid volume fractions at least four times 

· larger. Results from tilting experiments suggest all but one of these films contain large 
ellipsoidal voids which are preferentially oriented parallel to the film surface normal. The 
exception contains the smallest amount of germanium (37%). Plans in the next year are to 
measure sets of alloy films produced · under conditions where deposition parameters are 
systematically varied and representative opto-electronic properties are known. 

Staebler-Wronski Effect and SAXS . 

Five device quality a-Si:H samples were measured in an annealed state (170°C for 20 
hrs) and in an accelerated light-soaked state (20 Suns for 20 hrs). For each of the five films, 
the SAXS data taken in the two states are the same within experimental uncertainty (see 
figure 2) . We note that these results do not imply that the microvoids play no role in the 
Staebler-Wronski effect. 

SAXS Measurements at NSLS 

Several of the SAXS data sets obtained from our initial visit to NSLS have now been 
analyzed and the results are qualitatively consistent with those obtained using the apparatus at 
the Colorado School of Mines. Quantitative comparisons will require corrections for 
differences in the �lit geometries and in an apparently much larger background signal in the 
NSLS data. 

Modeling 
. '.�; 

The developed software models the SAXS data based on a Gaussian size distribution 
of ellipsoids of revolution. The model used can qualitatively account for the hot wire a-Si:H 
film tilting effects [2] for ellipsoids with major-to-minor axis ratio much larger than unity and 
a preferred orientation of the major axes perpendicular to the film plane. The glow 
discharge a-Si:H fllm tilting effect can be modeled by an axis ratio less than unity (pancake 
shape) and a preferred orientation of the short axis perpendicular to the film plane [2] . 

References 
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Organization: .  

Contributors: 

OBJECTIVES 

Optimization of Transparent and Reflecting Electrodes 
for Amorphous Silicon Solar Cells 

· 

Department of Chemistry, 
Harvard University, Cambridge, MA 

R.G. Gordon, Principal Investigator; 
J. Hu; J. Musher; H. Hummel; D. Lacks 

SUMMARY 

Transparent conducting materials are essential components of many kinds of solar cells, in which 
they serve as front-surlace electrodes. In tandem cells, back surface electrodes also need to be 
transparent. Finally, some designs for highly reflective back contacts also call for a transparent 
conducting layer. The compositions of these transparent conducting layers · are usually based on 
oxides of tin, indium and/or zinc, and hence referred to as transparent conducting oxides (TCO). 
hi addition to having low electrical resistance and low optical absorption, the structure of a TCO 
must minimize reflection losses . .  The TCO must also resist degradation during cell fabrication 
and use. Finally, the method for making the TCO must be inexpensive and safe. 

Our general objectives are to improve the performance of TCO materials and the methods for 
their production. We aim to reduce their electrical resistance, optical absorption and refection 
losses, and to avoid degradation of the materials. For the production method, the prime 
consideration is to deposit the TCO layers at a high rate with relatively simple apparatus. The 
method chosen is chemical vapor deposition at atmospheric pressure (APCVD), since it has been 
demonstrated, in the glass-coating industry, to be the most cost-effective method for making large 
areas of TCO coatings. 

RESULTS 

Preparation and Characterization of Textured Zinc Oxide Films 

Zinc oxide is a promising material for forming less expensive TCO layers, since zinc metal is 
much less expensive than tin or indium. Also, zinc is much more abundant in the earth's  crust, 
than is tin or indium, so th�t even large-scale use of solar cells would not lead to any shortage 
of zinc. 

Also, zinc is widely distributed on earth, and is mined in many countries, so continuity of supply 
is assured in any kind of political situation. In contrast, tin is mined in large quantities in ot:Uy 
a few countries. Another advantage of zinc oxide is its greater stability toward hydrogen plasmas 
used to deposit amorphous silicon solar cells. · 
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We discovered that fluorine can also be used to dope zinc oxide to high electrical conductivity. 
Fluorine is an ideal dopant for zinc oxide, since it is known to be electrically inactive, or even 
beneficial, in hydrogenated amorphous silicon. An additional benefit of the fluorine doped zinc 
oxide is its higher electron mobility; which results in greater transparency. The absorption loss 
in fluorine-doped zinc oxide is only about half of the loss in fluorine-doped tin oxide having the 
same sheet resistance.[1,2] 

The fluorine-doped zinc oxide is produced by CVD from diethyl zinc, ethanol and 
hexafluoropropylene at atmospheric pressure, in the temperature range 375-450°C. Films 
deposited under these conditions show good adhesion to the glass substrates (Scotch tape test). 
The highest ·electrical conductivity and light transmission are found for films deposited at the 
highest temperatures ( 450°C), and containing about 0.5 atomic percent fluorine. With this 
material, we could produce a TCO with a sheet resistance of 5 ohms pr square and visible 
transmission of about 87%, at growth rates up to 250 nm/minute. 

We discovered that the amount of texture (roughness) of the zinc oxide films depends 
dramatically on the amount of water vapor in the growth atmosphere. Small amounts of water _ 

vapor (about 1% of the ethanol concentration) produce smooth films, but decreasing the water 
content to less than 0.25% of the ethanol content produces textured (rough) zinc oxide films 
suitable for .efficient light-trapping growth, so a small, controlled source of water vapor is 
essential to control of film texture[1]. 

Depositions of zinc oxide films were carried out using aluminum as a dopant instead or fluorine. 
Detailed optical, electrical and structural characterization of these films was done. The electrical 
conductivities achieved were comparable to those we found using fluorine as a dopant. Higher 
electron concentrations were achieved with aluminum, but the mobilities were lower than with 
fluorine. The higher electron concentrations might be helpful in producing lower contact 
resistances between the zinc oxide and other layers in a solar cell. The lower mobility for the 
aluminum�Uoped layers; however, also results in higher optical absorption and lower tran$parency 
than with fluorine. Therefore, an optimum transparent conductor for solar cells might consist 
mainly of fluorine-doped zinc oxide, covered by a thin surface layer of aluminum-doped zinc 
oxide. Such a multilayer coating could be produced practically in a multi-chamber CVD furnace. 

Solar Cell Deposition on Zinc Oxide Films 

Production of large area, uniform films has been delayed because of Watkins-Johnson's ·inability 
to deliver the belt furnace which it was contracted to produce. Although we still hope to take 
delivery of this machine, which will produce uniform coatings more than 12-inches wide, we 
have received a smaller 6-inch furnace from BTU Engineering. More work will be required to 
adapt this machine to our purposes, but we hope to have it operating in a few months. 

Zinc Oxide Deposition for Applications as Final Contact for Solar Cells 

The reaction of diethylzinc and ethyl alcohol is to9 slow to deposit zinc oxide at temperatures 
below 300°C. However, by switching to tertiary-butyl alcohol; we found that zinc oxide films 

coUld be deposited at these low temperatures. However, neither the aluminum nor the fluorine 
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dopant was found to be electrically active when the deposition temperature was below 300°C. 
therefore, these low-temperature films had ·very low electrical conductivity. 

These layers can be used only for deposition before the amorphous silicon, as, for example, the 
layer between a glass superstrate and the amorphous silicon. Therefore, we are continuing our 
search for a suitable lower-temperature APCVD method for a conductive layer to be applied onto 
amorphous silicon, to be a diffusion barrier and reflection enhancer for the back metallization. 
Further work will attempt to remedy this problem by the use of boron, gallium or indium- as · 

dopants. Also, alternate transparent conductor materials will be considered for low-temperature 
deposition. 

a) Boron doping using diborane is being investigated, since its use has been successful at 
low temperatures in low-pressure CVD. So ·far, our efforts at atmospheric pressure had 
only produced insulating films at low temperatures, although · conductive boron-doped 
fllms have been produced at temperatures above 300°C. 

b) Gallium doping experiments have been started. Conductive films have been produced at 
about 300°C, but the reaction has been difficult to control. The trimethylgallium dopant 
has a very strong inhibitory effect on the CVD reaction kinetics. We will try to put this 
effect to use, in order to reduce the reaction rate of diethylzinc and water vapor, which 
is normally too fast to produce uniform CVD films at temperatures above about 200°C. 

c) Indium will be tried as a dopant for APCVD. zinc oxide films. 

Development of Zinc Oxide Layers which are Compatible with New Amorphous Silicon 
Processing Requirements 

Progress in this area must await installation of the_ new equipment for large-area deposition, as 
discussed in paragraph 2, above. 

Growth and Bonding Theory 

Our density functional theory of chemical bonding has been developed further, and programs 
written to carry it out. The theoretical energy and structure are in good agreement with 
experiments on a-quartz. The new bonding theory has also been applied to another phase of 
silicon dioxide, stishovite, which is stable at high pressures. The structure and energy of this 
phase are in good agreement with calculations, and the pressure of the phase transition is also 
in agreement with experiment. Further tests of the bonding theory will be made on other phases 
of silica Then the calculations will be extended to zinc oxide and tin oxide. 

CONCLUSIONS 

• Textured fluorine-doped tin oxide films with high electrical conductivity (5 ohms/square) 
and high transparency (87%) were produced by chemical vapor deposition at atmospheric 
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pressure (APCVD) on glass substrates at about 450°C, at moderate deposition rates (up 
to 250 nm per minute). 

• Amorphous silicon solar cells grown on these textured films show very high quantum 
efficiencies which demonstrates the high light-trapping ability of this texture, and the high 
transparency of the zinc oxide film. 

• Transparent, conductive aluminum-doped zinc oxide films were grown by APCVD at 
temperatures above 300°C • .  The electron · concentrations are higher for fluorine-doped 
films, but their transparency is lower. These layers are suitable for low-resistance contact 
to p-type amorphous silicon on the front surface of a solar cell. 

• Boron, aluminum and fluorine-doped zinc oxide films were grown at temperatures below 
300°C, but they have low conductivity and are not suitable for back contacts to solar 
cells. 
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Contributors: William Paul, principal investigator; 

Professor J.H. Chen, visiting professor; Mr. (now Dr. ) S.J. Jones, Dr. E.Z. Liu, 
Dr. J. Lyou, Dr. F.C. :Marques, Ms� D_awen Pang, Dr. W.A. Turner, Ms. Anna 
E. Wetsel and Mr. Paul Wickboldt 

Objectives 

The principal objectives of this research have been (1 )  to carry out a detailed study 
of the structural, electrical and optical properties of a-Ge:H, the end-component of the 
a-SiGe:H alloy series, in order to determine deposition conditions and paramater values 
that will optimize the properties relevant to photovoltaic devices, (2 )  to extend the work 
on pure a-Ge:H to alloys of a-SixGel -x of x < 0.5, so as to arrive at methods of deposition 
yielding films with comparable quality to the best a-Ge:H, (3) to continue a collaboration 
with Professor Richard Norberg of Washington University by preparing films of a-Si and 
a-Ge containing deuterium, so that the Norberg laboratory can study deuteron magnetic 
resonance (DMR), which may be interpreted to give information on the microstructure of 
films on a 100 A scale, (4) to continue a collaboration with Dr. M.L. Theye of the Lab
oratoire d'Optique, University of Paris, to explore low photon energy absorption spectra 
determined by photothermal deflection spectroscopy or steady-state photoconductivity, (5) 
to continue a collaboration with Professor J.  Chen of Boston College to study the electron 
spin resonance spectra of hydrogenated amorphous semiconductors, and (6) to carry out a 
collaboration with Professor J.  Tauc of Brown University on the photomodulation spectra 
of high quality a-Ge:H films. 

Approach 

Our research has been guided by the philosophy that insight into the difficulties sur
rounding the preparation of acceptable low band-gap a-SiGe:H alloy material may be 
obtained through a detailed understanding of the deposition conditions necessary for the 
preparation of high-quality a-Ge:H and high quality a-SixGet-r :H of high Ge content. The 
typical eScperimental approach used in the production of such low band-gap alloy materials 
is to start from conditions which produce high-quality a-Si:H ,  add some form of germanium 
to the deposition plasma, and to then perturb the conditions of deposition slightly from 
those used to produce a-Si:H until the properties of the resulting material are empirically 
optimized. It is not unreasonable to suggest that the properties of such alloy materials 
should be at least as sensitive, if not more so, to conditions which produce high-quality ger
manium, as a-Ge:H is typically found to be notoriously bad. It is our contention that the 
conditions necessary for the preparation of high-quality a-Ge:H are significantly different 
from those used to produce high-quality a-Si:H. 

The 'films required were prepared by r.f. glow discharge. These films were subjected 
to an extensive battery of structural, optical and electrical characterizations in our labora
tory and, in some instances, those of our collaborators. The measurements made included 
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conductivity verJuJ · temperature, optical absorption in the sub-band-gap region of the 
spectrum, optical vibrational absorption in the infrared region, photoconductivity spectra, 
ambipolar diffusion length, Raman spectra, gas evolution, transmission and scanning elec
tron microscopy, differential scanning calorimetry, isothermal calorimetry, and deuteron 
and electron magnetic

_ 
resonance. 

D iscussion 

Our research "this year has concentrated first on consolidation of our successful produc
tion of high density, non-porous, highly photoconductive, environmentally-stable a-Ge:H 
under more precisely delineated production conditions, second on extension of our film 
production and characterization to a-Si%Gel-%:H alloys of low x ,  and third on initiation of 
studies of the PECVD plasma yielding different quality films of a-Ge:H and a-SirGel -r :H. 

Sufficient detail on the s�ructural, optical and electronic properties of the optimized 
films of a-Ge:H was included in the Branch Anriual Report for 1990. During 1991 the 
range of parameter-space (substrate temperature T6, r.f . .  power, GeH4 flow rate, H2 flow 
rate, total gas pressure) was extended, but without significant improvement in typical val
ues of the TfJ.l.T product and photosensitivity ratio �uju. We continued to confirm that 
the properties of the samples obtained were sensitive to apparatus geometry and gas flow 
conditions to a greater extent than in the production of a-Si:H. It �11 be recalled that 
the principal significant contribution leading to better a-Ge:H was the realization of the 
efficacy of having a certain amount of ion bombardment of the growing films, a condition 
usually minimized for a-Si:H. The effect of iori bombardment was studied by arranging 
to prepare a-Ge:H simultaneously at the cathode and anode of r.f. glow discharge sys
tems with �ymmetric electrodes, which leads to higher electric fields and bombardment 
of the films growing at the smaller-area cathode, and probably to different plasma condi
tions in its vicinity. Anode-deposited films have optical absorption spectra and transport 
paraii1eters which appear to be normal, but TEM micrographs show that they possess mi
crostructural inhomogeneities, and their photoelectronic 7JJ.l.T and �uju are very poor. By 
contrast, cathode-deposited films have superior properties, orders-of-magnitude higher 7JJ.l.T 
and D.u / u, and TEM micrographs resembling device-grade a-Si:H. This year we have com
pleted a very instructive study of material deposited at the cathode at different values of 
the spacing ( 1 .0 em to 3.2 em) between the parallel electrodes. At selected spacings, other 
deposition parameters such as total r.f. power, substrate temperature and gas flows were 
systematically varied, and a full series of structural, electrical and optical measurements 
made. The results demonstrate a consistent improvement in optimized film quality as the 
electrode separation is decreased. This improvement is apparently not related directly to 
increased energy of the bombarding ions, since the self-bias of the cathode hard!� changes, 
but must be due instead either to an increased ion flux or to � fi1.0re appropriate con-

. centration and distribution of plasma radicals at the reduced electrode separation. This 
reduced electrode separation, it must also be noted, corresponds to higher local power 
density. The superiority of the films produced at small electrode separations has been 

. confirmed in about 100 film depositions. These results demonstrate that the production 
of "good" �-Ge:H is very sensitive to the precise plasma conditions, and are a principal 
reason for our decision to explore, to the extent possible, the properties of the plasma 
corresponding to the optimum values of electrode separations, r.f. power, pressure, gas 
flows. etc. By distinguishing the properties of the islands and connecting tissue evident in 
the microstructure of these films, we have also given a self-consistent explanation of the 
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optical. transport, photoluminescent and photoelectronic properties of these two phases. 
This analysis suggests that the extended state and drift mobilities of cathode-deposited 
films are as high as those for a-Si:H, and that further improvement of fJJ.LT must come 
from a decrease in the gap density of states. By contrast, the much reduced mobilities of 
anode-deposited films are linked to the observation of increased microstructure. Reduction 
of the microstructure is. crucial for improvement of a-Ge:H and a-SirGet -r :H. 

During this year we have extended our studies to the production and characterization 
of a-SirGe1 -r:H alloys of high Ge content, corresponding to Eo4 band gaps of 1 .4 and 
1.6 e V. Guided by our experience with Ge, we have deposited films under appropriate 
combinations of substrate temperatures, r.f. powers, gas pressures, gas .fiows, and electrode 
separations, and have carried out the full series reported above of structural, electrical and 
optical measurements. Such studies are painstaking, because every parameter variation is 
apt to lead to a different composition of alloy. The trends in measured properties with 
production conditions have been (not surprisingly, because x is small) very similar to those 
for a-Ge:H and, significantly, includes the microstructural characterization by TEM. We 
have been able to show that the mere introduction of SiH4 into the GeH4 plasma does 
not automatically lead to a degradation in photoelectronic properties, as has been the 

· nearly-universal eA."])erience in the fabrication of these alloys. As a.p example of our success 
this far. we have been able to produce a-SirGel -r : H  with the following characteristics: 
E04 optical gap 1 .40; Urbach parameter 46 meV, sub-band gap a at 0.8 eV of 2.5 cm- 1 ;  
transport activation energy 0.62 eV; TJP.T 3.1 x 10-7 cm2 /V, and ambipolar diffusion length 
630 A. . 

Toward the end of t his report period, we have concentrated on examining the relative 
concentrations of the radicals GeHx , Ge2 Hr , SiHz , ShHr and SiGeHr (x ---:- 0 to 4) in the 
different plasmas responsible for yielding good quality films, a:nd also on examining the 
radicals on systematic ·variation of one or other of the deposition parameters while the rest 
are maintained fixed. The radical content of the plasma is sampled by constructing a small 
orifice leading from the plasma to an RG A. By this means, for example, we have confirmed 
that conditions leading to good quality films of a-Ge:H also give a low concentration of 
Ge2 Hr radicals ( x > 1 )  in the plasma. This result is significant in helping to explain large 
changes in film properties as the electrode spacing is varied in that no other measured 
deposition conditio� was observed to significantly change. 

Simultaneous with these studies we have measured the self-bias potentials of the anode 
and cathode during deposition. These potentials give an indication of the ion bombardment 
energy. Our results suggest that the production of optimum films requires ion energies 
within a particular range of values. 

We have also continued our several collaborations with considerable success. The 
DMR results establish a multiplicity of environments for D (and thus H) in a-Si:H, a-Ge:H 
and a-Sir Get - r :H alloys with more specificity than in any other investigation of which we 
are aware. It has been established that the relative populations of tightly-bound D, weakly
bound D, molecular HD and D2 in microvoids and trapped on internal surfaces correlate 
with photovoltaic quality measured by the quantity fJJ.LT .  It has also been found that intense 
irr�diation produces DUR..,detected changes in the populations of the above-named entities, 
which tnay be the first direct structural demonstration of the involvement of D (H) in 
photo-induced degradation of the photoresponse. On another front, our samples of a-Ge:H, 
produced at both the anode and the cathode, were examined by steady-state and transient 
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phot.omodulation spectroscopy. The spectra of the anode-deposited material were found to 
be dominated by transitions between dangling bond states and the conduction arid valence 
bands. By contrast. the spectra of the cathode-deposited material required contributions 
from the band-tail states, indicating that the reduced defect density has resulted in pump 
beam-induced quasi-Fermi levels reaching near the conduction and valence band edges. 
These measurements thus confirm the analysis carried out earlier using more conventional 
optical techniques of sub-band-gap absorption, electron spin resonance and photoelectronic 
response. The ultrafast dynamics of photocarriers studied in femtosecond pump and probe 
experiments with 2 eV photons on our cathode-deposited a-Ge:H have also been reported. 

Conclusions 

The superior quality of a-Ge:H produced under PECVD conditions very different from 
those optimizing a-Si :H has been confirmed in many different types of experiment. The 
experimental conditions yielding this good material have been extensively explored and 
reported. Correlation between good photoelectronic quality and minimal microstructure 
has been consistently confirmed. Moreover, a self-consistent explanation of the structural, 
electrical and optical properties of the island and tissue phases has been devised. These 
studies have been extended to the examination of a-SirGe1-r alloys of small x ,  correspond
ing to  E04 band gaps of 1.4 eV and 1.6 eV. It has been found that environmentally-stable 
films with TJJ-LT's almost as high as those for optimized a-Ge:H can be produced by suit
able combinations of substrate temperature, GeH4 /SiH4 flow ratio, r.f. power and H2 
dilution. The constitution of the plasma corresponding to different deposition parame
ters, and also corresponding to conditions giving our best films, has been examined by a 
residual gas analyzer. It has been fou�d that the relative proportions of GeHr ,  Ge2Hr ,  
SiHr and Si2Hr radicals vary greatly with change in deposition conditions and that better 
films emerge from plasmas with fewer higher radicals (x  > 1) .  Our in-house studies have 
been supplemented by very useful collaborations on structural determination using DMR 
spectroscopy, on optical spectra using photothermal deflection spectroscopy, and on carrier 
dynamics using femtosecond pump and probe techniques. 
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The current proj ect is phase I of research on the development of amorphous 
s il icon based solar ce lls that have a stabilized efficiency greater than 12% . 
The present obj ectives are to develop the most stable materials ,  understand the 
nature of the Staebler-Wronski effect in a - S i : H  and the transport phenomena in 
the S i - Ge alloy system . Results from those studies will provide the later phases 
of this proj ect with the materials and des ign parameters necessary to deve lop 
solar cells with greater stabilized effic iency . 

Technical Approaches . 

Theoretical studies of multi-junction a - S i : H  solar cells proj ect efficienc ies 
greater than 20% .  This proj ect addresses the material limitations and device 
des ign cons iderat ions that until now have limited demonstrated stab il ized 
effic ienc ies to values less than 10% .  Clearly multi-junction solar cells offer 
the greatest potential for increased solar cell performance with acceptable long 
term stability . Res earch indicates that multi - junction solar cell s tabi lity is 
apparently contl;'olled by the stability of the middle solar cell which is 
typ ically made relatively thick to absorb a sufficient quantity of the solar 
spectrum . On the other hand the alloy back solar cell limits the performance of 
the annealed mult i-j unct ion solar cell and would also limit the performance of 
the degraded cells should more stable second cells be prepared .  Low hydrogen 
materials addres s  the performance and stability of multi - j unction amorphous 
s il icon based solar cells . Previously (1) we have reported that reduced hydrogen 
content improved the electronic transport properties of the s il icon - germanium 
alloys while increased hydrogen content clearly reduces the stabi�ity of a - S i : H .  
Reduced hydrogen content may improve the stability of a - S i : H  materials ( this 
topic is currently being exp lored at the Ins titute of Energy Convers ion under 
EPRI funding) . Even if low hydrogen materials do not have increased s tability 
the low hydrogen materials offer a means by which the middle solar cell could be 
made more stable . Reducing the hydrogen content ( or perhaps just the di-hydride 
content) results in smaller band gaps permitting the use of thinner i - layers in 
the crit ical middle cell . The se thinner !- layers enhance solar cell stabil ity . 
Ultimately thes e  elements of research will be combined to demonstrate amorphous 
s il icon-based solar cells with greater stabilized efficiency . 

S ignificant Results 

Task 1 - Stabilized a - S i : H  Materials and Devices 

In Phase I res earch we attempted to prepare films and devices grown by new 
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depos ition conditions thought to reduce the hydrogen content of the a-Si : H .  
These experiments employed our photo-CVD reactor using techniques which do not 
require high substrate temperatures (to be more compatible with solar cell 
processing) . For example , light attenuat�on and helium dilution were used to 
reduce the pos sibility of gas phase polymerization which could be one of several 
sources of excess · film hydrogen. Unfortunately the films grown by these new 
techniques tend to peel and flak� from most substrates . These films peeled from 
glass and single crystal s ilicon substrates making standard photo conductivity 
and IR analysis impossible . 

S ince the preparation and testing of low hydrogen materials is integral to our 
research proj ect , alternate tests and substrates were developed . Both of these 
problems were addressed during this part of our proj ect . Sn02 coated glass 
substrates did not produce the flaking problem found on the glass substrates . 
Therefore , we shifted our primary analysis away from f ilm based measurements to 
dev�ce based measurements .  

Previously we have published a number of papers on the use of device analys is for 
material and stability characterization ( 2 , 3 ) . During Phase I these techniques 
were reviewed .  Th e  sub-band gap. primary photo current technique was found to be 
flawed . Solar cells of similar thickness made with different hydrogen contents 
( 7  and ll%) produced different degradation behavior ( 1 , 4) . However , the primary 
photo currents increased with increasing light exposure at the same rate in both 
cells . Thus , the PPC s ignal during degradation did not depend on i - layer 
hydrogen content in contrast to cell results . Also the primary photo current is 
not a function of i- layer thickness suggesting PPC is not sens itive to bulk 
defects . These considerations were discussed in detail elsewhere ( 4 ) . 

The change in the short wavelength quantum efficiency (ASWQE) was also reviewed 
and no apparent incons istencies - were found . For example , ASWQE tracked with the 
relat ive solar cell convers ion efficiency . More recently in a collaboration with 
Diego Fis·cher at IEC (vis iting scholar on leave from the Univers ity of 
Neuchatel) , we examined ASWQE by numerical techniques .  The preliminary results 
of the numerical modeling agree ( see Figure l) with those of the earlier 
analytical investigation ( 3 ) . The ASWQE scales with the bulk recombination which 
in turn is proportional (to first order) with the defect density . Unless the 
interface recombination velocity scales directly with solar cell thickness (very 
unlikely) , ASWQE yields a reasonable measurement of the bulk density of Staebler
Wronski defects . The numerical modeling of p- i-n solar cells predicts the ASWQE 
vs i- layer thicknes s  and bulk dens ities of S -W defects shown in Figure l .  The 
same results can be applied to Schottky barrier devices , however , a different 
interface recombination velocity is required .  

The conductive Sn02 substrates precluded transverse photo- conductivity 
measurement , however it was poss ible to use the Sn02 as a back contact when 
Schottky barriers were formed by Ni depos ition on the front surface . ASWQE was 
used as a measure of relative stability of these Schottky barriers . 

During this portion of Phase l research , several methods of reducing hydrogen 
content (C8) were attempted ; two interrupted growth schemes and the light 
attenuation method . The first interrupted growth scheme involved a short 
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depos ition cycle of l minute (-20-40! growth) followed· by exposure to excited 
mercury alone for 5 minutes (*3497) or 2 minutes (*3496) . It vas hoped that a 
surface collision by an exc�ted mercury could abstract a surface hydrogen atom, 
thereby reducing the hydrogen content . In the second interrupted growth scheme , 
hydrogen radical etch cycles were used to attempt to abstract surface hydrogen 
( sample *3505) . Finally , in a non- interrupted growth scheme light attenuation , 
low reactor pressure , and high helium dilution were used to lessen the density 
of gas phase silane radicals , thereby reducing the hydrogen that incorporates 
through (SiH2)n molecules ( sample *3482 , 3492 , 3494) . · Deposition conditions of 
select samples are shown in Table l .  

In a collaborative effort with C . R .  Wronski at· Penn State University N i  Schottky 
barrier devices were formed on our materials deposited under a range of 
conditions expected to have lover hydrogen content . Co-deposited samples were 
sent to Charles Evans East for determination of hydrogen content . The results 
of this study are shown in Table 2 .  Several of the results are encouraging . The 
photo-CVD materials appear to have hydrogen contents lover than the standard 
provided to us from Solarex. Also , the impurity contents are comparable to the 

· industrial standard . However , our attempts to lover the hydrogen content by 
light attenuation , Hg annealing and H etching seem to have failed with the 
possible exception of sampi.e 3492 ( light attenuation) for which the SIMS 
measurement indicates a low hydrogen content (this value is cons istent with a 
concentration of -2-3  %) . Previously IR measurements indicated that the hydrogen 
content of the light attenuated samples to be 5 to 6% . However , sample 3494 
grown under s imilar conditions to 3492 had a larger hydrogen concentration . 
There are several poss ible explanations for this including an unintentional rise 
in chamber pressure during the deposition of 3494 . Also , the accuracy of the 
SIMS technique could be questioned . More samples will be grown to answer these 
questions . We have begUn efforts to drastically reduce hydrogen content by us ing 
higher depos ition temperat�es .  

The relative stability of the Schottky barrier devices can be inferred from 
�SWQE ( see Table 3 ) . Based on the experience of the Penn State group it appears 
that both 3492 and 3497 have better stability than standard materials even though 
our reference device (3491) appears to exhibit similar stability . The apparent 
stability of the standard materia.l is related to the �SVQE sens itivity to sample 
thickness (for example , see Figure l) , as this standard sample turned out to be 
thinner than expected . The i- layer of 3492 employed light attenuation , low 
pressure , and He dilution to reduce the possibility of gas phase polymerization 
(as discussed above) . Mercury annealing vas used in #3497 . The sample prepared 
with alternating depos ition and hydrogen etch cycles (*3505) was too thin 
(-2000A) for stability analysis . 

Several manuscripts were prepared describing a thermodynamic treatment .of 
dangling bond defect formation at high temperatures (T>l50°C) (for example , 
reference 5 ) . These works describe the method and results leading to the 
establishment of the enthalpy and entropy of dangling bond formation . Results 
from this model will permit us to establish the maximum number of dangling bonds 
that would result from a given light flux . These values would then be used as 
inputs to our modelling efforts aimed at designing solar cells with improved end-
of- life efficiency . 

· 

34 



Task 2 - a-SiGe : H  Materials and Devices 

As in Task 1 our efforts during this phase of the proj ect focused on materials 
and characterization on which future devices will be based . In a collaboration 
with J . David Cohen at the University of Oregon a-SiGe : H  materials were 
investigated using charge release techniques (see reference 6 for details) .  Thus 
far we have found that the Urbach energy for our alloy with a band gap of -1 . 3  
eV grown by photo-CVD is similar to that of high quality a-Si : H  (-50 meV) . The 
deep defect dens ity of states was found to be -2xl016cm-3 (amongst the very lowest 
reported for an alloy of such a low band gap) and SxlO�cm-3 for an alloy with a 
band gap of -1 . 45 eV . The value of the hole �r is relatively large compared to 
that of the electron (�r.-3 �ru) as previously found by solar cell analys is (2) . 
While low number are encouraging , we believe the real value of these number are 
as inputs to the detailed models that we will use to guide device design . 

In a collaborative effort with P .M .  Fauchet at the University of Rochester the 
picosecond carrier dynamics of the alloys prepared by photo-CVD have been 
investigated (7) . Interestingly it was found that the electron thermalizes with 
approximately the same time constant as electrons in high quality a-Si : H .  It is 
of cons iderable. interest to solar cell design that the electron could be 
collected prior to thermalization in thin solar cells . Our detailed modelling 
of a-SiGe : H  solar cells will take this into account . 

Recently we have prepared a front loaded a-SiGe : H  solar cells us ing des igns 
previously shown to yield good performance .  A 400.! thick a-SiGe : H layer was used 
in an i- layer which had a total thiclmess of 1000 A..  Non- ideal abrupt 
trans itions were used between the a-Si : H  regions ( 150 A. p/i interface buffer and 
the back 450 A. of the i- layer) and the a-SiGe : H  i-layer regions . Even with these 
abrupt trans itions the performance of this solar cell (#3520 . 11 - 1 )  was good with 
an efficiency of 5 . 96% (V0c-0 . 605V ,  J5c•l6 . 85 mA/cm2 , fill factor-58 . 54 
QEaoonm=-25%) • 

Conclusions 

In conclus ion there is some indication that C8 can be reduced without an increase 
in depos ition substrate temperature . However , it appears necessary to pursue 
higher substrate temperatures to guarantee markedly lower C8 values . Lower C8 
materials are necessary for the middle solar cell.  of a multijunction device where 
the smaller band gap would permit the use of a thinner i- layer for enhanced 
stab ility . Material characterization and theoretical modeling of defect 
formation carried out during this stage of research is expected to provide the 
input parameters necessary for the development (through solar cell modeling and 
experimentation) of amorphous silicon-based solar cells with improved end-of- life 

· performance .  · 
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Table 1 - Growth Conditions 

Gas · Ftow 
Sample No . Time Cycles T p SiB He H2 d 

min · c  torr ( SCCM) (J£m) 

3497 (growth) 1 51 205 5 2 . 0  8 . 0  0 0 . 37 
(anneal) 5 51 205 5 0 8 . 0  0 

3496 (growth) 1 78 205 5 2 . 0  8 . 0  0 0 . 5 5 
(anneal) 2 78 205 5 0 8 . 0 0 

349.2 (growth) 375 1 230 1 . 2 . 8  2 . 8  0 0 . 60 
3491* 335  1 205 5 2 . 0  8 . 0  0 0 . 37 
3505 ( growth) 1 20 230 2 2 . 2  0 20 0 . 2  

( etch) 0 . 5  20 230 0 . 5  0 0 20 
* This is our standard amorphous s ilicon recipe from which solar cells with 10% 

effic iency have been prepared . 

Table 2 - Charles Evans East SIMS 

Sample No . 

3482 
3491 
3492 
3493 
3494 
3496 
3497 
3505 
PB55 

Determined H ,  C and 0 
Comments 

Light atten . *  
standard 
light atten . 
standard 
light atten . **  
2 min . Hg anneal 
5 min . Hg anneal 
H anneal 

glow discharge*** 

Concentrations 
Ca Co 

*l021cm-3 

3 0 . 03 
2 . 5  0 . 03 
1 . 0  0 . 009 
2 . 6  0 . 017 
2 . 2  0 . 02 
3 . 0  0 . 02 
3 . 0  0 . 05 
3 . 0-2 0 . 2 - 3  
4 . 0  0 . 009 

Cc 

0 . 015 
0 . 005 
0 . 007 
0 . 005 
0 . 005 
0 . 005 
0 . 010 
0 . 05 
0 . 01 

* possible contamination from substrate cleaning process as _ c  and 0 
concentrations are higher near the substrate more 0 & C at back 

** poss ible increase in H concentration due to an unintentional pressure rise 
during depos ition 

*** supplied by Solarex 
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Table 3 
ASVQE of Samples as a Function of Deposition Technique 

Sample Dep . cond . Tdep QE4s0aa 
(°C) (annealed) (degraded 64 hrs . AM1 . 5) 

3497 Bg anneal 205 0 . 4  0 . 35 

3496 Bg anneal 205 0 . 55 0 . 38 

3492 72\light 225 0 . 46 0 . 39 

3491 standard 205 0 . 34 0 . 3  

3505 B anneal 230 

delta SR, = SR( annealed)-SR(Ndb) 

0.5 

0.45 

0.4 

0.35 

0.3 

0.25 

0.2 

0 . 1 5 

0 . 1  

0 .05 

0 +-�����-r----------� �----------�� ��---------------�----------+------------0 
0.4 0.6 0.8 1 1 .2 1 .4 1 .6 1 .8 2 

cell thickness (�m) 

Figure 1 The �SWQE of a p- i-n solar cell vs i-layer thickness and 
dangling bond concentration 
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Electron Cyclotron Resonance Depos ition of 
Amorphous Silicon Alloy Films and Devices 
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of Technology ,  Pasadena , California 

Y. H .  Shing , Principal Investigator ; 
F .  S .  Pool and 
J .  M .  Essick (Occidental College ) 

The obj ective of this research task is to obtain an understanding of amorphous 
silicon and �orpheus s ilicon-germanium film deposi tion processes us ing electron 
cyclotron resonance ( ECR) microwave plasmas , leading to improved optoelectronic 
film properties and resulting in improved stabilized device performance . 

Approach 

ECR microwave plasma deposition processes for a-Si : H ,  �c-Si : H ,  a-S iGe : H  and �c
SiGe : H  films will be developed us ing the JPL state-of-the-art ECR plasma enhanced 
chemical vapor depos ition system[ ll . Thin film material characterization , 
photovoltaic device performance and plasma diagnostics will be used to establish 
correlations between ECR depos ition conditions and the resultant film properties 
and device performance . Material properties of ECR-deposited films will be 
characterized us ing light and dark conductivities , photodegradation studies ,  dark 
activation energy , hydrogen content , scanning electron microscopy and Raman 
spectroscopy . Additional measurements ,  such as minority carrier diffus ion 
length , small-angle x-ray scattering , secondary ion mass spectroscopy , j unction 
capac itance and constant photocurrent method ,  will be obtained through 
collaborative research . The gas phase species of ECR plasmas wi ll be analyzed 
by appropriate plasma diagnostic techniques , such as mass spectrometry , Langmuir 
probe measurements , optical emiss ion spectroscopy , and laser induced 
fluorescence . Diagnos tic solar cells incorporating ECR-deposited films will be 
fabricated . Current-voltage characteristics will be studied on diagnostic p-i-n 
solar cells to evaluate the stability of ECR-deposited films . 

ECR-Depos ited a- S i : H  Films Us ing Hydrogen Plasma Gas 

The optimization of the ECR deposition process for photosens itive a-S i : H  films 
has been systematically investigated in the parameter space of substrate 
temperature and mirror magnetic field profile . The material properties of ECR
depos ited , photosens itive a-S i : H  films have been characterized using constant 
photocurrent method ( CPM) and j unction capacitance measurements r2:..3l . The total 
integrated dens ity of filled deep defect states was obtained through drive-level
capacitance profiling . The Fermi level position was acquired from the complex 
AC admittance ·as a function of temperature . The substrate temperature dependent 
effect on material properties of ECR-depos ited , photosens itive a-S i : H  films was 
investigated in the temperature range of 100 to 300 ° C . The ECR plasmas were 
generated under identical conditions for all depositions using microwave power 
of 300 W and depos ition pressure of 4 mTorr . Figure 1 shows the integrated 
dens ity of filled deep defects as a function of substrate temperature . As can 
be seen , depos itions from ECR plasmas at substrate temperature of 175-300 ° C  
resulted in high-quality a-Si : H  films with l-2xl016 cm-3 deep defects . In 
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comparing the temperature dependence of the defect dens ity for ECR-depos ited a
S i : H  to identical studies for RF-depos ited a-S i : H ,  both systems are found to 
follow very much the same behavior . 

The ·energy of ions in the plasma stream extracted from the ECR plasma chamber 
into the depos ition chamber is dependent on the magnetic field profile . A 
sys tematic variation of the magnetic field profile can provide an additional 
control of the film quality in the ECR deposition process .  The ion density of 
ECR microwave plasmas has been analyzed by us ing Langmuir probe measurements . 
The correlation between the defect density and the ion current as a function of 
the mirror magnetic . field is shown in Figure 2 under the deposition pressure of 
0 .  7 mTorr . The direct correlation shown in Figure 2 is cons istent with the 
plasma etching or sputtering at low pressures , caused by high-energy ions which 
can also generate defects resulting. in an increase of the defect dens ity . An 
anti-correlation between the defect dens ity and the ion dens ity has been observed 
at low mirror magnetic fields under the deposition pressure of 5 mTorr . This 
anti-correlation indicates that there is a threshold in the ion dens ity and the 
ion energy for producing an optimized defect dens ity . The correlation studies 
on the defect dens ity and ion dens ity show that the ECR depos ition process can 
be sens itively controlled by varying the ion dens ity and energy . 

The integrated defect dens ity has also been determined for the initial and the 
light-soaked s tates . The light soaking was perf9rmed under concentrated AM 1 . 5  
s imulated ·solar illumination with a concentration ratio of 10 at 50 degrees C for 
12 hours , which is equivalent to one sun , AM 1 . 5 illumination time of about 750 
hours . The defect dens ity of the l ight-soaked state is increased by a factor of 
about 3 to 3 .  5 as compared to the initial defect dens ity .  This factor of 
increase in the light-soaked defect dens ity for ECR-depos ited a-Si : H  films is 
similar to that of RF-deposited , device-quality a-S i : H  films . 

Diagnostic S olar .Cells to Evaluate ECR-Deposited Films 

Diagnostic p-i-n a-S i : H  solar cells have been fabricated by us ing ECR- and RF
deposited films £4 1 . The RF-deposited films are used as s tandard components to 
form the p-i-n device structure . For evaluating the ECR-depos ited p-type a-S iC : H  
window layer , the RF-depos i ted i and n layers are employed to complete the solar 
cell structure . Likewise ,  the ECR-depos ited intrin� dc a...:.s i : H  films are evaluated 
by forming the p-i:..n diagnos tic device us ing RF-depos ited p and n layers . Owing 
to the trans fer of samples between the ECR and RF depos ition systems , the 
interface between p and i layers is exposed to air in the fabrication of 
diagnostic solar cells involving an ECR..,.depos ited p-layer . The interfaces 
between p and i and between i and n layers are exposed to air in the fabrication 
of p-i-n devices containing an ECR-deposited i-layer . Air exposure of the 
interfaces in the fabrication of diagnostic solar cells is a maj or unco�trolled 
factor in comparing the performance between the diagnostic and the standard RF
deposited p-i-n solar cells . Table I lists the fabrication conditions and 
performances of diagnostic solar cells containing ECR-deposited p-type and 
intrins ic layers . Diagnostic solar cells incorporating an ECR-depos ited p-type 
a-S iC : H  window layer have shown an efficiency of 5 . 9% .  Air exposure of the p/i 
interface in these diagnos tic solar cells is ·probably the maj or cau&e of the 
reduction of the short-circuit current ( Isc)  from the s tandard 14 . 7  to 12 . 9  
mAjcm2 • Diagnostic solar cells incorporating an ECR-depo�ited intrins ic a-S i : H  

' layer have also been fabricated and have shown an efficiency o f  2 . 9% .  The Isc 
and the fill factor ( F . F . ) of these diagnostic solar cells have shown a severe 
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degradation to the values of 7 . 45 mA/cm2 and 46 . 4% ,  respectively . This severe 
degradation is most likely caused by the air exposure of both the p/i and i/n 
interfaces . The air exposure of the interfaces can be eliminated by a vacuum 
substrate transport system . The fabrication and the performance of these 
diagnostic solar cells are being improved by integrating the ECR and RF 
deposition processes to avoid interfacial air exposure . 

TABLE I 
Characteristics of Diagnostic Solar Cells Containing ECR-Depos ited Layers 

CELL AREA SUBSTRATE DEPOSITION INTERFACIAL Vac Isc F . F . EFFICIENCY 
( cm2) METHOD· CONDITION (mV) (mA/cm2) ( % )  

p i n p/i i/n 

0 . 126 Textured Sn02 ECR RF RF Air Vacuum 759 12 . 9  . 60 . 2  5 . 88 
0 . 1  Specular Sn02 ECR RF RF Air Vacuum 745 11 . 9  60 . 9  5 . 3 8 

0 . 126 Textured Sn02 RF ECR RF Air Air 841 7 . 45 46 . 6  2 . 9 2 
0 . 1  Textured Sn02 RF ECR RF Air Air 871 7 . 10 38 . 4  2 . 38 

0 . 1  Textured Sn02 RF RF RF Vacuum Vacuum 869 14 . 7 60 . 4  7 . 6 9 
0 . 1  Specular Sn02 RF RF RF Vacuum Vacuum 875 13 . 0  64 . 0  7 . 26 

ECR-Deposited a - S i (Xe , H) Films Us ing Xenon Plasma Gas 

Highly photosens itive a-S i (Xe , H) films with an improved s tability have been 
produced by ECR plasmas us ing xenon (Xe ) · as a p lasma gas £4 1 .  The use of Xe 
plasma gas is an innovative approach for realiz ing the beneficial effect of low
energy ion bombardment in the ECR deposition process . The heavy mass of Xe 
produces a significant increase in the momentum of low-energy bombarding ions . 
ECR depositions of a-S i : H  films we\e performed using pure Xe and mixed Xe/H2 
plasma gases and SiH4 source gas . Figure 3 shows a typical infrared spectrum of 
a-S i (Xe , H) films depos ited by ECR plasmas containing Xe . It is interesting to 
note that the silicon-hydrogen stretching and bending modes were not observed in 
the infrared spectrum of a-S i (Xe , H) films . The infrared detection limit for 
hydrogen bonded to silicon in a-Si : H  films is known to be about 3% for a film 
with a thickness of 1 �m . These infrared spectral features indicate that a
S i (Xe , H) films are .a new type of amorphous silicon material in which the content 
of hydrogen bonded to silicon is lower than the detection limit of the infrared 
spectroscopy . 

Light and dark conductivity measurements of Xe plasma depos ited a-S i (Xe , H) films 
show two kinds of behavior . One kind has a high photoconductivity of 5xlo-s (0-
cm) -1 and a high photosens itivity of 106 ; another kind has a high 
photoconductivity of 10-5-10-4 (0-cm)-1 .and a moderate photosens itivity of 104 •  
These two kinds of a-S i (Xe , H) films were depos ited by varying the ECR microwave 
plasma modes using different mirror magnetic field profiles . Light soaking 
experiments on a-S i (Xe , H) films have been performed us ing concentrated AM 1 . 5  
s imulated solar illumination with a concentration ratio of  about 7 .  We have 
shown that the equivalent , one sun , AM 1 . 5  illumination time of 80-100 hours is 
ad�quate for light soaking these films to reach a quas i s tabilized s tate for 
conductivity measurements .  Figure 4 shows light and dark conductivities of a
S i (Xe , H) films and a conventional RF-deposited a-Si : H  film as a function of the 
illumination time . The light and dark conductivity of a-Si (Xe , H) films with a 
high photosens itivity of 106 have shown an improved photodegradation rate of 
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about 35%  less than that of RF-deposited a-Si : H  films . The light conductivity 
of a-S i (Xe , H) films with a moderate photosens itivity of 104 has shown 
photodegradation and self-recovery effects . However ,  the dark conductivity of 
these films tends to increase after light soaking and hence , the photosens itivity 
degrades . The self-recovery effect in the light conductivity of a-S i (Xe , H) films 
with a moderate photosens itivity can apparently maintain their light 
conductivities at relatively s table values . The material properties of ECR
deposited a-S i (Xe , H) , a-S i : H  and RF-deposited a-S i : H  films are summarized in 
Table II to show that they have comparable material qualities suitable for 
photovoltaic device applications . However , there is a significant improvement 
in photode.gradation for ECR-depos ited a-S i (Xe , H) films , as shown by the initial
to-degraded light conductivity ratio . In addition , the low ,  stable dark 
conductivity of 10�11 (0-cm)-1 for a-S i (Xe , H) films with a high photosens itivity 
of 106 is another indication of improved stability for device-quality materials . 

. TABLE II 
Material Properties of ECR-Deposited a-S i (Xe , H) , a-Si : H  and 

RF-Depos ited a-S i : H  Films 

Initial Light Conductivity 

ECR-Depos ited 
a-S i (Xe , H) 

at 100 mW/cm2 after 10 min . 2 . 9  x lo-s 
illumination : uL ( lO min) (0-cm)-1 

Degraded Light conductivity 
at 100 mWjcm2 after 80 hours ) 1 . 1  x lo-s 
illumination : uL ( 80 hrs ) (0-cm)-1 

Dark Conductivity : u0 (0-cm)-1 

· Initial Light-to Dark Ratio : 
uL ( lO min) /u0 

Initial-to-Degraded Light 
Conductivity Ratio : 
uL ( 10 min) fuL ( 80 hrs ) 

Urbach Slope : (meV) 

Optical Gap : ( eV) 

1 .  2 X 10-ll 

2 . 4  X 106 

2 . 6  

48 

1 . 72 

ECR-Deposited 
a-Si : H  

4 .  8 x lo-s 

1 .  5 x lo-s 

3 .  5 X 10-10 

1 . 4  X lOS 

3 . 2  

50-60 

1 .  80 

RF-Deposited 
a-Si : H  

6 . 0  X 10-S 

1 . 4 x lo-s 

1 .  2 X 10-10 

5 . .  0 X lOS 

4 . 3  

55 

1 .  73 

The lack of infrared detected silicon-hydrogen bonding in a-S i (Xe., H) films is 
a quite intriguing result . - The photo-degradation of light and dark 
conductivities of a-S i (Xe , H) films has shown promis ing results to achieve 
improved stability in these films . ECR plasmas containing Xe certainly offer a 
new approach for modifying the material properties of a-S i : H  films and for 
achieving stable photovoltaic device performance . The integration of ECR
depos ited a-S i (Xe , H)  films into diagnostic p-i-n solar cells is being pursued for 
demons trating the device appli"cations . 

Conclusions and Future Plans 

Device-quality a-S i : H  films have been deposited us ing ECR plasmas of SiH4 and H2 
gas mixtures .  The ECR deposition process has a complex , interacting depos ition 
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parameter space , and is sensitive to the microwave mode variations . The ion 
dens ity and energy in the ECR plasma can be controlled by the mirror magnetic 
profile . The device evaluations of these films are performed by fabricating 
diagnostic p-i-n solar cells incorporating ECR- and RF-depos ited a-S i : H  and a
S iC : H films . Initial results show that the air exposure of  the interfaces in the 
diagnostic solar cells has degraded its performance . Xenon has been employed as 
an ECR plasma gas to deposit a new type of a-S i (Xe �H)  film in which hydrogen
silicon bonds have not been detected by infrared spectroscopy . However ,  Xe 
plasma deposited a-S i (Xe , H) films have shown high photoconductivity of lo-s to 
10-4 (0-cm) -1 and improved stability which are promis ing material properties for 
solar cell applications . 

In our future research , the performance of diagnostic solar cells will be 
improved by eliminating the air exposure of the interfaces . The stability of 
ECR-depos ited a-S i : H  and a-S i (Xe , H) films will be systematically evaluated using 
the diagnostic solar cells . The improved .stability in material properties and 
device performance will be demonstrated us ing accelerated light-soaking under 
concentrated ,  simulated solar illumination .  The low-energy ion bombardment 
effect in the ECR deposition process will be further optimized by applying RF 
bias to the · subs trate . The ECR deposition of a-SiGe : H  alloy films will be 
developed to achieve stable , low-bandgap materials for tandem solar cell 
applications . 
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Figure 1 .  Integrated defect density of ECR- deposited a-Si :H films 
as a function of substrate temperature. 
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Figure 3. Typical infrared spectrum of ECR-deposited a-Si(Xe,H) films. 

1 0 -
- 1 0 .  I 
< - 1 0 .  E 
g 

I 1 0 .  c: -

> 10 . 
t-> 1 0 .  
i= 10 . (J ::::> c 1 0 . z 0 
(,) 10 . 

1 0 .  

3 
... 

4 -.... ... ..... 
!i .... .... -

6 

7, 

� . ;>".c::::: � .. 
1,  � ,.. ill 
1 .. 

-
1 � . . ,  

• 1 1 1 0  1 0 0 
IUUMINATJON TIME (hours) 

0 ECR-Depositeed 
a a-Si(Xe,H) Films 0 

Triangle: RF-Deposited 
a-Si:H Films 

Open Symbol: Light 
Filled Symbol: Dark 

Figure 4:' Light and dark conductivities of a-Si(Xe,H) films as a function of 
AM 1 .5, 1 00 mW/cmA2 illumination time: 

43 



Title: 

Organization: 

Contributors: 

Objective 

Growth Mechanisms and Characterization 
of HydrogenatM Amorphous Silicon Alloy 
Films 

National Institute of Standards and Technology (NIST) 
Boulder, Colorado 

A. Gallagher, R. Ostrom,· G. Stutsin 

The overall' objective of this work is to explain causes of glow-discharge produced a-Si:H, a
Ge:H and a-Si:Ge:H film qUality, and its dependence on deposition discharge conditions. A 
secondary objective is to establish a definitive, in situ diagnostic of film quality that could be 
used to efficiently optimize process parameters in photovoltaic production systems. The approach 
taken is to measure the morphology and chemical characteristics of the as-grown film surface 
with atomic scale resolution using a scanning tunneling microscope (STM). Many of the 
limitations of a-Si:H based photovoltaics are attributed to micro voids, boundary defects, and 

. microparticulate incorporation, and all of these should be visible to the STM. 

Technical Approach 
We expect the initial atomic-scale morphology of C, Si, Ge and H deposition from a glow 
discharge into a-Si:H and alloy films to depend strongly on the atomic-scale roughness and 
chemical composition of the substrate. To minimize the effect of such unco�trolled parameters 
in our initial studies, and to optimize the connection to a large body of surface-science 

· knowledge, we are initially studying a-Si:H and alloy film deposition onto oriented atomically 
smooth and clean surfaces of crystal Si and GaAs. This requires ultra high vacuum (UHV) 
operation of the STM and other surface diagnostic equipment, and exacting sample preparation. 
The film deposition is done in an attached, turbomolecular pumped chamber and film-coated 
substrates are transferred through a gate valve into the PHV chamber after termination of the 
glow discharge and deposition-gas flows. This pump down, sample cooling and sample transfer 
into the STM typically requires - 15 minutes, during . which time the sample is exposed briefly 
to - lo-s and thereafter to < 10-10 Torr of impurities (primarily CO and CH.J in the. two 
chambers. Due to the well known, exceptionally low surface reactivity of A-Si:H films and this 
very low impurity pressure this is not expected to significantly alter the as-deposited film. Due 
to the high dark resistivity of high-quality a-Si:H films, films thicker than - 300 A are generally 
illuminated during STM scanning to control voltage drop in the film. Repeated and varied 
depositions on a single sample can easily be studied in this experimental arrangement, without 
exposure to air. 

Morphology of a-Si:H film surfaces. 

We have so far studied intrinsic a-Si:H film growth or crystal Si and GaAs, concentrating on 
atomic-scale irregularities and smoothness of the initial film growth. The film is deposited at T s 

= 25 or 230°C on the grounded electrode of a rf silane discharge. The electrodes are 5 em 
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square with 2 em gap, placed in a 5.5 em diameter stainless steel tube. The gas flow is 10-20 
seem and the entire tube and electrodes are heated. The silane pressure, at 230°C, is typically 
0.4 Torr and the film deposition rate on the substrate is 1-3 Als. No particulates are visible on 
electrode or downstream surfaces for these conditions, but they do appear at the throttle valve 
when the power/flow is increased a factor of .-. 5. 

The atomic-scale morphology of the surface of a 100 A layer of a-Si:H film on an atomically flat 
Si (1 1 1) crystal is shown in Figs. 1-4 for T1 = 25°C. Figures· 1-3 are typical of many different 
regions of the surface that were scanned with similar resolution. In essence, most 100 A square 
regions of the surface are flat within one atomic layer (3 A), but occasional protrusions or 
troughs of several A height are seen, as in Fig. 3. The larger-scale topology contains gradual 
undulations, as seen in Fig. 1 .  There is no indication of incipient voids as might have been 
expected on the basis of reports of voids measured in bulk films. Also, although a limited 
number of - 1 ,000 A square surface regions have been studied so far, no micro or nano 
particulates have been observed on this as-grown surface. Very occasionally, a severe flaw in 
the surface flatness is detected, but is attributed to a flaw in the crystal Si surface polish which 
propagates into the film structure. Surface flaws are very dense on most substrates, and this 
implies that these may propagate considerable distances into the film, in addition to introducing 
many surface states. 

J.8 . 92 

Fi. t e  

S. tpo i nt 
s t -tr-5  

8 . 2 nA 
-3SI!t8 .,.u 

Fig. 1 .  STM image of a 1 00  A thick, T1 =200C, a-Si:H film deposited on a Si(1 1 1) 
crystal surface. 
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Fig. 2. STM image of a different region of the a-Si:H film in Fig. 1 . 
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Fig. 3 STM image of another region of the a-Si:H film shown in Fig. 1. 
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Fig. 4 STM image of. a 100 A thick a-Si:H film grown on crystal GaAs at T8 . 250°C. 
The dark to white shading scale represents a 14 A height range. A single scan 
line across the image, at the location indicated, is shown at the top of the figure. 
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Figures 4 and 5 show the typical surface topology of a 100 A layer of a-Si:H grown at 2.4 Als 
on a GaAs crystal at T5 = 250°C. The vacuum-cleaved crystal surface is atomically flat and 
clean, while the a-Si:H surface typically has - 10 A height variations, as seen in the figures. 
At the top of Fig. 4 a single scan line is shown with a highly expanded vertical scale. This scan 
line passes through the sharpest depression in this particular image, seen as a dark spot in the 
image. This depression , marked by an arrow, is 6 A deep and - 35 A wide at the top; the sides 
slope - 20° to the horizontal. Thus, even this depression is a very open trough, far from that 
which might be expected to initiate a void with further film growth. This region is representative 
of many scanned regions of the film surface. 

These STM images are a convolution of the shapes of the probe tip and of the substrate, hence 
steep-sided surface troughs (incipient voids) might not be visible if the probe-tip is blunt. For 
this reason we have independently measured the shape of our probe tip, by scanning steep 
nanostructures we have created in other surface regions using strong pulsing. These observations 
have established that the tungsten probe tip tapers at 45° and larger angles to a sharp ( < 15 A) 
end. This is sharper than any surface features in the above figures, so those images represent 
the substrate shape without significant distortion. 

These preliminary studies have shown that intrinsic a-Si:H film grows very homogeneously and 
smoothly on a flat substrate under typical "optimum" deposition conditions. No indications of 
particulate deposition, of > 10 A diameter nanoparticles, have yet been seen. 

F t l e  
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Fig. 5 STM image of another surface region of the a-Si:H film in Fig. 4. 
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... . The report describes research performed under two SERI sub-contracts, XM-9-1 8 141-2a 
and XG-1-1<>063-1 b. 

1. Deposition of Doped Microcrystalline Si (Jlc-Si) by Remote PECVD 

We have identified conditions for deposition of undoped, near-intrinsic and heavily-doped 
thin fllms of JlC-Si by Remote PECVD. This is achieved at substrate temperature of 250°C, with · an 
H2/SiH4 flow rate ratio of 30: 1 ,  and with the H2, and the Si-atom and dopant-atom source gases 
injected downstream from the plasma generation region. Conductivities of 50-100 S/cm for n-type 
material, and 6- 10 S/cm for p-type J.LC-Si, with activation energies of 0.02 eV and 0.040 eV 
respeEtively, have been achieved for source gas mixtures of 1Q-2 PH3/SiH4 and 10-3 B2H6/SiH4, 
respectively. Gas mixtures greater than 10-3 B2H6/SiH4 result in p-type a-Si:H fllms with 
properties similar to films grown without downstream injection ofH2. 

2. Deposition of a·Si,C:H and JlC·Si,C Alloys by Remote PECVD 

The Remote PECVD process has been used to deposit undoped and doped a-Si,C:H.and 
J.Lc-Si,C alloy fllms. This was accomplished by adding the C-atom source gas, CH4, downstream, 
along with the Si- and dopant-atom source gases, and for the case of Jlc-Si,C, with downstream 
injection of H2. We have compared dark condu�tivities of a-Si,C:H and J.Lc-Si,C alloy films, 
respectively, with those of a-Si:H and J.Lc-Si, and have demonstrated that the decreased 
conductivity of the Si,C alloy films is due to the wider bandgaps of the Si,C alloys. For the J.LC
Si,C film, the dark conductivities are limited by thermal emission of carriers from the Si crystallites 
into the a-Si,C:H material that separates the Si crystallites, and as such the dark conductivities in 
films with bandgaps of -2 e V or more are limited to values less than -o.1 S/cm. 

The formation of J.Lc-Si,C fllms is reduced with increasing concentration of C, and with 
increasing concentration of dopant atoms. Most of our studies have been conducted with a source 
gas ratio of SiH4/(SiH4 + CH4) = 0.67. For undoped films and for dopant atom to Si + C atom 
source ratios to 1 o-3, the films obtained are JlC-Si,C. For higher C-atom ctmcentrations in undoped 
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films, SiH4/(SiH4 + CH4) = 0.50 and 0.33, the films are found to be amorphous, and for 
SiH4/(SiH4 + CH4) = 0.67, and doping gas to ratios >1o-3, the fllms are also amorphous. 

3. TEM studies of J.l.C-Si and Jlc-Si,C Alloy Films 

We have performed extensive studies of the deposited Jlc-Si and Jlc-Si,C films by TEM 
techniques, including: i) bright-field and dark-field contrast imaging; ii) lattice imaging in cross
sectional and plan-view modes; and iii) selected area diffraction. These studies, combined with IR 
and Raman measurements, have demonstrated that: i) crystallites in J.l.C-Si and J.l.C-Si,C alloys are 
silicon; ii) the crystallites have dimensions of -50-200A; and iii) the crystallites are encapsulated by 
amorphous material; a-Si:H for Jlc-Si and a-Si,C:H alloys for J.l.C-Si,C. Jlc-Si and J.l.C-Si,C alloys 
have been deposited on relatively thick, -1000A, thermally grown Si02 on Si substrates, and on 
native oxides, -20A thick, on Si substrates. In both instances nucleation of J.l.C-Si and Jlc-Si,C 
alloys occurs at the onset of fllm deposition by remote PECVD. Deposition of either Jlc-Si or J.l.C
Si,C alloys on cleaned Si substrates results in the epitaxial growth of Si layers on the Si substrates. 
4. Transport Mechanisms in Si and Si,C Amorphous and Microcrystalline Films 

We have analyzed dark conductivity data for a-Si:H, a-Si,C:H, Jlc-Si and J.l.C-Si,C films 
and have .concluded that transport in the heavily-doped microcrystalline films is limited by either of 
two mechanisms: i) thermionic emission over band offset barriers at boundaries between crystalline 
and amorphous regions; or ii) by thermal assisted tunnelling frOm Si crystallites into band tail states 
of the amorphous component. A combination of three plots: an versus E*, a* versus E*, and 
E*(Si,C) versus E*(Si), was used to establish the mechanisms limiting carrier transport. These 
studies have shown that for Si, C alloys with optical band gaps of the order of 2. 1 e V and above, 
carrier transport of both holes and electrons is limited by thermionic emission over ·potential 
barriers at the interfaces between doped Si crystallites, and the encapsulating and doped a-Si,C:H 
alloy. For C-atom concentrations of the order of 10-15 at.% C and greater, these band offsets are 
-D.2-0.3 eV, so that dark conductivities of these materials are at most of the order of 5x1o-2 S/cm, 
and comparable to those of heavily doped a-Si:H, for the same values of the doping gas ratios. 

S. Formation of Device Structures using Doped a-Si:H and Jlc-Si 

We have studied the properties of doped a-Si:H and Jlc-Si in MOS capacitors using -10 !l
cm p-type crystalline substrates and thermally grown Si02 dielectric layers. These studies have 
provided information about the relative electron affmities of a-Si:H and Jlc-Si, and the effective 
De bye lengths in Jlc-Si films with different levels of p-type and n-type doping. This information is 
important in the design of solar cell structures that utilize the doped a-Si:H or doped J.l.C-Si in the p
and n-layers of p-i-n structures. 

We have expanded these studies of J.lC-Si as a gate electrode material, and have compared 
the properties of n+ and p+ J.l.C-Si, with respective conductivities of -50-100 S/cm and 6-10 S/cm, 
onto thermally-grown and remote PECVD Si02 films. The remote PECVD Si02 films were 
subjected to a post-deposition anneal prior to J.l.C-Si depositions. C-V measurements established 
that changing from n+ to p+ J.l.C-Si electrodes produced a 0.8 eV shift of the flatband voltage for · 

both types of oxides. This provides a measure of the Fermi level difference between the n+ and p+ 
J.l.C-Si, and has implications for the maximum values of the open circuit voltages using Jlc-Si 

. materials as the n+ to p+ layers in p-i-n photovoltaic devices. 
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6. Defect States in a-Si:H by Sub-Pico-Second Spectroscopies 

We have collaborated with Professor Heinz Kurz's group at RWTII in Aachen, Germany, 
and have studied the contributions of process induced defect states to recombination ·of 
photo generated electron-pairs. We find that process induced defect states that contribute to the sub
bandgap absorption to levels of - 100 em-, as determined by CPM, also serve as recombination 
centers for an Auger type recombination process for electron-hole pairs that dominates in the sub
picosecond time regime. 

Jbe transient change of absorption, 6a, obtained from an a-Si:H film deposited at 40°C and 
annealed at 200°C, and with Nd 1 1Ql6 cm-3 is the same as for a film deposited at 250°C with the 
same [H] and Nd. Since the photon energy of the probe pulses CEpr = 1.48 eV) is below the 
optical bandgap in a-Si:H, the change in absorption is entirely due to the optical re�ponse of 
photoexcited free carriers. Contributions to Aa due to changes of lattice temperature can be 
neglected. During the excitation pulse, Aa rises and reaches a maximum of Aamax at the end of the 
excitation pulse. It has been found that Aamax is linearly proportional to the density of 
photoexcited free e-h pairs, Nex: Aamax = ac x Nex. where ac is the absorption cross section for 
e-h pairs at the probe photon energy: for Epr = 1.48 e V, ac = 6.6* 10-11 cm2. Mter the end of the 
excitation pulse, Aa starts to recover on a picosecond time scale. This recovery can be due to either 
trapping, or recombination. If we assume ac to be constant on the time scale we have explored, 
then the time evolution of Aa is consistent with a bimolecular recombination process previously 
reported for higher excitation· densities: dN/dt = -y x N2. For this mechanism, the decrease in Aa 
results from a disappearance of photo-generated free carriers, rather than from any change in Be· A 
model calculation provides a satisfactory fit to the experimental data, with a constant of 
proportionality, y = 6*1Q-9 s/cm3 , very close to the value of y = 7*10-9 s/cm3 obtained in 
previous studies. This demonstrates that for the low defect density a-Si:H, the picosecond recovery 
of photoinduced absorption is dominated by an intrinsic bimolecular recombination process. For 
this. material, any changes of ac due bandtail state trapping or deep defect state trapping can then be 
neglected.

:
_'
, 

The transient changes in absorption obtained for the a-Si:H film deposited at 40°C before 
and after annealing are are col)sistent with a reduction in the defect state density. The sub-bandgap 
absorption indicates a defect density in the as-deposited state ofNd 1 1018 cm-3, and defect density 
of Nd 1 1016 cm-3 after annealing at 200°C. In the unannealed state, there is a substantial increase 
of the recovery rate on both psec and sub-psec time scales. Since the density of photogenerated 
electron-hole pairs is essentially the same as in the annealed sample discussed above, the 
bimolecular mechanism cannot apply since this would require a significant increase in y, which is 
neither consistent with previous studies, nor with the results reported above for annealed samples. 

The recovery of absorption in a-Si:H with a defect density, Nd 1 1Q18 cm-3, is consistent 
with an ultrafast recombination process, rather than a deep trapping process. We pro:Pose an 
Auger-mechanism where recombining e-h pairs can ionize a dangling bond state (DO). The ionized 
dangling bond state (D+) is then neutralized by the capture of free electrons, also on a psec time 
scale. 

7. Modelling of Bond and Dihedral Angle Disorder in a-Si:H 

We have applied a tight-binding model to Si-Bethe lattice structures in order to investigate 
the effects of bond-angle, and/or dihedral angle disorder. We have used a Hamiltonian with nearest 
and second-nearest neighbor interactions, and have been able to identify and separate the effects 
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bond angle disorder and dihedral angle disorder on the states at the states at the conduction and 
valence band edges. We have systei:natically investigated the formation of eTecttonic states in the 
region of the conduction and valence band edges of a-Si as functions of variations in the bond and 
dihedral angle distributions. Local Density of _ States (LDOS) for Si atoms in disordered 
environments have been calculated using the cluster Bethe lattice method with a tight-binding 
Hamiltonian containing both first and second nearest neighbor interaction terms. We conclude that 
the change in orbital overlap, incurred from rotations about the axes defining the dihedral angle 
distortions, is the origin of the effect of dihedral angle disorder on the electronic states near the 
band g�. 

· 

Short range disorder in a-Si can effect the electronic density of states (DOS) near the band 
edges, shift the band edges or create discrete states in the band gap. We have made a study of short 
range disorder arising from bond angle distortions on the DOS of a-Si near the band edges. Raman 
scattering studies of a-Si and a-Ge by Lannin have related the bond angle disorder to a shift in the 
optical energy gap· Previous studies using a tight-binding approach have shown valence band 
states for individual atoms in distorted tetrahedral environments, or have estimated the bounds for 
band tailing due to bond and dihedral angle distortions. The Hamiltonians in these studies were 

· restricted to nearest neighbor interactions, whereas our calculations have been performed with a 
tight-binding Hamiltonian that includes both first and second neighbor interaction terms. 

Bond angle distortions and dihedral angle variations in clusters embedded in a Bethe lattice 
show effects on the LDOS at the top of the valence and at the bottom of the conduction band. Both 
E and F mode distortions increase the states at the edge of the conduction and valence band for the 
staggered configurations. Rotation of the dihedral angles to the eclipsed configurations can reduce 
the magnitude of states at the band edges by pushing these states farther into the band. This effect 
cannot be seen with a nearest neighbor Hamiltonian, which can model the bond angle distortions 
adequately, but cannot account for changes in distance and symmetry of the outer shells of atoms 
due to intermediate range disorder such as the dihedral angle variations. A key component of 
modeling the dihedral angle distortion are the 2nd neighbor interaction terms and the distance 
scaling law used with them. We are currently investigating other tight-binding parameters to 
determine the sensitivity of these results to the empirical fit of the terms and their relationship to 
neighbor distance on the band structure of Si. 
8. Chemical Effe�ts in Local Bonding Arrangements in a-Si:H: Ab Initio and 
Empirical Calculations 

· 

We have used ab initio and empirical calculations to study non-random bonding 
arrangements in a-Si,O:H and doped a-Si:H films. The two approaches give comparable results for 
the bond energies of SiH groups that are near-neighbors to the oxygen and dopant atoms. The 
calculations have been used to develop a model for the way in which these bonding amingements 
are created in thin film deposition processes in which surface, rather than gas phase reactions 
dominate for the range of deposition parameters used to produce electronic or device grade 
materials. 

We have identified several important non-statistical bonding environments in alloyed and 
doped a-Si:H. These include 0-Si-H linkages in a-Si,O:H alloys, and p+-Si-H and Si-B--H 
linkages that play a significant role in the doping processes in a-Si:H. We present the experimental 
evidence for these bonding arrangements, and a model that accounts for their creation during film 
deposition. 
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Bond energies have been determined in two ways for 3 bonding configurations that 
include Si, 0 and H: 3Si-SiH, 2Si,O-SiH and 30-SiH. This was done: i) using empirical 
relationships based on differences in electronegativities; and ii) by ab-initio calculations applied to 
hydrogen-terminated clusters that contain the SiH group, but with different numbers of Si- and 0-
atoms back-bonded to -the Si-atom of that group. 

The calculated Si-H energies are given below: 

Group Bond Energy (eV) (Relative Energy) 
Ab-initio Calculation Empirical Calculation 

3Si-SiH 
2Si,O-SiH 
30-SiH 

4.06 (1.00) 3.92 (1 .00) 
4.21 (1.04) 4. 14 (1 .06) 
4.66 (1 . 15) 4.64 (1. 18) 

The bond-energies, normalized to 3Si-SiH, demonstrate that both approaches yield similar relative 
bond-energies for the three groups. 

Ab-initio calculations have not as yet been performed on clusters that include the charged 
and electrically active p+ and B- dopant atoms. We have estimated bond energies for these 
configurations using the empirical approach based on electronegativities. We first compute bond 
energies for some of the probable bonding arrangements involving H-atoms, and then for the case 
of the P-atom bonding environmentS establish a chemical equivalence between the 0-Si-H and p+
Si-H linkqges through a calculation of the partial charge on the Si and H atoms. The empirically 
determined bond energies are given below: 

Group · Bond Energy (e V) 
2Si,P+ -SiH 4.37 
2Si-PH 4. 18 
3Si,B--H 4.56 
2Si-BH 4.99 

Relative Energy 
1.00 
0.96 
1 .00 
1 .09 

The calculation of partial charges below establishes a linkage between these empirical bond energy 
calculatiorts, and the ab-initio and empirical calculations presented above: 

Bonding Group Si Charge H Charge 
3Si-SiH + 0.04 e - 0.15 e 
2Si,O-SiH + 0.15 e - 0.05 e 
2Si,P+-sm + 0.19 e - 0.02 e 

Partial charges obtained from ab-initio calculations give equivalent trends for the first two groups. 
The partial charges on the Si- and H-atoms for the 2Si,O-SiH and 2Si,P+-sm groups are similar, 
and therefore exhibit equivalent differences with respect to the corresponding partial charges of the 
3Si-SiH group. In the spirit of the empirical models, this implies comparable bond energies for 
these SiH groups, and therefore similar differences with respect to bond energy of the SiH group 
in the 3Si-SiH cluster. This is supported by the bond energies calculations that we have presented 

. above. 
a-Si,O:H alloys are typically deposited at temperatures between 225 and 300°C. Film 

growth proceeds from a heavily hydrogenated surface, so that differences in the bonded H
concentrations derive from the rate at which H atoms are thermally removed from that growth 
surface. Since bond energies of all relevant SiH groups are of the order of 4 e V, the relatively 
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small differences between these bond-energies, -o.2 eV, for SiH in 3Si-SiH, and in 2Si,O-SiH 
clusters cannot completely account for the preferential retention of H in 2Si,O-SiH anangements. 

It has been shown that H-atoms initially bonded to a crystalline Si surface, can be removed 
from that surface at low temperatures by exposure to atomic hydrogen. This is followed by some 
type of surface reconstruction, as in the transition from a dihydride H-terminated Si(lOO) surface 
with lxl symmetry to an SiR-terminated surface with a 2xl symmetry: surface dihydride groups · 
are converted to monohydride groups, and a Si-Si dimer bond is formed. 

We propose that plasma generated H-atoms (or protons) play a similar role in H-removal 
from hydrogen-terminated a-Si surfaces during film depoSition. The rate limiting step for a surface 
reaction is often through the creation of an intermediate anangement in which the Si surface atom is 

· over-coordinated as in 3Si-Si-2H. This surface structure is energetically unstable with respect to 
interaction with an SiH3 group. The rate of attachment ofH, that creates the over-coordination will 
depend on the partial charge on the Si atom, and whether the H that is to be attached is an atom or a 
proton. If we assume that protons are the active species, then the rate of attachment is expected to 
decrease as the partial charge on the Si atom of the surface bonding group increases and becomes 
more positive. This factor could account for the increased stability of the bonding arrangements 
involving 0 and p+ atoms. 

Based on the experimental studies of a-Si,O:H, and P and B-doped a-Si:H, there are local 
bonding environments involving Si and H atoms with either 0, P or B atoms that are non-statistical 
in the sense that they would not be anticipated solely by the relative concentrations of these atoms 
in the films. This infers that there are chemical driving forces for their creation in the deposited 
films. Since SiH groups, as well as OH, PH and BH groups all have bonding energies of about 4 
e V, small differences in these energies by themselves cannot account for preferential formation of 
SiH or B-H bonding groups for films deposited at 200-300°C. This leads us to propose a 
mechanism for the occurrence of the non-statistical bonding anangements that is related to surface 
reaction chemistry. The model includes three steps: i) the formation of an intermediate structure in 
which the Si, and/or B or P atoms are over-coordinated by additional H-atoms; ii) the break-up of 
these surface intermediates through the release of molecular H - H2; and iii) the attachment of an 
SiHn group that continues the film growth process. In addition to these bonding sites involving H 
atoms and the dopant atoms P and B, there are other bonding groups in which P and B are 
threefold-coordinated and inactive with respect to doping. In this context, the calculated relative 
bonding energies for the doping and inactive groups are in accord the observation that the doping 
efficiency for P-atoms is significantly higher than for B-atoms. 

9. Model Calculations Dangling Bond Energies in a-Si,Ge Alloys 

We have used an empirical tight-binding approach to determine the relative energies of Si 
and Ge dangling bonds in a-Si. These calculations use a Bethe lattice structural model, and an 
sp3s* Hamiltonian, with only nearest We maintain perfect tetrahedral geometry at the dangling 
bond sites, and within the Bethe lattice as well. The self-energies of the Si and Ge atoms have been 
adjusted to give the experimentally determined valence band offset energy of -o.2 eV. We find that 
a Ge-atom dangling bond, with three back-bonded Si-atoms, is about 0.1 eV lower in energy that a 
Si-atom dangling bond, also back-bonded to three Si-atoms. These calculations are being extended: 
i) to Si and Ge atoms with different number of Si and Ge atoms as their immediate neighbors, and 
with Bethe lattice temiinations to these local clusters that are appropriate to a-Si,Ge alloys; and ii) 
to include bond and dihedral angle distortions at the dangling bond sites. 
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Because of the complexity of the atomic structure of amorphous semiconductor devices and the 
stringent demands on their specifications, techniques for real time monitoring of bulk material 
and interface characteristics during preparation and processing are desirable. Optical probes are 
among the few techniques that can be applied in real time to monitor plasma-enhanced chemical 
vapor deposition (PECVD) processes. · Such probes are monolayer-sensitive and non-invasive; 
they require optical access to the sample surface through windows, as well as an optical · 
alignment capability. A disadvantage of the optical probes is that they are indirect, and 
considerable analysis is required to extract useful information. Ellipsometry is the most powerful 
and reliable real time optical measurement because it simultaneously provides changes in both 
amplitude and phase of the light wave when it reflects from a surface. 

Previous real time ellipsometry studies have involved probing a-Si:H materials during growth or 
modification at a single photon energy.[1]  Although this approach has provided useful 
information, the technique is limited in two ways. First, one of the most important material 
parameters, the optical band gap, cannot be determined and, second, it is often difficult to 
separate surface and bulk effects from data collected during film growth or surface modification. 
These limitations have been overcome with the recent development of real time spectroscopic 
ellipsometry in our laboratory.[2] With the complete spectroscopic capability over the range 
from 1.5 to 4.0 eV, the dielectric function and band gap can be determined; furthermore, detailed 
quantification of the microstructural evolution is now possible.[3] The use of a multichannel 
detection !i!YStem provides -50 point spectra in the ellipsometric amplitude and phase parameters 
[('!'�)] with monolayer thickness sensitivity in 64 mi�seconds.[4] 

The following problems have been the focus of research in FY 1991 :  (1) quantification of the 
microstructural evolution of PECVD. a-Si:H versus deposition conditions and (2) real time 
characterization of Si-Si bond breaking and H-diffusion during post-hydrogenation of a-Si:H. 
The results will be described in turn in the first two sections of this Report. 

Research Results: a-Si:H Nucleation and Coalescence . 

We have found that a two-layer optical model with three free microstructural parameters at each 
time characterizes the dynamic processes of thin Illm nucleation and coalescence. Such a model 
cannot be verified on the basis of single wavelength ellipsometry, which returns two parameters 
[('!',A)] at any given time. The real time spectroscopic capability, which returns more than 
one-hundred experimental parameters, is needed to verify the validity of the model and deduce 
the three parameters.[5] These parameters are as follows: (1)  dg, the thickness of a surface layer 
of low bond-packing density; (2) db, the thickness of an underlying layer of bulk density; and (3) 
fv, the surface layer bond-packing density, expressed in terms of a void volume fraction. The 
surface layer simulates either the nuclei in the earliest stages of growth or the residual surface 
roughness layer afte� the nuclei make .contact to form the first bulk density monolayer. 

Figure 1 shows dg and db, obtained as a function of time during the growth of a-Si:H onto c-Si 
by rf PECVD in the parallel-plate configuration. Conditions were set for optimum material: 
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250°C substrate temperature, 0.2 Torr pressure, and 2 W rf power (52 mW/cm2 at �ample). 
When the plasma is struck, the bulk layer remains near 0 A in thickness, but the surface layer 
(simulating the initial nuclei) grows rapidly. The growth rate of the nuclei begins to saturate near 
t=10 s as nuclei make contact. The first bulk monolayer (dt,=2.5 A) is formed at t=tt,=13 s, and 
at this point, a surface roughness layer 19.5 A thick remains from the initial nucleation process. 
The most interesting aspect of the growth process is the evolution of this surface layer in the· bulk 
film growth regime. The results of Fig. 1 show that the surface smoothens with subsequent 
deposition -- by about 8 A in the first 50 A of bulk film growth. 

In continuum models of film growth,[6] the stability of one dimensional surface profiles have 
been studied in response to sinusoidal perturbations of spatial wavelength Ar· Effect� of finite 
atomic size and shadowing are proposed to enhance the perturbations, whereas adatom surface 
diffusion smoothens them. Basically, one expects to regain a smooth profile for A.r<A.0, the 
surface adatom diffusion length; however when A.,.>A.0, the surface roughens, eventually 
stabilizing with features that appear analogous to columnar microstructure. These theories make 
direct contact to our experimental situation. If the nucleation-induced roughness present at time 
t=tb in Fig. 1 is assumed to exhibit a hemispherical ·geometry, then a dominant roughness 
wavelength of A.r-2ds(t=tb)-40 A is predicted. Thus, in order for this profile to smoothen, as is 
observed experimentally, then the precursor diffusion length must be greater than 40 A under 
optimum PECVD conditions. 
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FIG. 1 Thicknesses of the surface layer 
(solid points) and the bulk layer (triangles) 
deduced in an analysis of real time spectro
scopic ellipsometry data collected during 
the nucleation and growth of optimum 
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open circles were obtained using a one
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Figure 2 shows the magnitude of the smoothening effect in the fli'St 50 A of bulk film growth 
plotted vs. substrate temperature and plasma power flux at the sample surface for both remote-He 
and parallel-plate a-Si:H PECVD.[7] In most cases the substrate was c-Si. It is noteworthy that 
the films prepared under conditions known to be optimum for parallel-plate rf PECVD, i.e. low 
power and T 8-250°C, exhibit the greatest effect The clear trends to weaker surface relaxation at 
higher power and both higher and lower T 8, appear to reflect trends in precursor surface 
diffusion length. Specifically, as the diffusion length decreases the Fourier components in the 
surface roughness with A.r>A.0 tend to stabilize, leading to the weaker relaxation effect The 
lower A.0 for T 8<250°C arises from a thermally-assisted diffusion process. The lower A.o for 
T 8>250°C probably arises because the H-coverage of the surface is reduced, and this provides 
reactive sites for precursor attachment. The effect of high power is more complex. With a 
greater ionic flux, an effect similar to that at high T 8 is possible, i.e. a greater number of sites for 
surface bonding. Alternatively a higher concentration of SiR and SiH2 may be generated in the 
plasma, and these are more reactive at the surface. [8] In either case, A;, is expected to decrease. 

Research Results: H-Modification of a-Si:H Thin Films 

Real time spectroscopic ellipsometry has also been applied to characterize the changes in the 
distribution of Si-Si and Si-H bonding in conventional parallel-plate PECVD a-Si:H when it is 
exposed to a H2 atmosphere enriched with atomic species generated by . a filament heated to 
-2000K. The exposures are performed in situ just after a-Si:H preparation with the film held. at 
the deposition temperature (250°C). In effect, the chemical potential in the gas phase is raised 
well above that in the fllm, and H diffuses into the film in order to equalize the potentials. We 
anticipated that this may convert weak Si-Si bonds to Si-H bonds without changing the overall Si 
network connectivity. There are a few important differences between this study and previous 
post-hydogenation studies. (1) A hot ftlament is ali effective way of generating large quantities 
of low energy atomic H. (2) We avoid the high energy ion bombardment associated with plasma 
hydrogenation methods. (3) We apply a real time probe that is sensitive to the depth profile of 
the Si-Si bond-packing density in the top 600 A of the film. From the latter capability, we have 
the first real time probe of bonded H-diffusion. 

To provide an overview of the phenomena involved in H-modification, we find that the 
treatments generate additional Si-H bonds in the ftlm, as indicated by a preferential increase in the 
integrated absorption for the 2000 cm·l mode in the infrared spectrum. Furthermore, as 
described below, subgap photoconductivity measurements suggest that no additional midgap 
states are generated in this process. This would seem to suggest that two H atoms completely 
passivate the defect generated by breaking a Si-Si bond. In any event, we require an optical 
model for the conversion of Si-Si bonds to Si-H bonds so that the spectroscopic ellipsometry 
data collected during H-treatment can be simulated with changes in the bonded H proflles. The 
simplest such model assumes that some fraction of the volume occupied by Si-Si bonds is 
converted to Si-H bonds which exhibit the optical response of voids. The next best model is to 
extract the dielectric response of the Si:H component itself, rather than simulating it with voids. 
Such an analysis has been performed, and an excellent fit is obtained to spectra collected in real 
time. For the purposes of this discussion we assume that the Si:H component dielectric function 
is correct; however, the conclusions below are insensitive to potential errors. 

The conventional method for measuring H-diffusion involves preparing layered structures of 
hydrogenated and deuterated materials, annealing the structures for a given duration, and then 
analyzing the deuterium profiles with STh1S. Such results have yielded diffusion coefficients in 
the range ,of 1Q-16.1Q-17 cm2fs for intrinsic a-Si:H at 250°C when a time scale of several hours· 
(corresponding to a -1000 A diffusion depth) is utilized.[9,10] A model of dispersive diffusion 
has been developed to explain a decrease in the diffusion coefficient by a factor of 5 for aruiealing 
times from 10 min to 100 hrs, observed in doped materials.[ tO] 
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In an attempt to make connection with the literature results, we present simulated ellipsometric 
spectra from 2.5 to 4.0 e V in Fig. 3, assuming a: .diffusion coefficient for intrinsic a-Si:H of 
10·16 cm2/s at 250°C. The a-Si:H is assumed to be opaque at 2.5 eV; thus the substrate does not 
need to be included in the optical model. In this calculation we used a multilayer film to simulate 
the diffusion profile, and the optical response of each sub-layer was determined as a mixture of 
bulk material and Si:H bonding components. Corresponding data appear in Fig. 4, obtained 
during H-treatment of 2500 A thick, intrinsic a-Si:H at 250°C. Clearly the data cannot be 
understood in terms of the diffusion model. In effec� the time-independence of ll in Fig. 4 
shows that the new Si:H volume generated has a constant profile throughout the penetration 
depth of the light (-600 A), and increases with time. This suggests that the breaking of Si-Si 
bonds to form stable Si-H bonds is limited by reaction With H, not by H diffusion. Figure 5 
shows a calculation that verifies this behavior; to obtain it we simply assume that Si-Si volume is 
converted to Si:H volume uniformly throughout the penetration depth of the sample. 

We find that the volume fraction of the Si:H component increases at the expense of Si-Si bonding 
according to an exponential relationship, i.e. f=f0(1-e·kt). Although a closer inspection of the 
results over a very wide time range suggests a distribution of rate coefficients k, a value of 0.001 
s·l provides a reasonably good fit for the time scale of -10 min. The saturation value of the Si:H · 
volume fraction, f0-Q.24 is approached after about an hour; however, this value is quite sensitive 

. to filament conditions. We estimate that -5- 10 at.% Si-Si bonds are actually broken under the 
filament conditions used here. The larger affected vol.% arises from the fact that the fundamental 
optical unit of polarizability is not a s.ingle Si-Si bond, but more likely a tet:r;ihedron. The value 

....-
Q) 
Q) 
1... 
rn 
Q) 

"'0 
...._, 

__J 
w 
0 

1 65  .-----.---�-----, 30 

1 60 � 

-�·:::\\, 
1 5 5 ···.:::?\ 25 ....-Q) ·.�.,. ··:,.,.. Q) 

� ·-.. 1... 
·:.,. rn ··� Q) 1 50 "'0 

...._, 

(/) 
1 45 20 0.. 

1 40 

1 35 1 5  
2 . 5  3 . 0  3 . 5  4 . 0  

P H OTO N E N E R G Y  ( eV) 
FIG. 3 Simulation of ellipsometric spec
tra for the diffusion of H into an opaque 
film o( a-Si:f!, assuming a diffusion coef
ficient of 10·lo cm2/s. The ultimate equilib
rium volume fraction of Si:H is taken to 
match the experimental result of 0.24. 

58 

....-
Q) 
Q) 
1... 
en 
Q) 

-o 
...._, 

__J 
w 
0 

1 60 

1 5 5 25 ....-

1 5 0 

1 45 20 

1 40 

1 35 1 5  
2 . 5  3 . 0  3 . 5  4 . 0  

P H OT O N  E N E R GY ( eV) 

Q) 

Q) 
1... 
en 
Q) 

-o 
...._, 

(/) 
0.. 

FIG. 4 Experimental ellipsometric spectra 
collected during a one hour H-treatment of 
intrinsic a-Si:H at 250°C. · The film was 

· 2500 A thick, and thus opaque over the full 
photon energy range. 



of the rate coefficient, along with the optical probing depth, can be used to place a lower limit on 
the diffusion coefficient DH. A conservative estimate shows that in order to observe 
reaction-limited behavior to a depth of 600 A, DH>4x1Q-14 cm2fs, a value lOOx higher than that 
obtained by the multilayer approach. 

When the filament is extinguished, the volume fraction of Si:H decreases by -o.08, indicating 
that some fraction of the broken Si-Si bonds reform as the gas phase chemical potential is 
reduced; however, the . remainder are irreversibly broken and remain so upon returning the 
sample to room temperature. Furthermore, we fmd that surface oxides at the near monolayer 
level prevent equilibration of gas phase and thin 111m · H chemical potentials. This in turn 
suggests that the rapid diffusion driven by the imbalance in the gas phase and solid state chemical 
potentials involves bonded H and not interstitials, and the strong Si-0 bonds at the surface 
prevent H from entering the network. The H-bonding configuration that provides the diffusive 
pathway is unclear at present, but must be distinct from the stable configuration observed 
optically. The oxide barrier results also show that the H-treatment must be performed in situ in 
order to observe the process of reaction-limited bond-breaking. 
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Thick ftlms were prepared by alternating 800 A of intrinsic a-Si:H growth with 20 min of 
H-treatment, a procedure expected to provide relatively uniform ftlms with more than 2 at.% 
broken bonds. Figure 6 shows the absorption coefficient from photoconductivity and 
transmittance-reflectance measurements for such.a film 8500 A thick, in comparison to a control 
sample prepared without the H-treatment steps. Both samples were measured in the annealed 
state. There is an overall uniform shift in the absorption edge consistent with an optical gap 
increase of 0.04 eV and bonded H content increase of 4 at.%. It is clear that, even though >1021 
Si-Si bonds were broken, no excess defect states were generated. In fact, there is a reduction in 
the integrated absorption attributed to dangling bonds. Thus, as occurs in the a-Si:H growth 
process, H effectively passivates broken bonds, leaving no more than 1 defect per 1()6 broken 
bonds. Finally, the band tail states remain rigid with only a very slight decrease in slope (0.047 
vs. 0.049 e V) upon H-treatment. Thus, we do not detect any significant tendency for H to break 
Si-Si bonds associated with the band tail electronic states in preference to those associated with 
·the band edge states. 

Conclusions 

Real time spectroscopic ellipsometry has been applied to characterize microstructural evolution in 
the early stages of a-Si:H growth by PECVD in greater detail than was possible in previous 
single wavelength studies. The data exhibit monolayer-sensitivity to coalescence, i.e. the decay 
of nucleation-generated surface morphology, after nuclei make contact to form the first bulk 
monolayer. We offer clear evidence of the dependence of precursor surface diffusion on 
substrate temperature and plasma power, thus identifying the role it plays in determining the 
ultimate properties of the bulk material. 

Similar experiments have been used to investigate the conversion of Si-Si bonds to Si-H bonds 
in PECVD a-Si:H upon exposure to a H2 atmosphere enriched with atomic H from a heated 
filament. In effect, we monitor the modification that the a-Si:H network undergoes as its H 
chemical potential equilibrates with that of the gas phase. For optical penetration depths of 600 A. 
and treatment temperatures of 250°C, Si-Si bond-breaking is reaction-limited. As a result, we 
fmd a lower limit for the H-d.iffusion coefficient that is at least 2 orders of magnitude higher than 
that typically obtained by conventional deuterium profiling. In a H-treatment of about 1 hour, we 
find that as much as 5-10 at.% of the Si-Si bonds in the network are irreversibly broken. Future 
research will concentrate on studying the mechanism of H-diffusion and determining the kinetics 
of the formation of stable Si-H bonds. In addition, the optoelectronic properties of H-modified 
materials will be studied in greater detail, along with assessment of their stability, for comparison 
with unmodified control materials. In the long term, we expect to apply real time spectroscopic 
ellipsometry in order to characterize interfaces in electronic device structures. 
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ProjeCts and Research Approaches 

In this report we describe our recent results on two research topics: 

Effects of Light Soaking on the Electron Drift Mobility in a-Si:H. F�r many years 
it has been known that light-soaking modifies the drift of carriers in a-Si:H by 
changing direct trapping and recombination events involving deep levels. It has been 
presumed that light-soaking does not affect the fundamental transport mechanism, 
which is usually accepted to involve baridtail states. However, the measurements 
indicating that light-soaking does not affect bandtail transport are inconclusive. 
Since the performance of a-Si:H solar cells is determined by the light-soaked state, 
a clear understanding of this issue is crucial to understanding operating solar cells. 
A convincing demonstration of an effect of light-soaking on band tail transport would 
also significantly change our views of the mechanisms limiting mobilities in a-Si:H. 

We have performed studies of the electron drift mobility using photocarrer "time
of-flight" techniques for optimized, undoped a-Si:H specimen from three different 
laboratories; these observations will be described in some detail here. We found no 
signific�nt effects of light-soaking upon the electron transport mechanism at room 
tempe�ature; below 200 K two of the specimens showed no significant effect, but we 
found a sizable effect in a third. Part of this work is published [ 1 ] .  

Modulated Electron Spin Resonance Measurements and Defect Correlation Energies 
in a-Si:H. The "standard model" for deep levels in a-Si:H is that they represent 
transitions between three charge states of a single defect observed by electron spin 
resonance, the D-center. In this view the effective correlation energy describing the 
D-center is substantially positive, so that most D-centers are electrically neutral in 
the dark. However, many researchers have invoked models with small or negative 
correlation energies and relatively large densities of charged defects to account for 
their measurements. The most explicit way to address this issue is by modulating 
the specimen's charge or temperature and observing the effect upon the D-center 
spin density. We have measured thermal modulation effects in a large number 
of undoped a-Si:H specimens, and have examined models for both thermal and 
charge depletion measurements. We have concluded that these measurements can be 
interpreted satisfactorily using the standard model. Some of this work is published 

. � -
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Effects of Light-Soaking on the Electron Drift Mobility in a-Si:H 

We have_,examined electron transport in conventional diode structures prepared by Energy 
Conversion Devices, Inc., by Chronar, Inc., and by ourselves. We present our measurements 
here as mobility normalized transient photocurrents: i(t) (d2 /Qo V). The photocurrent i(t) 
is the response to a short laser pulse absorbed n4:!ar an interface of the diode. V is the 
reverse bias voltage applied to the diode shortly before the laser pulse. d is the thickness 
of the undoped layer of the diode. Q0 is the charge of mobile electrons in the diode 
determined by integrating the photocurrent to times well past the electron transit time. 
We have established elsewhere [3] that this representation is fully equivalent to estimating 
an average drift-mobility from the transit time. 

We discuss first the left side of Fig. 1, which shows the transient photocurrents measured 
. for a very thick specimen prepared by Chronar, Inc . .  These transients were measured with 
bias voltages chosen so that both internal field effects and also the effects of electron transit 
across the specimen are not apparent. The curves illustrated with open symbols are for 
the specimen in an annealed state obtained by heating the diode for one hour at 160° C; 
the closed symbols represent a state obtained after sustained light-soaking. 

At 300 K in the annealed state the initial electron mobility is just below 1 cm2 /Vs. The 
rather slow rise time for this specimen is due to diode series resistance effects; the specimen 
was not specifically deposited for use in time-of-flight measurements. The decline after 
about 100 ns is due to deep-trapping. In the light-soaked state deep-trapping occurred 
much earlier; the initial mobilities were probably comparable at 300 K, but these data are 
inconclusive. 

At lower temperatures the electron mobility declines with time as a power-law because of 
the onset of bandtail trapping effects. The light-soaked and annealed states converge at 
earlier times. The maximum effect of light-soaking on the bandtail dominated �obility 
compatible with these data is about 20%. We again attribute the divergence of the curves 
at longer times to deep-trapping. 

Our measurements on a 5J,£m diode prepared at Syracuse were very similar to those just 
presented for the Chronar specimen, and will not be discussed separately here. We found 
somewhat different effects on a specimen prepared at Energy Conversion Devices, Inc .. The 
ECD specimen was clearly different than either the Chronar or Syracuse specimens. In 
the annealed state the electron deep-trapping mobility lifetime product JLTe,t was smaller, 
and the hole deep-trapping JLTh,t was larger. 

The transient measurements are presented to the right of Fig. 1 .  At 300 K the initial 
electron mobility is 1 cm2 /Vs in the annealed state. The deep-trapping in this specimen is 
remarkably pronounced, which we attribute to a very narrow conduction bandtail for this 
specimen. The rise-time in these data is due to the 5 ns pulsewidth of our laser, which 
precludes quantitative estimates of the drift mobility prior to about 10 ns without use 
of deconvolution techniques. However, the current in this rise-time regime is nonetheless 
proportional to the actual drift-mobility. The convergence of the curves precludes a drift 
mobility difference between the annealed and light-soaked states larger than about 10% 
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prior to deep-trapping. 

At low temperatures there is a marked difference in the transients measured before and 
after light soaking ( "VLS" state) which we could not attribute to deep-trapping; the room
temperature drift mobility was not measured for the VLS state. The intermediate state 
( "LS" ) did not show a pronounced effect. There is an oddity about these states which 
may be important. Although the low-temperature drift mobility is clearly lower for the 
VLS state than for the VS state, the deep-trapping mobility-lifetime product JLTe,t barely 
changed between the two states. The effects in Fig. 2 were reproduced several times by 
two different workers, and are very unlikely to be simple computational error. We consider 
them as preliminary evidence for an effect of light-soaking on bandtail transport in a-Si:H 
which sets in following saturation of deep-level generation. 

A clear conclusion about the existence of light-soaking effects on electron transport involv
ing the conduction bandtail is not possible at this stage. Although such effects are small 
in most cases, we have examined one specimen where the effect is significant. 

Modula�ed Electron Spin Resonance Measurements and Defect Correlation 
Energies in a .. Si:H. 

Changing the temperature of an a-Si:H specimen or depleting an interfacial region of 
charge ·modifies the spin density. For a system with a single defect level in the midgap 
region, removal of an electron will usually destroy a single spin; changing the temperature 
will not affect the spin density. However, if the defect has two or more levels (cf. the 
n+/O and D01- levels of a-Si:HJ the situation is more interesting; if the correlation energy 
separating ' the two levels is comparable to the site-to-site variation in the level position 
or to the specimen temperature, the simple results for a single level described above are 
substanticftly changed. 

. 

We have performed calculations of modulation effects as well as measurements of temper
ature dependent electron spin resonance to further explore these issues; some of the work 
is published [2] , and a manuscript including all work discussed here has been submitted 
for publication [4] . 

In Fig. 2 we show the correlation of depletion and temperature modulation for a simple 
model in which every defect has some definite correlation energy U, and the inhomogeneous 
· width of the level position (the site-to-site variation noted above) is set to 0.3 eV. We define 
the depletion modulation of the spin density DM = 8N8/8n, where N8 is the spin density 
and n is the density of electrons occupying the defect system. The thermal modulation is 
defined as TM = 8(1n N8)/8T, where T is the specimen temperature. Both TM and DM 
depend upon the particular values of U and n. The dependence on temperature for the 
conditions of the figure are weak. 

The contours shown as solid lines were generated by selecting the indicated value for UeJ f 
and varying the density of electrons n. The dashed curves are the contours generated 
by varying Ueff for a given density n. These latter curves are labeled using a dimen
sionless electron density ( n - N D)/ N D ,  where N D is the density of defects. A value of 
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0 corresponds to one electron per defect in the system. These contours indicate that the 
thermal modulation T M determines Uel 1 nearly uniquely; TM is remarkably insensitive 
to ( n - N D)  IND. Depletion modulation D M is not simply related either to Uel 1 or to 
(n -. ND)IND .  

We performed temperature dependent ESR measurements from which we estimated the 
parameter T M from Fig. 2. In Fig. 3 we show the correlation of T M with the bulk spin 
density N B ;  the error bars indicate the statistical uncertainties in the slope estimates. We 

• estimate that "bulk spins" in a-Si:H of typical device quality exhibit a thermal modulation 
of 1 - 2 x 10-4 K- 1 , which corresponds to a deviation from Curie-dependence of 2 -

.4% between 100 and 300 K. Poorer specimens exhibit a thermal modulation of nearly 
4 X w-·4 K- 1 • It surprised us that interfacial spins gave no detectible" Curie-law deviation, 
since we might assume that these spins should be characteristic of "poor" a-Si:H; we have 
no explanation for this effect. 

If we accept the model of Fig. 2, then we estimate from the data of Fig. 3 that Uel 1 for 
"device-grade" a-Si:H is about 0.3 eV, with "poor-quality" a-Si:H yielding a lower value. 
A better way to describe the implications of the TM data is to estimate the ratio N8/ND 
of the spin density to the total defect density N D.  This ratio depends less strongly on 
the particular parameters of g(E) ; we obtained N8/ND ,_ 0.75. Thus these temperature 
dependent ESR data agree broadly with earlier estimates of Uel 1 based on interpretations 
of infrared absorption measurements, and they support the widespread use of the spin 
density N8 as an estimate for the total density of deep levels in a-Si:H. 

We now discuss the consistency of our TM measurements and the earlier depletion widt.h 
modulated ESR work. Essick and Cohen [5] reported � depletion effect /J..N8j /J..n of 0.14 
for each of five different "light-soaking" states in the one specimen which was studied; 
these results are based on their calibrations of the depletion-width modulation technique. 
These values cannot be immediately equated with the parameter DM of Fig. 2, since 
the depletion modulation /J..n was nearly 25% of the spin density in some states. For the 
Uel 1 = 0.3e V contour in Fig. 2, the "operating point" of their experiment. would actually 
have moved well dow.n the contour as the sample was depleted. We previ.ously estimated 
the value of Uel 1 which best accounts for the DWM-ESR based on "self-depletion" of the 
specimen starting from ( n - N D)  IN D = o.q and integrating the depletion effect down the 
various contours. We obtained a best fit for U - 0.2 - 0.3 eV [2] . .  

In their original work Essick and Cohen did not have access to definitive tempP.rature 
dependence data. They proposed that Ueff ,..... 0.0 e V, which is self-consistent with their 
published data. However, for the models used both by Essick and Cohen and by ourselves, 
a zero correlation energy is incompatible with the temperature dependent measurements. 

· The simplest model of which we are aware which rationalizes both the temperature and 
depletion modulation measurements is the "standard" view that the D-center in undoped 
a-Si:H has a reasonably large positive correlation energy, and that most of these defects are 
neutral and are detected by ESR. Models with additional assumptions can be advanced 
to account for our temperature dependence measurements in terms of a zero correlation 
energy, but we are unaware of any compelling reason to do this. 
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Fig. 1: (left) Mobility-normalized transient photocurrents 
for a 10 p,m thick a-Si:H p-i-n diode prepared at Chronar, 
Inc. . Two specimen states are illustrated: AN - annealed, 
JLTe,t = 4.4 x 10-7 cm2 /V. LS - light-soaked, JLTe,t = 4.2 x 
lo-s cm2 /V. (right) Mobility-normalized transient photocur
rents for a 2.65 J.tiD thick a-Si:H p-i-n diode prepared at En
ergy Conversion Devices, Inc.. Three specimen states are illus
trated: · AN - annealed, J.tTe,t = 6.6 x lo-s cm2 /V. LS - light 
soaked, J.tTe,t = 2.5 x lo-s cm2 /V. VLS - very light-soaked, 
JLTe,t = 1 .8 x �o-8 cm2 /V. 
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Fig. 3: Correlation of the thermal modulation of the spin 
density T M with the bulk spin density N B for seven specimens 
of a-Si:H. High spin densities specimens were dominated by 
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Title: Research on Amorphous-Silicon-Based . Thin Film Photovoltaic 
Devices** 

Organization: Solarex Corporation, Thin Fi.J.JD Division 
826 Newtown-Yardley Rd., Newtown, PA 18940 

Contributors: A. Catalano, Program Manager; L. Yang, Task I Project Leader; R.V. 

Introduction 

D' Aiello, Task IT Project Leader; J. Newton, Task ill Project Leader; M. 
Beruiett, L. Chen, B. Fieselmann, Y.-M. Li, R. Podlesny, C. Poplawski, K. 
Rajan, S. Wiedeman, G. Wood 

Multi junction cells and modules offer the potential for achieving high conversion efficiency while 
overcoming the principal shortcoming of a-Si:H, namely the light-induced degradation. Amor
phous silicon based devices are attractive because they are simply fabricated at low temperature 
from abundant non-toxic, low cost materials, have very high absorption coefficients which per
mit useful devices of submicron thickness, and the processes are environmentally responsible in 
keeping with the spirit of renewable energy. 

In order to achieve the goal of developing low cost, stable, high efficiency modules, we have 
undertaken a program consisting of three tasks that address the important technological issues 
required to meet the program's second year (FY92) goal of obtaining 10.5% efficient, stable 
modules*. These tasks are 1) semiconductor materials research, 2) non-semiconductor materials 
research, and 3) module research. 

Notable accomplishments within these tasks are: 

• The demonstration of aperture area conversion efficiencies of 9.89% in modules with an 
area > 900 cm2, and 98% area utilization. 

· 

• The demonstration of only 10% - 15% degradation in triple junction cells and modules. · 

• The development of a quantitative model based on the stretched exponential model that 
relates the time dependent performance of triple junction devices to device design, and 
operating parameters. 

• A major improvement in the transport properties of a-SiC:H using novel feedstocks that 
will permit the fabrication of high efficiency a-SiC:H/a-Si:H/a-SiGe:H. 

* 600 hrs., AM1.5 :exposure, 50°C; area � 900 cm2. 

** This work was supported under National Energy Renewable Laboratory ZM-19033- 1. 
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• The development of improved front and rear ZnO contacts. 

The following is a review of progress on a task-by-task basis. 

Task I: Semiconductor Materials Research 

An initial small area cell conversion efficiency of 12.5% is desirable, given an anticipated 
degradation of 15% in a triple junction device and the other losses .associated with module design 
(loss of active area, etc.). In order to achieve this goal, we require a higher open circuit voltage, 
in the range of 2.5V, than is now obtained in state-of-the-art a-Si:H/a-Si:H/a-SiGe:H devices. 
Hence, we have begun an aggressive campaign to develop a-SiC:H alloys with acceptable 
transport properties and stability. This program has already yielded films and devices with 
excellent properties. 

· 

We have sought to develop improved a-SiC:H alloys by employing the paradigm that feedstock 
gases which incorporate the requisite Si-C bonds will give rise to such desirable bonding in the 
solid and hence improved transport properties. We have employed in-house synthesized tri- and 
di- silylmethanes (TSM, DSM) and conventional hydrogen diluted methane in order to develop 
the necessary fllm deposition processes, and fabricate the fll"St devices whose performance and 
stability have been evaluated. The latter issue, stability, is of principal concern with a-SiC:H 
since previous experience has shown them to be less stable than a-Si:H. Experiments on films 
have now shown conclusively that the novel feedstocks, particularly TSM, give rise to 1.9 - 2.0 
eV with excellent transport and optical properties (1). Figure 1 plots the ambipolar diffusion 
length of a-SiC:H films prepared from these new feedstocks as well as those prepared from the 
conventional source, methane. 
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Figure 1. Ambipolar diffusion length for a-SiC:H films prepared from methane 
·and DSM and TSM feedstocks. 
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Substrate temperature has been found to have a strong influence on film properties. The usual 
measure of electro-optic properties, e.g., diffusion length, photoconductivity, etc., are found to 
improve at low substrate temperature· in contrast with reports of the opposite effect in the 
literature. This careful study has been done on material of the constant 1.96 + 01 eV bandgap. 
The measured properties of the best quality undoped films were found to depend strongly on 
thickness suggesting a strong influence of surface effects. 

The first devices fabricated show that the improved transport properties of the films, translate into 
better device performance. a-SiC:H devices prepared from DSM proves even better than 
expected based on film properties. Most importantly, the devices 

'
prepared from TSM and 

hydrogen diluted methane show very good stability compared to conventional a-SiC:H devices. 
The stability of the devices appears to be comparable to a-Si:H. 

In order to design the highest effici�ncy, stable devices it would be useful to have a quantitative, 
predictive model for the degradation process. ·We have succeeded in transforming the stretched 
exponential model developed by Redfield and Bube (2) · which predicts the effect of light 
exposure on defect density to devices, and confirmed its quantitative, predictive nature by 
experiment. The model has also been expanded to include the effect of i-layer thickness. High 
intensity illumination has been used to degrade cells to saturation, confirming that the degradation 
process does indeed level-off after prolonged illumination. Figure 2 illustrates this behavior for 
a 4000A thick device degraded at 100°C at several intensities. The high intensity degradation 
process can be used to rapidly assess the stability of devices and anticipate AM1.5 performance. 
The extension of this model to the alloys should enable a quantitative prediction of multi junction 
efficiency. 
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Figure 2. Normalizeg efficiency vs. time for devices subject to accelerated 
degradation. 
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The performance of a-SiGe:H devices has been improved and stability further quantified 
confirming earlier reports of better stability for this alloy. Optimization of the grading of the p/i 
and the i/n interfaces has occurred leading to devices with - 9% conversion efficiency for 1.48 
eV bandgap cells with i-layers only 1200A thick! Moreover, the stability of a-SiGe:H devices 
is clearly superior to conventional a-Si:H devices. Since

· 
the degradation process is 

recombination-driven, comparison of devices on the basis of short-circuit cUITent is appropriate. 
The short-circuit current determines the maximum recombination rate for a given device. 
Furthermore, in a two-teri:ninal multi junction cell, the short-circuit currents (hence, recombination 
rates at V oc> are identical in each junction adding to the· value of this comparison. Viewed in 
such a manner, a-SiGe:H alloy devices are more stable than a-Si:H and the stability improves 
with Ge addition. The data shown in Figure 3(a) plots the absolute and Figure 3(b) normalized 
efficiency after 1000 hours obtained from light-soaked cells prepared with various i-layer 
thicknesses. It can be seen that a-SiGe:H achieves a stabilized efficiency greater than at high 
generation-recombination levels (J sc>· The same trend is evident in the normalized data of Figure 
3(b ). At low CUITent, the superior transport properties and V oc of a-Si:H yield a higher 
efficiency . 
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Figure 3. a) Absolute and b) normalized efficiency vs. initial Jsc for a-Si:H and 
a-SiGe:H devices prepared over a wide range of i-layer thickness. 

Task ll: 
. 
Non Semiconductor Materials 

Development of an atmospheric pressure chemical vapor deposition (APCVD) process of textured 
ZnO has begun in a newly constructed belt furnace. Diethylzinc, ethanol, and water are used as 
the reactants while both hydrogen fluoride and hexafluoropropylene (HFP) have been employed 
as dopants. Process development has proceeded by exploring the range of �actant flows, dopant 
concentrations and substrate temperature on growth rate, haze (texture), resistivity and 
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transnnss10n. The fllms grown by APCVD appear to be comprised of spherical nodules 
compared to films grown by low pressure CVD which have well-defined crystal faces. Device 
quality films have been prepared which have a higher optical transmission compared to the 
present APCVD tin oxide of the same sheet resistance. Devices fabricated on the films confirm 
the higher optical transmission and have exhibited quantum efficiencies as high as 90% without 
anti-reflecting coating, indicating a net film absorption of about 5%. Further work, however, is 
necessary to optimize both the device fabrication process on ZnO and obtain better control of the 
APCVD process. 

Low iron glass has been evaluated as a substrate material to replace the Corning 7059 glass 
generally used. Optical absorption measurements indicate, and device preparation and 
measurement confirm that the low iron glass is an effective, low cost substitute. 

· Task ill: Submodule Research 

Solarex has demonstrated close to 10% conversion efficiency using a 936.3 cm2 triple junction 
device structure. This is the highest conversion efficiency measured to date for a device of this 
size. Table 1 summarizes the parameter for this module. 

Table 1 

Voc, Volts ISC' Fill Factor, Power, Aperture Aperture 
rnA % w Efficiency, Area cm2 

AMl.S 

56.7 243 67 ' 9.23 9.82 936.3 

Shunting defects in both cells and modules give rise to an anomalous light-induced degradation. 
The degradation takes place at a higher rate than in samples exhibiting few shunts and frequently 
gives rise to an increasing rate of degradation at long times. Although the mechanism is unclear, . 
the origin of the defects appears to be . large asperities in the tin oxide film formed by - 5 Jlm 
chunks of the oxide that have spalled off the APCVD furnace or belt Because these particles 
are located at the periphery of the substrate, they can be minimized by laser scribing the module 
to confine the active area of the module away from the edges. Doing so results in a substantial 
improvement in not only stability, but also the distribution of initial cell and module efficiencies. 
The relationship between the extent of the leakage current and performance has been quantified. 
Light soaking studies have shown that the degradation of the module, after 600 hours, can be . 
reduced from in the range of over 30% to 17% - 20% by minimizing the shunt current 

The extent of the leakage current appears. to depend on the thickness of the junctions of the 
device including the doped layers, with the greatest thickness giving rise to the lowest shunt 
currents. 

NREL has completed light-soaking studies of some of the Solarex first generation triple junction 
modules. After 600 hours of exposure at AM1.5, the modules have exhibited 17% - 22% 
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degradation from initial efficiencies in the range of 8.6% to 9.05%. These modules were 
fabricated before the importance of shunts was recognized. 

There has been some suggestion that the rear contact might be involved in the anomalous 
degradation of modules since shunting defects reappear after curing in modules with 'hlO/ Ag rear 
contacts unlike modules with A1 rear contacts. In fact, triple junction modules with A1 rear 
contacts exhibit far lower degradation (-10%) than their ZnO/Ag backed counterparts. This may 
be due to the imbalance in the triple junction device. Thin device (2000A middle junction) 
modules, without this imbalance, exhibit degradation at a rate similar to ZnO/ Ag. 
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Organization: 

Contributors: 

Objective 

Research on Stable, High-Efficiency Amorphous 
Silicon Multijunction Modules 

United Solar Systems Corp. 
1100 West Maple Road 
Troy, Michigan 48084 

. _S. Guha, principal investigator, A Banerjee, E. Chen, 
T. Glatfelter, G. Hammond, M. Hopson, N. Jackett, 
M. Lycette, T. Palmer, A. Pawlikiewicz, I. Rosenstein, 
R. Ross, D. Wolf, J. Yang and K. Younan. 

The principal objective of the program is to conduct research on semiconductor materials 
and non-semiconductor materials to enhance the performance of multi-bandgap, 
·multijunction, large-area amorphous silicon-based alloy modules. The goal is to 
demonstrate stabilized module efficiency of 8% for multi junction panel of area greater than 

· 900 cm2• 

Approach 

Double-junction and triple-junction cells are made on Ag/ZnOx. back reflector deposited on 
stainless steel substrates. a-SiGe alloy is used for the i-layer in the bottom cell; the other 
cells use a-Si alloy. After evaporation of antireflection coating, silver grids and bus bars are 
put on the top surface, and the panel is encapsulated in a EV A/Tefzel structure to make 
a one-square-foot monolithic module. 

Status/ Accomplishments 

e Uniform deposition of back reflector, a-Si alloy layers and transparent condu,cting 
oxide was achieved over one-square-foot area. The uniformity was checked by 
making an array of 16 x 5 subcells of 7.4 cm2 area over the entire surface. The 
variation in subcell short-circuit density was within ± 5%. 

e High quality a-SiGe alloys were deposited over large area, and single-junction cells 
were fabricated with an output of 3.2 m WI cm2 under global AM1.5 illumination with 
a 630 nm red cut-on filter. These cells were used as the bottom cell of double
junction and triple-junction structures. 

· e A new method was developed [1] by which the performance of single-junction cells 
after long-term, one-sun exposure at 500C can be predicted by exposing cells to 
short-ierm intense light at different temperatures. Using this method, we found that 
single-junction cells show the highest stabilized efficiency when the thickness of the 
intrinsic layer is about 2000 A. 
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e Our numerical model for solar cells [2] was used to explain the light-induced 
degradation behavior of single-junction cells [3]. The experimental data on thick 
cells, both in the undegraded and degraded states, could be explained by assuming 
that the only effect of prolonged light illumination is an increase in the gap state 
density. In .order to obtain quantitative agreement with the data for cells with 
different thicknesses, we had to assume that the optical absorption (or number of 
reflections) increases with cell thickness. The problem is being further investigated. 

e We have fabricated a series of double-junction and triple-junction modules in which 
the grid loss is about 4%. The following table summarizes results of three double
junction and two triple-junction fully encapsulated modules as measured under USSC 
SPIRE simulator. 

Table I. Performance of multijunction panels. 

Sample Aperture Voc. 1.: FF 1l 
No. Area (V) (A) (%) (%) 

588 919.3 1.60 8.70 65 9.90 

597 918.1 1.60 8.09 68 9.57 

598 912.0 2.45 5.37 67 9.59 

602 919.9 1.60 8.07 68 9.60 

603 905.4 2.45 4.80 70 9.15 

The same modules, however, show 15 to 18% lower efficiencies when measured 
under NREL SPIRE simulator. The major discrepancy is in the fill factor and short
circuit current density. The discrepancy in the measurements is now being 
investigated. 
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IiJk: 
Qmanizanon: 

Contriburors: 

Objective 

Research on Silicon-Carbon Alloys and Interfaces 

Coordinated Science Laboratory 
University of Dlinois, Urbana Dlinois 

J. R. Abelson and N. Maley, co-principal investigators; 
S. Yang and J. R. Doyle 

\. . . 

We focus on the fabrication of the "top junction" formed by transparent conductive oxide (TCO) on 
p-type Si,C:H on undoped a-Si:H. Our deposition tool is magnetron reactive sputtering of the 
Si,C:H and a-Si:H layers because this method: (i) provides independent control of hydrogen 
incorporation via the pressure of H2 injected in the sputtering gas; (ii) has been used in our labs to 
deposit device quality a-Si:H layers [1]; (iii) can make films with a slower rate of metastable defect 
formation [2]; (iv) produces a-Si,C:H with better microstructure than typical PACVD films [3] ; and 
(v) is an industrially mamre process for the mass production of thin film coatings. 

We use in-situ techniques to analyze films and interfaces. Si-H and C-H bonding in films 2: 5A 
thick are measured by reflection-absorption infrared spectroscopy (RAIRS) [4]. The electrostatic 
potential profile across the different layers of the top junction is measured by a Kelvin probe (KP). 
The combination of RAIRS and KP is intended to elucidate the fundamental relationships between 
deposition conditions, bonding, and electronic performance. 

Approach 

a-Si.C:H Growth 

We are investigating two methods to introduce carbon into a-Si:H: (i) co-sputtering independent 
targets of Si and C, and (ii) introducing methane into the (Ar + H2) working gas of Si sputtering. 

Co-sputtered a-Si,C:H films have been deposited to investigate the variables of carbon content (0 -
30 at. %), hydrogen partial pressure (0.2 - 2.5 mTorr) and substrate temperature (170 - 330°C). 
We fmd that the hydrogen partial pressure must always be kept high P- 0.8 mTorr) to attain a high 
energy gap when carbon is added. At smaller hydrogen pressures, C actually reduces the energy 
gap below that of standard a-Si:H: for example, at 0.2 mTorr H2, the addition of -20 at. % C 
drops Eg from 1.7 to -1.6 eV! This indicates a tendency to form sp2 bonded C. The AM1 photo
to dark-conductivity ratios have consistently been 2:104, and the absolute value of 
photoconductivity is S 4 x lQ-7 /0-cm. 

However, co-sputtered a-Si,C:H films have proven inferior to those produced by reactive 
sputtering in methane (see below). The former exhibit lower temperamre thermal evolution peaks, 
more SiH2 or clustered SiH in IR absorption at 2100 cm- 1 , and inferior photoconductivity. In 
addition, considerable oxygen content is detected beneath the surface by XPS, suggesting that 
oxygen permeates through a porous microstrucmre upon exposure to atmosphere. 

The poor quality of these flims likely results from inherent difficulties in sputtering a carbon 
(graphite) target: after some use, "soft" C 4eposits are found on the target and neighboring shields. 
These probably sputter as small clusters rather than individual atoms, and thus spoil the a-Si,C:H 
microstructure. However, this phenomenon should not occur with a SiC target, so the dual target 
technique may merit fumre investigation with Si and SiC as the two solid sources. 
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Methane SlJUttered a-Si,C:H films have been deposited by sputtering a single Si target (5 em 
diameter) in (Ar + H2 + CH4), denoted hereafter as Si/CH4 sputtering. By varying the partial 
pressure of hydrogen (0 - 1.0 mT) and methane (0 - 0.10 mT), the substrate temperature (200 -
400 °C), and the target current (50 - 100 mA), we have grown alloy films with Tauc energy gaps 
ranging from 1.70 to 2.45 eV. Infrared and thermal evolution spectra reveal interesting differences 
between SiH4/CH4 PACVD and Si/CH4 sputtering. For comparable Tauc gaps, the latter are 
denser and show considerably less C-H bonding. The carbon content in these films, measured by 
sputtered neutral mass spectroscopy, is -15-20% for films with a Tauc gap of 2.0 eV. 

The electrical properties of the Si/CH4 sputtered films have been evaluated by photo (AMI) and 
dark conductivity and sub-gap absorption (CPM, dual beam Jlhotoconductivity, and PDS at 
Solarex). Photoconductivity decreases gradually from mid I0-5 S/cm to mid Io-7 S/cm as the 
band gap is increased from 1.7 to 2.1 eV, and more rapidly thereafter (see Figure 1). The ratio of 
photo to dark conductivity is between 104 and 105 for Eg up to 2. 1 eV. Sub-gap 
photoconductivity spectra yield defect densities in the mid I016 tcc range and band tail slopes 
between 70 and 80 me V. 

The IR spectra show interesting features, most notably a low intensity of C-H modes (see Figure 
. 2). In films grown from SiH4/CH4 PACVD there is a strong tendency for C-H clustering and the 

C-H stretching (-2900 cm-1) and wagging (-1400 cm-1) modes are strong. For a comparable 
Tauc gap, the C-H stretching mode is 2-3 times weaker in the Si/CH4 sputtered films, and the C-H 
wagging mode is small enough that it is difficult to observe above the background annospheric 
absorption. Figure 2 also shows that the Si-H stretching mode is predominantly at 2000 cm-1 in 
these films. 

In general, the Tauc gaps of the Si/CH4 sputtered films increase with hydrogen and carbon 
content. However, the correlation between the band gap and film composition is not very strong 
(see the variation of the C-H stretching mode with Eg in Figure 2, for example). We thus believe 
that the band gap is also sensitive to the details of local ordering such as bond length and bond 
angle distortions and sp2 vs sp3 bonding of carbon. 

Thermal evolution spectra show that the hydrogen content of the Si/CH4 sputtered fllms is -1.0 -
1.5x1o22 atoms/cc for Tauc gaps up to 2.1 eV. The spectra typically consist of two overlapping 
peaks at 600 and 700 °C, a narrow peak -950 °C (possibly due to crystallization), and a broad peak 
-1050 °C. Most of the H2 release occurs in the 700 °C peak, in contrast to P ACVD material where 
there is considerable release of H2 in the low temperature peak. This is consistent with IR 
observations that the microstrUcture is denser for the ·Si/CH4 sputtered material. 

In-Situ Kelyin Probe 
A Kelvin probe, suitable for in-situ studies of a-Si:H growth, was constructed and installed in an 
environmental chamber for "shakedown" trials. Our first experiments concerned the influence of 
water vapor adsorption on the surface potential in a co-planar conductivity geometry [5]. Water 
chemisorbs as a donor, i.e .•. the surface accumulates positive charge, the semiconductor bands 
bend "down", and an n-type conductivity channel forms beneath the surface. Figure 3 shows the 
effect of water vapor adsorption on an a-Si:H film of bandgap 1 .75 e V. The conductivity increases 
monotonically with surface potential. The slow initial increase in conductivity followed by the 
more rapid rise indicates that the dry, annealed surface is close to the flat-band condition. 

In a second set of trials, we studied the effect of surface potential on the power law exponent of 
photoconductivity (I - Q'Y). Figure 4 shows the difference in the apparent 'Y between a dry, 
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annealed surface and one with -Q.3 e V n-type surface band-bending. These results explicitly 
demonstrate the influence of band-bending on photoconductivity and arc being further analyzed. 

·Future Work 

Gas handling equipment for p-type doping and hardware for in-situ Kelvin probe studies � under 
construction. Evaluation of the long term stability of the carbon alloys is also underway as we 
now have a set up for accelerated light soaking which provides 1 Wfcm2 of red light or 3 Wfcm2 of 
heat-filtered white light. Special substrates allowing RAIRS analyses of a-Si:H and a-Si,C:H 
growth over TCO are being prepared. These developments will pave the way for our examinations 
of the solar cell "top junction." 
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M. Silver, Daxing Han, Keda Wang and M. Kemp 

The objc::ctives of our research were (1) to determine how recombination, trapping and band 
mobility modifications affecting the electronic properties of amorphous semiconductors can 
be characterized and described by an appropriate spectrum of defect states and (2) how light 
induced defects (SWE) in a-Si:H and native defects in a-Si Ge:H affect the transport 
properties in these materials. 
Experimentally we continued our studies on transient space charge limited current in a-Si:H 
n-i-n structures, on forward bias current and on electroluminescence in a-Si-:H p-i-n 
structures before and after photodegradation. The most interesting part of our data shows 
that while the steady state value of the forward bias current does not change much with 
SWE, the transient current is significantly altered. We tentatively assume the response-time 
governing the transient rising and the lifetime governing the steady state current result from 
different mechanism Theoretically, we have shown that in recombination, the coulomb 
interaction gives rise to two radiative lifetimes; one due to nearest neighbor recombination 
and the other due to a transport-controlled lifetime. We have calculated the relative . 
contribution of geminate recombination at low temperature as a function of excitation 
density. Further, we have also calculated how the magnitude of the radiative lifetime varies 
with excitation. 

Experimental Research 

In figure 1 we show the transient double injection current vs voltage for an annealed 
sample. It is clear that the time for the current to rise depends upon the applied voltage. In 
fact, the product of the rise time and the maximum current is nearly constant. On the other 
hand, it was found that after photodegradation (SWE) the steady state current didn't change 
significantly at room temperature but the rise time was delayed by decades in some cases 
(see figure 2). Consequently, the simple relationship seen in annealed samples that the 
current-rise time product equals a constant does not hold. One possible explanation is that . . 

the deep recombination centers produced by the SWE are hole traps and control the rise-
time (if the rise time is controlled by hole migration) while the final current at above 200K 
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is controlled by deca> band taU states which are not significantly alte� by the SWE. But at 
low T below 200K, the deep gap states including SW defects may again control the lifetime 

governing the steady state current. Figure 3 shows the change in the steady state current vs 
T before and after SWE. Notice, .that at below 200K the steady state current drops a factor 
of 2-60 after light -soaking, while at above 250K it almost has no change. 

Theoretical Research 

Low temperature luminescence may have a geminate or non-geminate origin. We have 

shown that the coulomb interaction between electron and hole can play a crucial role 

providing that the width of the energy distribution of tail states is not too large, e.g. 
kT o < e2/47tea where a is the mean distance between localized tail states. Further 

investigation of this problem showed that there were two dominant lifetimes ( 1 )  

recombination controlled by the final jump between pairs located at nearest neighbor 
distances and (2) a transport determined lifetime which is controlled by a long jump 

between pairs. 
Using these simple ideas we can calculate the relative contribution of geminate and non

geminate recombination and also the change in the radiative lifetime vs excitation density. 
These results are shown in figure 4. An interesting conclusion is that the transport

controlled geminate recombination is slower than the non-geminate process. 
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Microscopic Origins of Metastable Effects In a-sl:H and 
De�p Defect Characterization In a-sl,Ge:H Alloys 

University of Oregon, Eugene, Oregon 

J. David Cohen, principal investigator: Randy Rasmusssen 
and Thomas Unold 

The primary research goals of this program are to elucidate the basic mechanisms by which 
a-Si:H degrades with light exposure, and to study the defect structure in low bandgap 
a-Si,Ge:H alloys. During the past year we have concentrated our efforts on a determination of 
the basic defect properties of the low bandgap alloys. 

Approach 

We obtained several a-Si,Ge:H alloy samples of different compositions through a collaboration 
with C.M. Fortmann at the University of Delaware. These samples were grown on p+ doped 
crystalline silicon substrates by the photo-CVD growth method, by decomposing a mixture of 
SiH4 , GeH4, and H2 with ,UV radiation from a mercury vapor light source. A detailed account 
on the deposition method and the growth parameters has been published elsewhere! .  Semi
transparent palladium contacts were deposited on the swface of our samples to serve a;; 
Schottky barriers for our junction capacitance �easurements. 

The experimental techniques employed to characterize the electronic properties of these 
samples included drive-level capacitance profiling2 to deduce the midgap deep defect densities. 
and capacitance vs. temperature and frequency measurements to provide a cross check on the 
midgap defect densities and also to detennine the activation energy of conductivity. We also 
employed two sub-band-gap optical spectroscopic. methods: transient photocapacitance and 
junction photocurrent measurements. These latter methods, like other sub-band-gap optical 
methods, disclose the energy distribution of deep defects within the mobility gap and also the 
Urbach energy of the bandtail distribution of states. In addition. by comparing the 
photocapacitance and photocUn-ent spectra in detail, we are able to separate majority and 
minority carrier processes induced by the optical transitions. In particular, we are able to 
estimate a value of (J.l't)h for these samples. A more detailed discussion of how these data are 
analyzed in this fashion has been given previously.3.4 

We will report results obtained on three of these samples: two with optical gaps near 1.3eV 
(implying a germanium fraction, x. of 0.6) and one pure a-Ge:H sample (with an optical gap 
near 1 .07eV). 

Results for a-sl,Ge:H Samples 

In Fig. 1 we display transient photocapacitance and photocurrent spectra for one of our a
SiGe:H films. We have aligned the photocurrent and photocapacitance spectra in the low 
optical energy region. where only elecb"on transitions from states in the gap to the conduction 
band occur. The fact that both spectra match almost perfectly over our range of optical 
energies is due to the lack of a hole contribution to the transient signal at this temperature. 
That is. this indicates that all of the photo-excited holes are re-trapped into gap states and are 
unable to escape the depletion region within the 0.4s time-window of the measurement. 
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Figure 2 shows spectra taken at the increased temperature T=330K. The obvious difference in 
current and capacitance signal for the higher optical energies is caused by the increased 
contribution of mtnortty carriers to the transient signal. We have analyZed the spectra in Fig. 1 
and Fig. 2 by considering the possible electron and hole transitions as depicted in Fig. 3. For 
low optical energies we expect only electrons to be excited to the conduction band (transition 
type 1) so that the spectra should match in this optical energy range. For optical energies 
approaching the gap electrons and holes will be excited into the conduction/valence band in 
equal numbers (transition type 3). We obseiVe that for hv> l .2eV the two spectra do maintain a 
nearly constant ratio, R This value of R can be directly related to the mobility lifetime product 
for holes, (JJ.t)h, and gives the value of 5 x 10-10 cm2fV, in good agreement to values obtained 
for high quality glow discharge samples in this alloy range. 5 

For intermediate energies both electron excitation from the valence band into the gap 
(transition type 2}, and from the gap into the conduction band (transition type 2') ·are possible. 
Within this regime our spectra show a somewhat unusual behavior not observed in our 
previous studies of a-Si:H3; namely, that the signal ratio R actually increases for values 
between 1 . 1eV<hv< l .2eV before it decreases monotonically to zero for hv< 1 . 1 eV. We interpret 
this as indicating a decreased contribution of the electronic part of the signal compared to the 
hole part in this intermediate energy range. This seems to indicate that electrons which are 

· optically excited into an unoccupied defect band above EF are not subsequently easily 
thermally emitted to the conduction band. This suppression of electron emission indicates that 
a large laWce relaxation is associated with this defect state. A similar conclusion has recently 
been obtained in some photo-induced absorption studies of a-Si,Ge:H alloys. a 

A deep defect density was estimated by comparing these optical spectra with the drive-level 
profiling data and indicates a defect density of about 2 to 3 x i016 cm-3 in a broad band 
located roughly mid-gap. A more pronounced narrow defect band exhibiting the lattice 
relaxation effects appears to be located roughly 1.1 eV above Ey. The Urbach energy, E0, for 
this sample was determined to be 52 meV, indicating a fairly low level of intrinsic disorder for 
an a-Si,Ge:H sample in this alloy range. 

The second a-Si,Ge:H sample studied indicated somewhat poorer qualities: a midgap defect 
density about 5 times higher, a value of E0 near 57meV, and a value of (J.Lt)h of only 3 x 10-1 1  
cm2 /V. The results for both these samples are summarized in Table I. 

Results for a-Ge:H Sample 

We carried out similar junction-capacitance measurements on intrinsic a-Ge:H samples but 
were limited by the large defect density present in those samples. In particular, the · small 
photoresponse prohibited sufficient signal strength for the photocapacitance measurement in 
the low energy regime. Thus, we were not able to deduce (JJ.t)h products for our present 
samples. 

The capacitance versus temperature measurements for our a-Ge:H samples clearly indicated 
the presence of a large defect band close to the Fermi level. By fi.Wng our data to the 
capacitance response of a densit)• of states composed of a gaussian-shaped defect band below 
Ec we deduced a defect density Nd = 9 x 1Ql7cm-3 located in a defect band at approximately 
0.5eV below the conduction band edge Ec· Despite the large defect density we determined an 
Urbach energy of 50meV which is comparable to values found for a-Si1_xG«=x and a-Si:H 
samples with much lower defect densities. 
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Summary 

Table I summarizes the key results determined for the three samples studied. These results 
indicate that a detailed comparison between transient junction photocurrent and 
photocapacttance spectra can yield detailed information not only about the deep defect 
distributions and transition energies in amorphous seniiconductors, but also· about the carrier 
mobilities. This comes from the unique aspect of capacitance measurements to distinguish 
between minority and maJority carrter processes. 

The results also indicate that such alloy samples grown by the photo-CVD method are of quite 
good quality when compared to similar optical gap alloys produced by the glow discharge 
method. During the upcoming year we will be extending our studies to a series of such 
samples that cover the complete range of germanium compositions. 
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TABLE I. Sample parameters deduced for our two a-Si,Ge:H samples 
and our a-Ge:H sample by the methods described in the text. 

Sample 

348 1 

342 1 

3422 

E 
(eVf 

1 .33 

1 .27 

1.07 

Urbach Energy Defect Density 
(eV) (cm-3) 

52 2 x  1Ql6 

57 1 X 1Ql7 

50 9 x  1017 
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FIG. 1 .  ComparisOn of transient 
photocapacitance (solid circle_s) and 
junction photocurrent spectra (open circles) 
for a-Si,Ge:H at temperature 300K. The 
twO' types of spectra have been overlapped 
in the low energy regime and generally 
show the same specral dependence over the 
entire range of optical energies. 

FIG. 2. Photocapacitance and photocurrent 
spectra for the same sample as in Fig. 1 but 
at the elevated temperature of 330K. The · 
two cuxves are again overlapped in the low 
·energy regime but now deviate at larger 
optical energies. This deviation is due to 
hole emission and transport processes as 
discussed in the text. 

FIG. 3. Schematic of possible optical and thermal transistions for 
understanding the spectra in Figures 1 and 2. The wavy lines · 
depict optical transitions and the other vertical lines represent 
thermal transitions. Horizontal arrows indicate electron and hole 
transport out of the depletion region. For the a-5i,Ge:H samples 
we found that electrons which are optically excited by a transition 
of type 2' undergo lattice relaxation so that they are not readilY 
thermally emitted into the conduction band. (This is represented 
as a dotted line on the diagram). 
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Title: Stability, Electronic Properties and Structure of a-Si:H 
and its Alloys 

· 
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Street (Principal Investigator), R. Thompson, C. C. Tsai. 

The aim of this research project is to improve the performance of a-Si:H-based 
solar cells through the understanding of metastability, doping and growth. 

Light Induced Hydrogen Diffusion 

It has been suggested that the defect metastability in a-Si:H is caused by the 
motion of bonded hydrogen, which is released from a Si-H bond by the electron-hole 
recombination energy. It follows that an enhancement of the hydrogen diffusion· 
would be expected under strong illumination. We have now observed this effect in 
undoped a-Si:H. Figure 1 indicates that that the diffusion coefficient can be 
measured above about 200°C and is about an order of magnitude larger under 
illumination compared to the value in the dark. The light-induced diffusion has a 
thermal activation energy of about 1 e V compared to about 1.5 e V in the dark. Great 
care was taken to eliminate sample heating by the light and to confirm that the effect 
is due to illumination. The results provide very strong support for the model of 
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FIG. 1. Temperature dependence of the deuterium diffusion in the dark (solid 
symbols) and under illumination (open symbols) for diffusion from a 
deuterated layer( dots) and from a deuterium plasma (squares). 

91 



hydrogen induced metastability, because they show that illumination does indeed 
cause Si-H bond breaking. · 

Hydrogen diffusion under illumination was also investigated in doped and in 
compensated amorphous silicon films. The dark diffusion coefficient of compensated 
and phosphorus doped samples is approximately a factor of 10 larger than undoped 
material, and the boron doped material is a factor of 100 larger. Under illumination, 
small changes were observed in the concentration profiles of doped samples. The 
diffusion coefficient increased by less than a factor of 2, which is much smaller that 
the increase in undoped samples. These results provide further comfirmation that 
the results on undoped samples are not due to sample heating. 

High field electron and hole transport 

Measurements of. high field electron and hole transport over a wide temperature 
range hhelp to clarified the transport mechanisms in a-Si:H. The conductivity of n
type and p-type material was obtained from room temperature down to lOK and at 
applied electric fields of up to 5x105 V/cm and some of the results are shown in Figure 
2. The conductivity activation energy decreases as the field is raised and above about 
105 V/cm, the conductivity is virtually independent of temperature below about 
lOOK. 

The ·conductivity, o, can be transformed into an effective drift mobility of the band 
tail carriers by assuming, 
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FIG. 2. Temperature- and field-dependent dark conductivity and 
mobility of phosphorus doped a-Si:H. Dashed lines are the mobilities of 
undoped material measured by time-of-flight. 
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where nBT is the measured density of band tail cariers, and P.D is their effective drift 
mobility. The temperature and field dependence of the electron drift mobility so 
obtained in n-type samples is found to very similar to the time-of flight results 
obtained in undoped a-Si:H under comparable high field conditions, showing that the 
same conduction mechanism applies in both cases. 

I 
The field (F) dependence is extremely strong effect at low temperature, with the 

effective mobility increasing as a power law Fn, with n = 10-12. The absence of a 
temperature dependence at low T and high F indicates that transport is by hopping. 
Carriers can tunnel to states near .the mobility edge because the energy gained by the 
carrier is eFr, where r is the tunnelling distance along the field. The transport path 
is determined by a balance between the energy gained by tunnelling and the loss of 
energy by thermalization. 

Current induced defects in p-i-n devices 

The density of light-induced metastable defects in a-Si:H saturates at about 1017 
cm-3 after sufficiently long illumination times. It is controversial . whether the 
saturation occurs because most defect creation sites are depleted, or whether it 
represents a steady state balance between creation and annihilation within a much 
larger density of possible creation sites. Our research has explored the defect 
generation mechanism through studies of metastable defects induced by a forward 
bias current. The measurements were performed on r-i-n structures and the defect 
density was measured from the reverse bias therma generation current, which is 
proportional to the mid-gap density of states. The defect creation mechanism is 
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FIG. 3. Time dependence of the current-induced · and light-induced defect 
density for different generation conditions. The left axis is the reverse curent at 
2V and the right axis is the estimated defect density. 
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expected to be the same as for light-induced defects, arising from the recombination 
of electrons and holes. Figure 3 shows that the forward current induces up to about 
3x1017 cm-3 defects. The creation ·kinetics measured at constant inducing current 
has a time dependence approximately t112, reaching saturation at sufficiently long 
inducing times. The saturated defect density increases with the inducing current by 
about a factor 2 for each order. of magnitude. increase !n c�ent. The defect creation 
rate has a weak temperature dependence wtth an actlvat1on energy of about 0.2 e V. 
The creation kinetics of light-induced defects are shown for comparison 

Current-induced defect recovery · is . also observed. In this measurement, more 
than 1017 cm-3 defects are induced by passing a large current for an extended time. 
When the forward current is reduced by a factor 10-100, the defect density is found to 
decrease. The much smaller decrease in the absence of a current clearly 
demonstrates that the recovery is induced by the current. The results show that the 
saturated defect density around room temperature is a balance between current
induced defect creation and recovery. Thermal annealing of the defects is important 
only at elevated temperatures (above about 340°C). The saturation level depends on 
the generation current and there is no sign of an upper limit to the defect density 
which would be expected if there was a limited density of defect creation sites. 

High substrate temperature a-Si:H made by remote plasma deposition 

The electronic properties of a-Si:H films deposited in our remote hydrogen plasma 
(RHP) reactor are found to differ in some interesting ways from those of optimized 
glow discharge ( GD) films. Firstly, the optimum growth temperature (Tn) is about 
400°C compared to 200-250°C for GD films. The defect density of undoped RHP films 
decreases monotonically as the Tn increases, reaching -3 X 1015 em - 3  at 400°C . 
Secondly, the a-Si:H films deposited at this high temperatures display a greater 
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FIG. 4. (a) Comparison of the relaxation times of the de conductivity of remote 
hydrog,en plasma (RHP) films 'deposited at 673K and glow discharge (GD) films 
deposited at 503K. (b) Defect creation rates of undoped GD and RHP films 
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stability to reversible metastable effects than optimized GD films. The data in 
Figure 4 show a comparison of doped and undoped RHP and optimized GD material. 
In comparably n-type (phosphorus-doped) material, the dark de conductivity in RHP 
films displays a higher eqUilibration temperature and, at a given measurement 
temperature, a longer stretched-exponential relaxation time than the GD films. 
Also, undoped material RHP films possess a: lower saturated density of light-induced 
defects. Features of RHP deposition that may relate to these improved properties 
include: (1) the inherent use of hydrogen dilution which maintains the hydrogen 
concentration in the films at 2: 10 at. % even at 400°C and (2) the high Tn's may 
permit a more stable incorporation of hydrogen in the random network and/or reduce 
the density of weak Si-Si bonds. 

Hydrogen bonding and diffusion 

We have proposed that the hydrogen bonding structure may be described in terms 
of the hydrogen density of states distribution, (HDOS), which is illustrated in Figure 
5. The features of the HDOS are the Si-H bonds at EH, the distribution of weak and 
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FIG. 5. The hydrogen density of states distribution for a-Si:C:H and a
Si:Ge:H alloys, showing the different H bonding states. 

normal Si-Si bonds, of which · the weakest are the lowest energy bonding sites for 
hydrogen, the energy EM where hydrogen migrates, and the chemical potential, PH· In the ideal material, the distribution of bonds is as close as possible to equilibrium, 
with minimum disorder constrained by the amorphous network. Defects form at 
states near the chemical potential, so that P.H of optimum films lies in a minimum of 
the HDOS. 

· 

Measurements of the diffusive transport of hydrogen are used to determine a 
rough H density of states. The diffusion profiles show clear evidence of deep traps 
separated from shallow traps, and the results are well explained by a simple division 
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of the H states intb deep traps, shallow traps and transport states. The concentration 
of deep traps is about 0.8-2 X l020 cm-3 of which about 30% can be identified with 
dangling bonds. The energy of the deep traps is at least 1.9 e V below the transport 
states. The diffusion is dispersive with a power law time dependence and can be 
characterized by an exponential distribution of hopping barriers with a width of 
roughly 0.09 e V. The shallow traps are identified with clustere� H pairs which 
determine the H chemical potential at high H concentrations. The results are 
consistent with a range of possibilities. One extreme is that H is predominately 
bonded on void surfaces and the transport energy is substantially different in a-Si 
than in crystalline Si (c-Si). The other extreme is the H predominately resides in 
platelet structures and the transport energy is roughly the same in as in c-Si. 

Alloys of a-Si:H with Ge, C, N, 0 etc., have higher defect densities and poorer 
electronic properties than a-Si:H. The idea of hydrogen equilibration during growth 
can explain the structural trends in the alloys responsible for the different electronic 
properties. The analysis fmds two characteristically different types of behavior, 
distinguished by the hydrogen bond strengths of the alloy elements. Type 1 alloys 
have predominately· silicon dangling bonds and a large disorder broadening of the 
valence band tail, while type 2 alloys have dangling defects on the non-silicon 
element and low disorder. Examples are a-Si:C:H and a-Si:Ge:H respectively. The 
same approach to understanding the electronic structure is applied to alloys with 
halogens such as fluorine, to the different elemental hydrogenated amorphous 
semiconductors, and to microcrystalline thin films. 
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3.0 POLYCRYST ALLINE THIN FILMS 

Kenneth Zweibel (Manager), Harin Ullal, and Bol.ko von Roedem 

The objective of the Polycrystalline Thin Film Project is to develop thin-film, flat-plate modules 
that meet DOE's long-term goals of reasonable efficiencies (15%-20%), very low cost (near 
$50/m2), and long-term reliability (30 years). The approach relies on developing PV devices 
based on highly light-absorbing compound semiconductors such as CulnS�. CdTe, and thin film 
crystalline silicon. These semiconductors are fabricated as thin films with minimal material and 
processing costs. 

Very high efficiencies have been achieved by these promising materials. CulnS� cells made by 
Siemens Solar Industries and by Boeing were measured at NREL at 13.1% and 12.9% efficiency 
(active area: 1 1.3% and 12.5% total area), respectively. Others surpassing 10% efficiency in 
CulnS� are NREL, University of Stuttgart, Fuji, International Solar Electric Technology, and 
Institute of Energy Conversion. Larger area CulnS� devices have also been fabricated with very 
high efficiencies. Siemens Solar has made a 938-cm2 (aperture area) CulnS� module with 1 1. 1 %  
.efficiency (10.4 W), and a 9.7% (4-ff) module, both measured at NREL. Siemens Solar reponed 

- achievement of a 14.1% cell efficiency (active area). 

CulnS� shows good proven stability under controlled conditions (9000 hours of illumination), 
and outdoor tests (Siemens) are also promising. We have conducted three years of outdoor · 
testing on two Siemens Solar CulnS� panels with very little change in their efficiencies (under 
4% ). These are the first such tests on CulnS� by an independent agency and show the great 
potential stability of CulnS� panels. 

Four U.S. ·- laboratories (University of South Florida (USF), Institute of Energy Conversion, 
Georgia Institute of Technology, and Photon Energy) have achieved CdTe cell efficiencies 
between 10.5% and 12.5%. Photon Energy has fabricated near-square-foot CdTe submodules 
measured ·C>utdoors at NREL at 8. 1% efficiency (aperture area). British Petroleum (BP) Solar 
has reported 10% efficient square-foot CdTe submodules (not NREL measured). Others who are 
making cells of 10% or more efficiency are Matsushita, Microchemistry, University of 
Queensland, and Battelle Europe. Innovative designs are now addressing past difficulties in 
contacting CdTe. We are testing encapsulated CdTe submodules provided by Photon Energy. 
Several show no degradation after two years. As with the CulnS�, these are the first 
independent tests of encapsulated devices made from this material. Both Matsushita and BP 
Solar have reported similar stability for their own CdTe modules. Since stability has been an 
identified issue with CdTe, these initial results are considered very favorable. 

The improved efficiencies and larger areas of CulnS� and CdTe devices, and their apparent 
stability, are the major recent advances in these technologies. But polycrystalline thin film cells 
require continued development to achieve 15%-20% conversion efficiencies. The major strategy 
is development of improved single-junction cells. Improvement of the single-junction 
technologies has been steady and reliable. Potentially achievable cell efficiencies approach 20%, 
and projections indicate the likelihood of fabricating modules of more than 15% efficiency. 

Developing. scalable, low-cost fabrication methods is important in providing industry 
-
with a 

foundation for future large-area, high-throughput commercial processes. Research methods for 
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Title : Development of Large-Area Monolithically Integrated 
Silicon-Fi1m Photovoltaic Modules 

Organization : AstroPower , Inc . 
Solar P ark 
Newark, DE 1 9 7 1 6� 2 0 0 0  

Contributors : J . A. Rand, Principal Investigator, C .  Bacon , J . E .  

Objective 

Cotter, T . H .  Lampros , A . E . Ingram, T . R . Ruffins , 
R . B .  Hal l ,  A . M .  Barnett 

The obj ective is to devel op S i l icon-Film P roduct I I I  into a 
low cost , stable device for l arge scale terrestrial power 
applicat i ons . The Product I I I  structure i s  a thin ( < 1 0 0  Jlm) 
polycrystall ine s i l i con layer on a non-conductive support ing 
ceramic substrate ( see Figure 1 )  . The presence of the substrate 
al lows cells to be iso lated and interconnected monolithical l y . The 
long · term goal for the product is efficiencies over 1 8 %  on areas 
greater than 1 2 0 0  cm2 • The high efficiency will be based on 
polycrystal l ine thin silicon incorporated int o a light trapping 
structure with a pass ivated back surface . Short term goa l s  are 
focused on the devel opment of l arge area ceramics , a mono l ithi c 
interconnection process ,  and fabricating 1 0 0  cm2 solar cell s . 

L Interconnect Metcl 

Insulating Cercmic 

... 
'-- Wrcp-Around Contccts 

Figure 1 .  S i l icon-Film P roduct I I I . 

Technical Approach 

I s sues for large area ceram_ic development are : 1 )  the 
formulation o f  non-conduct ing materials ,  and 2 )  processing 
improvements to fabricate uni form, flat ceramics 5 0 0  cm2 in s i z e . 
Only production based processes ( low cost ) were ut i l i zed for the 
format ion and firing of the cerami c . 
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I s sues for the monolithic integration proces s are : 1 )  
devel oping an i s olation process t o  define cell areas , and 2 )  
developing a diffusion and metallization s cheme that allows for 
interconnection . The process must be done on a low c ost , 
product i on bas is . The limited conducti on of crystalline silicon 
may have an impact on cell area . Without a back plane - conductor at 
the s il i con - ceramic interface , the base layer resistance limit s 
the cell size by introducing efficiency limiting series resistance . 
The incorporation o f  a back plane conductor to alleviate thi s 
limitation must be done in such a way as not to introduce 
s igni ficant back surface recombination . 

Significant Results - Materials 

An insulating ceramic has been developed that has a 
res i stivity higher than the 5 0 0  0-cm required of the P roduct I I I  
device design . The areal generation capabilities o f  ceramic 
substrates have been increased to generate samples greater than 5 0 0  
cm2 • Al l ceramics are fabricated in-house at AstroPower and 
ut i l i z e  low-cost materials and process ing . Ceramic fabrication 
capabilit ies were demonstrated by delivering ceramics greater than 
5 0 0  cm2 to NREL . 

The metallurgical barrier deposition process has been 
devel oped to uni formly cover areas. over 5 0 0  cm2 • The silicon 
deposit ion equipment has also been altered to uni formly deposit 
s i l icon over areas greater than 4 0 0  cm2 • Light trapping structures 
require one or more surfaces to be textured . Random texturing has 
been incorporated into the ceramic-metallurgical barrier surface . 
An investigat ion of light trapping on the simi lar P roduct I I  
S i l i con-Film structure (planar junction ,  conduct ing cerami c )  
indicated high levels o f  light trapping from similar random 
texturing [ 1 ] . 

Significant Results - Process 

A process has been developed that is capable of 
interconnecting isolated devices on a monolithic substrate . For 
the critical step of device isolation ,  dicing, laser ablation,  and 
chemical etching were investigated . Dicing was chosen as the best 
alternative to meet the short term goals . To demonstrate both the 
isolat ing properties of the substrate and the isolation process , a 
test structure was developed . The test structure consisted of p
type si licon on an insulat ing substrate with an Al paste ohmic 
contact covering the front surface . Isolation cuts were then made 
to define cell area . Resistance measurements were made between 
adj acent cells as a function of isolation trench depth . As the 
trench depth exceeded the silicon layer thickne s s ,  the res istance 
increased as expected . The magnitude of the inter-cell resistance 
increased 4 orders of magnitude as the trench depth increased 25 Jl.m 
past the l ayer depth . The resistivity target of 5 0 0  0-cm for the · 
ceramic was obtained . These test structures were fabricated 
without a metal lurgical barrier . 
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A met a l l iz ation scheme has been developed that allows for 
front surface interconnecti on of cells . A schematic of the proces s 
is shown in Figure 2 .  

I) :,c:: Ceramic -.:I 

2) Isolation r �� 
� .. , 

· 3) N-Layer Diffusion 

4) Re-Isolation 

( MeW  
5) Metallization tl' 

F igure 2 .  S i licon-F ilm P roduct 
I I I  process sequence . 

The P roduct I I I  process begins 
with a wafer o f  p-type s i l icon 
on cerami c . A metallurgical 
barrier may or may not be 
included . As discus sed above , 
an i s o l ation cut i s  first made 
t o  define cell area . A 
phosphine or POC13  based 
diffusion is then performed to 
create a phosphorus doped n-type 
layer on the device surfac e ,  as 
wel l  as l ine the interior o f  the 
trenche s . A second isolat ion 
cut is then performed to remove 
the n-type lining from one s ide 
o f  the t rench . F inal ly,  the 
t rench i s  filled with meta l  t o  
interconnect the n-type region 
of one cell to the p-type region 
of the neighbor cel l . A 
photograph o f  an i s o l ated cell 
is shown in Figure 3 .  

A series o f  test structures 
has been fabricated to veri fy 
the proce s s ing steps . To 
adequately interconnect isolated 
cel l s ,  a two part metal l i z at ion 
system had to be devel oped . 
High temperature met al l i zation 
is used to · make ohmic contact to 
the s i l i con , and . a low temper
ature metal to fill the trench . 

The process sequence in Figure 2 has been further devel oped to 
allow for the incorporation o f  a back plane conductor . Such a 
process eliminates any series res ist ance - l imit at i on to cell s i z e . 
Front surface conducti on can be ass i sted by placing grid lines 
perpendicular to the metalliz ed t rench for wide cell s . 

Solar cells have been fabricated on a regular basi s  to a s s e s s  
material quality . Impurity problems have been encountered with 
both in-coming feedstock , and with handling procedures . A s econd 
s i li con feedstock source has been develope d .  Handling procedures 
have been improved to minimiz e  contaminat ion . Recent result s 
indicate that the levels o f  impurit ies have been s ignificantl-y 
reduced from the baseline leve l . The bas e l ine level �as been shown 
to generate l ow di ffusion length material with overall conversion 
efficiencies o f  6 % . 
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Figure 3 .  Cross sect i on of silicon on ceramic structure showing 
isolation trenches ( S OX magnification) . 

To demonstrate the process sequence , free-standing sili con 
wafers were uti l i zed as test structures . A proces s was developed 
.that supported these wafers on a temporary substrate so that a 

. monol ithic process ing sequence could be performed . Seventeen 
isolated . cells were interconnected to generate a Voc of 8 .  25V, 
measured under AM1 . 5  illumination . 

Conclusions 
Critical elements of the monolithically integrated device have 

been developed . An insulat ing ceramic substrate has been developed 
and tested . Ceramic areal generation capabilities have been 
expanded to 5 0 0  cm2 • A monolithic interconnection process has been 
developed that will isolate and interconnect individual cells on 
the ceramic surface . Production based, low cost proces s steps are 
uti l i z ed .  The process was verified using free-standing s i l icon 
wafers to achieve a Voc of 8 .  2 5  volts over a 1 7  element string . 
Overall efficiency o f  the S ilicon-Film material has been limited to 
6% due to impurities . Improved processing and feedstock materials 
are now under investigation . 

[ 1 ]  J . A . Rand and P . A .  Basore , "Light-Trapping S i l i con Solar Cells , 
Experimental Results and Analysi s " ,  presented at the 22nd I EEE 
Photovoltaics Specialists Conference,  Las Vegas , Nevada , October 
1 9 9 1 . 
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Objectives 

Title: Research on Polycrystalline Thin Film CulnGaSez Solar Cells 

Or�anization: Boeing Defense & Space Group, Seattle, W A 

Contributors: B. J. Stanbery, program manager; W. S. Chen and J. M. Stewart, 
co-principal investigators; W. E. Devaney and R. A. Murray 

The objectives of this research effort are to fabricate high efficiency CdZnS/CulnGaS� thin film 
solar cells, and to develop improved transparent conductor window layers such as ZnO. 

Approach 

Analysis of the properties of the best ZnO/CdZnS/CuinGaSe2 cells developed by Boeing for SERI 
under a prior subcontract suggested that significant performance improvements could be realized 
by further optimization of the thin CdZnS layer to reduce shunt currents while maintaining 
sub bandgap transparency, the ZnO layer to reduce IR absorption while maintaining adequate lateral 
conductivity·, and the CIGS layer to optimize gallium content and gradients along with minority 
carrier transport properties. 

Results and Discussion of FY '91 Activities 

During the first five months of this contract our activities have been focussed on two areas. First, 
our CIGS deposition system was modified to quadruple its substrate capacity. This increased 
throughput is considered critical to speeding the pace of process development by providing multiple 
substrates from the same CIGS run which can be used to reduce uncertainty in the cause of differences 
resulting from the intentional variation of other process parameters. Second, new tooling was 
developed to enable investigation of a modified aqueous CdZnS process whose goal is to improve 
the yield of this critical step iri the device fabrication process. 

Characterization of the new CIGS deposition system substrate fixturing was completed. After some 
troubleshooting and modification, good thermal uniformity and adequately high temperatures for 
device-quality CIGS deposition were achieved. Optimization of the modified aqueous Cd1_yZilyS 
process has enabled us to reproducibly deposit adherent, pinhole free fllms over a 2"x2" substrate 
for zinc fractions in the range OS Y S 0.20. 

Combining the new CdZnS process with CIGS from the newly fixtured deposition system has 
enabled us to fabricate (figure 1) an 1 1 .5% efficient, 4 cm2, Cuin1.xG�Se2/Cd1_yZnyS!ZnO cell with 
X=0.29 and Y=0.19. Though not as efficient as our best 12.5% CIGS cell, further process refinements 
should enable us to better that · 
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Conclusions 

Significant improvement has been made in the repeatability of the aqueous deposition process for 
Cd.ZnS, and the continuity of those films. Combined with a major laboratory upgrade and 
equipment modifications conducted during this period, the foundation has been laid for an 
accelerated process optimization program during the balance of this contract phase. 

Figure 1:  Performance of best CIGS cell .fabricated to date in Phase I of this contract 
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� Investigations of CulnSe2 Thin Films and Contacts 

Organization: California Institute of Technology 
Applied Physics and Electrical Engineering 
Pasadena; CA 91 125 

Contributors: J. S. Chen and M-A. Nicolet 

L Objectives 
The major objective of this project is to characterize the crystallography and defect structure of 
CulnSe2fCdS heterojunction solar cells and relate the results to their deposition process · and their 
corollary device performance. Deposition of indium thin films by rf-sputtering for the Cu-In 
bilayer as precursor for the selenization process and a preliminary study to apply amorphous Ta
Si-N fllms as a diffusion barrier between the CuinSe2 and the back contact layer were also 
investigated during this year. 

ll. Technical Approach 
The microstructure of CulnSeiCd(Zn)S solar cells is characterized by scanning electron 
microscopy (SEM) and cross-sectional transmission electron microscopy (XTEM). Three groups 
of cells fabricated at the Institute of Energy Conversion (IEC) of the University of Delaware 
were used for this study. The cross-sectional cell configuration and deposition conditions are 
shown in Fig. 1 and Table I. All samples were made by similar procedures except that cell 
groups #1 and #2 (IEC No.32065.21 and 32230.22) were deposited on Corning 7059 glass while 
group #3 (IEC No.32230.23) was deposited on soda lime glass. (#2 and #3 were fabricate in the 
same run, side by side.) The CulnS� layers were grown by three-source thermal evaporation 
which is one of the most successful methods for depositing thin CulnS� fllins for high
efficiency solar cells [1]. 

Samples for XTEM were prepared in a way similar to that followed for metallized 
semiconductor materials: two pieces of solar cell samples ( 2mm by 3mm) were cut from the 
glass substrate. The two samples were glued face-to-face, niechanicany thinned down to about 
20 J.Lm, and fmally milled by a 5-kV Ar+ ion beam to electron transparency. All the XTEM 
analyses of this work were made witn a Philips EM430 transmission electron microscope 
operating at 300 ke V. 

To study the reaction kinetics of Cu-In bilayers during the selenization process, it is 
necessary to have a smooth, unreacted In thin fllm on top of Cu. We have built a cold stage in 
our rf-sputtering system which can reach 4 oc by ice water circulation, and -40°C by ethanol 
circulation combined with external dry ice cooling around the circulation pipe. A specially 
designed shutter was also set up in the same system to increased the number of possible 
depositions per pump down and expedite the experimental program to figure out the changes of 
the indium surface morphology during the sequential sputtering period. 

It has been well established that conductive amorphous Ta-Si-N fllms are effective 
diffusion barrier in a number of VLSI metallization schemes [2,3]. To evaluate the applicability , 
this fllm as a diffusion barrier between the CulnS� layer and the back contact, a stability test 
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was carried out in collaboration with IEC and Siemens Solar where Ta-Si-N films were exposed 
to H2Se. CulnSez/CdS devices were made on the Si/SiOz/Ta-Si-N and Corning 7059 

glass/Mo/Ta-Si-N samples by IEC. 

ill. Results 
A. Microstructure of CuinSetCd(Zn)S Solar Cells 

FigUre 2(a) and (b) show the scanning electrOJJ micrographs of the surface morphologies of 
the CulnSez layer (after removing the overlayers by etching) and Cd(Zn)S layer (with 0.2 �m 
ITO on top) for cell group #1 (deposited on Corning 7059 glass). Both of the CulnSez and 
Cd(Zn)S surfaces are rough. The grains protrude up to 0.5-1 J.Lm above the average level of the 
CulnSez surface and about 1-2 J.Lm above that of the average Cd(Zn)S surface. From the surface 
morphology of the CulnSez layer, it is evident that the CulnSez/Cd(Zn)S interface will not be 
laterally uniform. 

A cross-sectional scanning electron micrograph of sample #1 is shown in Fig. 2(c). One 
sees that has a columnar structure of Cd(Zn)S with a column diameter of about 1 �m. As shown 
below, the actual grains of the Cd(Zn)S have diameters that are two or three times smaller than 
that of the columns seen in this micrograph. The interface between the Cd(Zn)S and the CulnSe2 
is not visible in this figure, but must be located approximately midway between the sample 
surface and the Mo interface according to the deposition parameters in Table I. The CulnSez 
region has a very irregular appearance. A distinguishing feature is the presence of holes (dark 
contrast) in that region, although it is unclear if some voids project into the Cd(Zn)S or not. The 
Mo layer again has a very pronounced columnar structure. Similar surface and cross-section 
morphologies were obtained by SEM for samples #2 (on Corning 7059 glass) and #3 (on soda 
lime glass). 

Figure 3(a), (b) and (c) are the cross-sectional transmission electron micrographs of the 
CulnSez/Cd(Zn)S solar cells of samples #1 and #2 (both deposited on Corning 7059 glass)and 
#3(on soda lime glass), respectively. The Mo layers of samples #1 and #3 were separated from 
the upper layers during the TEM sample preparation and are absent in the micrographs (Fig. 3(a) 
and (c)) . The dark uppermost layers in the three cross-sections is ITO, as was established by 
EDAX. The thickness of that layer agrees roughly with the nominal value of Table I. The white 
dashed line in the figures indicates the location of the CulnSez/Cd(Zn)S interface. In agreement 
with the SEM results, the heterojunction interface is laterally nonuniform. The two 
semiconductors are intimately bonded to each other. the microstructure of the individual layers 
are described as follows: 

a. Cd(Zn)S 
The Cd(Zn)S layers have the�same morphology in all three samples (compare the Cd(Zn)S 

layer in Fig. 3(a), (b) and (c)). The layers are dense, continuous, and vary in thickness from 
point to point by as much as 3()%. The grains are elongated, separated by low angle boundaries. 
They are about 0.5 J.Lm wide and about 1-2 �m long. It is easily to see in the transmission 
electron micrographs that several elongated grains are contained in one surface hillock. One thus 
cannot estimate the grain size of the Cd(Zn)S layer from the surface topology of SEM 
micrographs. 
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By electron diffraction, the Cd(Zn)S shows hexagonal wurtZite crystal structure. The main 
defects in this layer are stacking faults on { 000 1 } basal planes. However, the stacking faults in 

Cd(Zn)S could be artificial defects due to the Ar+ ion sputtering for TEM sample preparation [4] 

b. CuinS� . 
Compare the CulnS� layer in Fig. 3(a), (b) and (c), one sees that voids exist in the 

. CuinS� layer for all three samples. The same result has been reported for CulnSe2 films 

without CdS overlayer by Talieh and Rockett for films deposited .directly on Corning 7059 glass 
[5] and by Raud and Nicolet for the films made by ARCO on Mo-coated glass [6]. A survey of 
the cross-sectional samples investigated in the present study clearly established that the size and 
number of the voids is larger in samples #1 and #2 than in #3. This fact is also noticeable in Fig. 
3(a), (b) and (c) even though the latter two samples were actually processed simultaneously. 
These two samples differ by their glass substrate. It has previously been proposed that the 
thermal expansion and contraction of the substrate has an effect on the structure of the CuinSe2 · 

film [7]. The differences in the CulnS� structure may result from the different thermal 

expansion coefficients for the different glasses. 
In all samples, the grain size of CulnS� is about 1 J.Lm in diameter. By electron diffraction, 

the crystal structure of CulnS� is chalcopyrite. Because the diffraction rings of the sphalerite 
l 

structure are included in those of the chalcopyrite structure, we cannot rule out the existence of 
sphalerite phase. 

By high-resolution TEM imag�s in conjunction with electron diffraction, we found the 
principal defects in CulnS� films are twins and stacking faults on { 112 } chalcopyrite planes. The 

present defects identified here are consistent with the results of other TEM studies of physical
vapor-deposited CulnS� thin films [6,8,9]. 

c. CulnSeVCd(Zn)S heterojunction interfaces 

Figure 4 shows the interface of CulnS�Cd(Zn)S heterojunction, one can see that most of 

the stacking-fault line contrast in the Cd(Zn)S grains is parallel to the contrast of twin bands in 
the CulnS� grain. This shows that the {0001 } basal planes of the Cd(Zn)S grain tend to be 

parallel to the { 1 12 }  planes of CulnSe2 grains. So the growth orientation of Cd(Zn)S grains in 

this micrograph clearly depends on the crystal orientation of the CuinS� grains. Assuming that 

this picture is typical for the junction everywhere, one concludes that in spite of its very 
nonplanar shape, the CulnS�/Cd(Zn)S interface is structurally a heterojunction. 

For the microstructure study, the principal observations one draws from the cross sections 
are (i) the laterally rough and uneven morphology of the Cd(Zn)S and CulnS� layers, (ii) the 

very intimate bonding between these two layers, and (iii) the numerous voids and fractures that 
are present in

, 
the CuinS�. The main difference between the samples #1 and #3 is the CulnS� 

layer, where voids and cracks are clearly more numerous in sample #1 than in sample #3 
(compare Fig. 3(a) and (c)). The presence of the voids and cracks in CulnSe2 layer is attributed 
to the thermal contraction of the substrate/film assembly upon cooling after the film deposited at 
450°C [10]. 

· 

B. Dta?osition of Indium Thin films by Sputterin& 
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Systematic tests have resulted that smooth, shiny In thin f:tlms can be obtained by 
sputtering only with · very low sputtering power (30W) and rotating the thermally floating 
substrate table. At the resulting very low deposition rate, impurities are incorporated into the 
films. For a 250A thick In f:tlm, the oxygen concentration can be as high as 25% (by RBS), even 
though the x-ray diffraction of the film shows the In body-centered-tetragonal structure. To 
reduce the impurity content would request base pressure much below that of our vacuum system. 
The shiny film will turn rough when it becomes thicker than a certain thickness (about 500A). 

Not much improvement on surface morphology is accomplished by decreasing the 
substrate temperature from room temperature to 4°C and -40°C. Shiny, smooth In films are only 
obtained with low deposition rate. Oxygen contamination and thickness limitation are also 
present in the In f:tlms deposited at low temperature. 

C. Ta-Si-N Diffusion Barrier 
The stability of TaSiN f:tlms exposed to H2Se was tested in collaborating with IEC and 

Siemens Solar. Amorphous Ta-Si-N layers do not react when exposed to H2Se gas at 400°C. In 
- this respect, this ternary layer is a very promising diffusion barrier for the back contact of 
CulnS� cells. However, when the CulnSev'CdS cells were deposited on a Si/Si02tra-Si-N 
substrate at IEC, the adhesion between the Ta-Si-N f:tlm and the CulnS� is poor. This is also 
true for the cells deposited on the Coming 7059 glass/Mo!I'a-Si-N subatrates. The bad adhesion 
is consistent with the inertness of Ta-Si-N to the H2Se exposure. Improved adhesion can be 
obtained by tailoring the composition prof:tle of the amorphous f:tlm. Experiments addressing 
that issue are the next step to pursue in this project to develop the stable contact to CulnS� cells. 

IV. Summary 
This year, clear advances in insight and understanding of . crystallography and defect 
microstructure of CulnS�/CdS heterojunction solar cells have been made by XTEM studies. 
Significant mechanical damage (voids, cracks) is observed in all CulnS� f:tlms. The differential 
thermal contraction of the substrate/film assembly during processing is identified as a likely 
cause for this mechanical damage. Cracks and voids in the CulnSe2 f:tlm create internal surfaces 
that certainly do not improve the lifetime of electrons and holes and the cell efficiency. Although 
difficult, the preparation of XTEM samples for a XTEM analysis is shown to be feasible by our 
present method of sample preparation. Future work based on this method and focussed on 
developing a deposition process for CulnS� f:tlms that have few or no mechanical defects· such 
as voids and cracks could lead to a majo! advantage in polycrystalline CulnS� cells. The 
technique can also be used to · support efforts aimed at enhancing the grain size of CulnS� cells 
without introducing voids and cracks. 
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ITO. sputtered Table ! 

Cd(Zn)S Sample #1 #2 #3 
evaporated. In doped. Tau�� =200°C ITO 0.2 J.Un 0.2 J.Un 0.2 J.Un � front: In-rich T 11b = 450°C 

Cd(Zn)S l.7 J.Un l.5 J.Un 1.5 J,Un 
CulnSe2 co-evaporated. 

CuinSe2 2.0 J.Un 2.1 J.Un 2.1 J.Un 

back: ClHich T u = 300 °C %Cu 26.0 24.7 25.1 
%In 26.3 25.7 25.6 Mo %Se 47.7 49.6 49.3 

de-sputtered Mo 2 J,Un 2 J.Un 2 J,Un 
substrate Coming Coming soda lime 

Glass 
glass 7059 7059 

Fig. 1 Schematic cross-sectional configuration and deposition conditions of the CulnSe2/Cd(Zn)S �lar cells 
supplied by IEC. 

Table I Thickness of the individual layer and composition of CulnSe2 layer in
'
each sample given by IEC: 

Fig. 2 Scanning electron micrographs of sample #1 ( deposited on Coming 7059 glass) showing (a) 
Cd(Zn)S surface morphology( with 0.2 J.Un ITO on top); (b) CulnSe2 surface morphology ( after 

_ removing the ITO and Cd(Zn)S by a HCl etch); (c) cross-sectional morphology. 
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Fig. 3 Bright-field transmission electron micrographs of the cross-sectional structures ·of the 
CulnSez/Cd(Zn)S heterojunctions from sample (a) #1 (deposited on Coming 7059 glass); (b) #2 
(deposited on Coming 7059 glass); (c) #3 (deposited on soda lime glass). 
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Fig. 4 A bright-field transmission electron micrograph of the CulnSe2fCd(Zn)S heterojunction interface (from 
sample #1. deposited on Coming 7059 glass). 
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Title : 

Organization : 

Contributors : 

Obj ectives 

Role of Polycrystallinity in Cd�e and 
CuinSez Photovoltaics 
Department of Physics , Colorado State 
University , Fort Collins , Colorado 

J . R. S ites , Principal Investigator ; R. A .  
Sasala, x .  x .. Liu , I .  L .  Eisgruber 

The objectives of this program are quantitative separation of individual loss 
mechanisms and characterization of extraneous electron states responsible for · 

excessive forward recombination current in polycrystalline thin-film cells . 

Cd�e Cells 

There has been considerable progress with CdTe solar cells during the past year 
( 1 ] . Table . ! shows comparative parameters derived by us from cells made at the 
University of South Florida ( USF ) , Photon Energy ( PE ) , Microchemistry , Ltd . , ( MC )  
in Finland , Ametek, and Georgia Institute o f  Technology . Much of the data used 
came from SERI measurements ,  but some is from our laboratory and some was taken 
from the manufacturers '  reports .  Not shown in the table are cells made by 
British Petroleum, the Institute of Energy Conversion, and Queensland University , 
all of which are in the saine efficacy range as those shown . 

A photocurrent comparison of the cells from Table I is given in Fig. 1 .  The AM 
1 . 5  spectrum in current units is at the top, and the lost photon fraction, or one 
minus quantum efficiency, is at the bottom. For several cells , the photocurrent 
losses approach the reflection limit over much of the visible spectrum. The 
long�wavelength bandgap cutoffs are all similar , but the short�wavelength window 
losses vary markedly according to the thickness of CdS used . 

The forward current comparison ( Fig . 2 )  gives a measure of j unction quality , as 
we ll as resistive and shunting effects ( 2 ] .  Smaller forward current means larger 
V oc ,  and more importantly , larger VMP. Junctions from cells made at USF , MC , and 
BP have achieved voltages above the hypothetical 15% target cell we have used in 
recent years . In fact , the best junctions produced at the University of South 
Florida , combined with the photocurrent achieved at Photon Energy , would yield 
an efficiency above 16% . 

CuinSe1 Cells 

There has also been progress with CuinSe2 junctions , although the efficiencies 
still fall short of that achieved by ARCD Solar in 1988 ( 3 ]  • The primary 
progress reported was from International Solar Electric Technology ( ISET ) ( 4 ] . 
Fig. 3 shows the forward current , which is quite low due to a combination of low 
diode quality factor A ,  low series resistance R, reasonably high slltunting 
resistance r ,  and modest changes between l ight and dark ( 5 ] . This cell also had 
a hole density of 7x1016cm·3 , significantly larger than seen previously ,  
suggesting that the density o f  compensating states has been reduced. 
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Table I .  CdTe Cell Comparison 

Photon Mi.cro-
OSF Energy · Chemistry 

cell Humber 5-16-8-1 3 published 

Technique css Spray ALE 

Efficiency ( \ )  13 . 4  12 . 7  11. 5* 
Voc (mV) 840 790 810 
A-value 2 . 5  3 . 6  2 . 2  
R (0-c::ml) 0 . 4  0 . 7  o . 8  
r (n-c:ml) 1500 600 1800 
VMP· (mV) 675 585 665 
Fill Factor 0 . 725 0 . 615 0 . 73 
JL (mA/c:ml) 21 . 9  26 .2  19 . 5* 
Reflection Loss (mA/c:ml) 2 2 2 

., 
Window Loss (mA/c:m-) 2lt 1 8 
Deep Loss (mA/c:ml) 1 1 1 
Unknown Loss (mA/c:ml) 3 3t 

*Adjusted to SERI measurement . 

NOTE : JL plus losses equals JOlt mA/c:ml. 

Time Dependence 

Ametek GIT 

91A6-2 C224 
Electrodep. MOCVD 

11. 0  10 .3  
765 715 
2 . 25 3 . 9  
0 . 6  0 . 2  

1400 700 
615 530 

0 . 715 0 . 60 
20 . 9  24 . 2  

2 2 
5 2lt 

1lt 1 

1 3t 

There seems to be a general feature of thin-film polycrystalline cells that 
volta�e continues to increase somewhat following the onset of illumination . The 
effecE is primarily driven by the large step in voltage rather than the 
il lumination itself . The voltage increase covers a t�e range from 104 to 10+2 
sec , and has a magnitude o f ' 20-50 mV , depending on the cell used . A pract ical 
consequence is that voltages measured with a pulse simulator will very likely 
underestimate the voltage for normal solar cell operation at the same 
temperature . 
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Title: 

Organization: 

Contributors: 

Objective: 

Development of High Efficiency CdTe and CdZnTe Solar Cells 

School of Electrical Engineering, Georgia Institute of Technology, Atlanta, 
Georgia. 

A. Rohatgi, R. Sudharsanan, S. A Ringel, and M. H. MacDougal 

The objective of this program is to improve the basic understanding of efficiency limiting 
mechanisms in the polycrystalline CdTe cell, fabricate high efficiency CdTe and CdZnTe cells, 
and provide guidelines for achieving CdTe cell efficiency of -15% and wide bandgap (1. 7 e V) 
CdZnTe cell efficiency of -10%. 

Film Growth: 

CdT� films were grown on CdS/SnOJglass substrates by MOCVD and MBE. The Cd/fe ratio 
in the growth ambient was varied fi:om 0.4 to 4.0. MBE CdTe and CdZnTe films were grown 
using a Varian Gen IT MBE system [1]. 

Cell Fabrication: • 

P-i-n front-wall solar cells were fabricated at AMETEK applied materials laboratory. P-n CdTe 
· cells were fabricated by treating the CdTe films with CdC� followed by an air anneal at 400°C 
for 30 minutes. Contact to the p-CdTe was made by a sequential evaporation of 100 A Cu and 
400 A Au followed by an anneal at 150°C in argon atmosphere for 90 minutes. Finally, bromine
methanol etch was performed on the entire structure to etch off any residual Cd and Te oxides. 

Material and device characterization: 

·· Electrochemical surface photovolrage (SPV) measurement, and photoluminescence (PL) 
measurements were used for optical, physical and chemical charaCterization of the films . J-V-T 
and Deep level transient spectroscopy (DLTS) measurementS were used to characterize device 
properties. 

Results and Discussion: 

In the past we reported 9.7% cell with V oc=726mV and JIC=22.47 m.A/crn2 on a 2000 A thick 
CdS. An attempt was made to improve the JIC by using thinner CdS films. Figure 1 shows a 
comparison of the light I-V data for the two CdTe/CdS cells fabricated with thick (3000 A) and 
thin (1000 A) CdS films. As expected, the thinner CdS film (1000 A) increased the efficiency 
to 10.3% from 9.7% by increasing the JIC to 24.19 m.A/crn2• Further reduction in the thickness 
of the CdS films to 600 A resulted in a net decrease in the efficiency (8.9%) primarily due to 
the reduction in Voc (680 mV) and fill factor (0.55) along with some decrease in JIC (23.47 
m.A/crn2). Pin-holes in the CdS films can cause low shunt resistance which will reduce V oc and 

115 . 



fill factor. In addition, CdS films were deposited on the textured Sn02 films which can aggravate 
the pin hole problem in the CdS films. On the other hand, increasing the CdS thickness to 3000 
A increased the V oc to 740 mV and, as expected, reduced the Jrc to 22.10 mA/cm2• However, the 
cell efficiency increased to 10.9% which happens to be the highest efficiency for MOCVD-grown 
CdTe/CdS solar cell to date. Further, spectral response data showed that the short wavelength 
response is higher for the cell with thinner CdS films because more high energy photons are able 
to reach the CdTe film. These results suggest that to improve the CdTe cell efficiency further, 
the CdS layer thickness should be optimized or replaced by a combination of thin CdS and wider 
bandgap material such as ZnO [2]. 

Significant improvement in CdTe/CdS solar cell efficiency is commonly observed as a 
result of a post deposition CdClz dip followed by a 400°C heat treatment. · It is also known that 
the CdClz treatment increases the grain size. However, exact physical mechanism for this 
improvement is not well understood. A study was conducted using DLTS, I-V-T and PL 
measurements to understand these beneficial effects and to investigate potential efficiency 
limiting mechanism due to CdClz treatment. I-V-T measurements showed that this process 
changes the dominant current transport mechanism from 4lterface recombination/tunneling to 
depletion region recombination, suggesting a decrease in the density or dominance of interface 
states due to the CdClz treatment (Figure 2). The change in transport mechanism results in an 
increase in barrier height and reduction in leakage current, supporting the increase in cell 
efficiency. However, the DLTS measurements showed that depletion region recombination 
probably occurs through a large density of deep acceptor-like states at Ev + 0.64 eV which could 
result from the formation of Cd-vacancy related defects during the·CdClz dip and heat treatment. 
Traps in the vicinity of Ev + 0.6 eV have been attributed to V c4 and V c4 -Cl related complexes. 
The presence of the acceptor-like traps within the CdTe depletion region was found to affect the 
CdTe/CdS solar cell characteristics. Figure 3 shows the direct consequence of the density of this 
defect on the measured V oc and Jrc of the CdTe/CdS cells that have undergone this treatment. It 
is clear from the figure that the v� and JIC is inversely proportional tO the trap· density While 
there is no apparent correlation between the J rc and the trap density. This shows that the Cd� 
treatment is indeed important for improving the CdTe/CdS cell performance, however it appears 
to introduce a V oc and efficiency-limiting defect whose role must be studied in more detail. It 
is important to note that in this experiffient different trap density was measured on different small 
area cells fabricated in an identical manner and no controlled attempts were made to vary NT [3]. 

In order to understand systematically the role of chlorine-related defects in CdTe/CdS 
cells, the concentration of CdClz was varied in the range of 0.25 to 1 (saturated). PL 
measurements were performed on finished devices to investigate the defects produced by different 
CdClz concentrations, because the DLTS measurements were not successful in some cells due 
to high leakage current near the DLTS peak temperature. Light I-V measurements were 
performed on the finished devices to monitor the device performance and correlate it with the 
defects. Figure 4 shows the PL spectra of CdTe/CdS devices treated with different Cd� 
concentration. PL spectra showed two common features, a peak around 7900 A and a broad band 
centered around 8400 A. In CdTe, the broad band centered around 8400 A is generally attributed 
to structural defects, native defects or V c4-Cl defect complexes. The peak at 7900 A is attnbuted 
to Cd vacancies. The intensity or the peak amplitude of the broad band at 8400 A is directly 
proportional to the defect concentration in the sample. Several investigators have studied the 
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effects of chlorine in single crystal CdTe by PL and DLTS measurements. Chlorine is a donor 
in CdTe and is also known to form defect complexes with Cd vacancies, which are produced 
during the heat treatment. Chlorine-cadmium vacancy complexes are acceptor type and give rise 
to shallow and deep energy levels depending on the type of defect complex. According to the 
literature the ch1orin�-cadmium defect complexes have energies in the range Ev + 0.15 - Ev + 0.9 
e V. Generally, PL measurements give information about shallow levels and DLTS gives 
information about deep levels. The fact that the PL broad band around 8400 A has been 
attributed to V cd-Cl complex in the literature, and the intensity of the PL band and the density 
of Ev + 0.64 eV DLTS peak both are inversely proportional to V oc• suggests that both the defects 
are probably chlorine related complexes formed during the Cdelz treatment. Thus, on one hand 
Cdelz treatment is critical to high efficiency CdTe cells but on the other hand it could place an 
upper limit on the practically achievable efficiency unless the Cdelz process is modified or 
optimized [2]. 

CONCLUSIONS: 

We have made an attempt to reveal and understand the efficiency limiting mechanisms 
in CdS and CdTe films that constitute most of the polycry&talline CdTe cells today. Thickness 
of CdS limits the cell efficiency due to high energy photon absorption in the CdS layer. It was 
shown that, reducing the CdS thickness first improves the cell performance by increasing the Jsc, 
but very thin CdS films tend to limit the cell performance due to pin holes which may reduce 
Voc and FF. It was found that even though Cdelz treatment is crucial for improving the CdTe 
cell performance today, it tends to introduce efficiency or v oc limiting defects related to vcd-Cl 
complexes. The above efficiency loss mechanisms indicate that in spite of the recent success in 
the . CdTe cells, there is a considerable scope for further improvement provided the above 
efficiency limiting mechanisms can be eliminated by process modification and optimization . 

... 'i,· 
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Figure 4. PL spectra of CdTe/CdS structures treated with different CdC� concentrations, (a) 
100% (saturated), (b) 50%, (c) 25%, and (d) 75%. The corresponding measured V oc on these 
structures are also showri. 
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Figure 1. Comparison of light I-V data of MOCVD-grown CdTe/CdS cells fabricated on, (a) 
3000 A and (b) 1000 A thick CdS films. . 
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The obj ecti�es of this research are to obtain the understanding of the ·materials 
proces sing ,  properties and performance of polycrystalline CuinSe2 and CdTe thin
film solar cells needed to achieve the goals for efficiency , reliability and cost 
for flat plate thin-film photovoltaic systems set by DOE for the National 
Photovoltaics Program . A further obj ective of this program is to support the 
development of a competitive U . S .  photovoltaic industry through collaboration 
with other research groups and the training of photovoltaic engineers and 
sc ientists . 

Technical Approach 

Issues for CuinSe2 addressed in this work are development of a process for 
forming CuinSe2 films by the selenization of Cu and In layers with Se and 
understanding the mechanisms that limit V0c in CuinSe2/'CdS solar cells . Research 
on CdTe is concerned with process ing used to fabricate high efficiency CdTe/CdS 
solar cells with evaporated CdTe . 

' 

Results 

CuinSe2 by Selenization 

An alternative to H2Se for forming CuinSe2 by selenization is the direct reaction 
of layers of Cu/In/Se .  The Cu and In layers are sequentially depos ited by 
electron beam evaporation with Cu/In atomic ratios of 0 . 8 5 to 0 . 9 5 .  The layers 
are then coated with Se by thermal evaporation . The amounts of Cu , In , and Se 
are adjusted to produce a 2 !Jm thick CuinSe2 film. The layers are then heated 
under a background of Se vapor for abo�t 1 hour at a temperature of 400 or. 450 " C .  
Several of the cells made had efficiencies > 9% . The results are summarized in 
Table 1 .  All of the devices required a 1 6  hour , 2oo · c  heat treatment in air to 
optimize cell performance . This is similar to cells made from CuinSe2 depos ited 
by elemental evaporation . 

To evaluate the reaction chemistry leading to the formation of CuinSe2 us ing H2Se 
as the source of Se , thermoCiynamic and kinetic calculations for H2Se dissoc iation 
were performed . At 400 " C ,  the typical reaction temperature for selenization , the 
gas phase contains about 50% Se2 and Se6 and 50% H2Se . Kirietic experiments on 
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pyrolysis of B2Se show that a reasonable fit to the data can be obtained by 
assuming Se8 as the decomposition product (1) . 

. . 

Analysis of the J-V characteristics of CuinSe�(CdZn) S solar cells measured at 
various temperatures and light intensities have been used to examine the role of 
different mechanisms in the device that limit V00 • Previous analysis of 
illuminated cells has shown that V00 'is primarily limited by Shockley-Read-Hall 
recombination in the CuinSe1 (2) with the diode quality factor near .2 . Recent 
analys is of CuinSe2 cells has indicated that a tunneling mechanism might also be 
needed to describe the temperature dependence of the dark J-V data (3) . 

The analysis as ·a function of light intensity has shown that V00 is controlled 
by a s ingle current mechanism (Shockley-Read-Hall recombination) with no evidence 
for interface recombination , tunneling , or other mechanisms (4) . Superposition 
of the dark and light J-V characteristics do not hold due to a light intensity 
dependent diode quality factor ( 1 . 5  to 2) . Further comparisons of CuinSe2 cells 
only differing in V00 indicate that the difference is due to changes in barrier 
he ight as shown in Table 2 .  -These results suggest that increasing V00 will 
require reducing the density of recombination centers ( some of which are photo 
activated) and increasing the bandgap of the CuinSe2 near the interface . 

. CdTe Cell Processing 

Recent efforts have focussed on t�e post deposition CdC12 treatment and its 
effect on device performance (5 , 6) .  After the CdTe deposition , a 0 . 5  p.m CdC12 
coating is applied and the sample heat treated in dry air at 4oo · c  for 30 minutes 
and rinsed in DI water . Auger and SIMS depth profiles show interdiffusion of Te 
and S .  Also , a 30 meV red shift in the CdTe optical absorption and spectral 
response is observed . These results suggest the formation of a Cd(SxTe1-x) layer 
which would result in a narrower bandgap compared to the CdTe . There is also a 
decrease in the short wavelength response between 520 and 620 nm .  This also 
suggests the formation of a Cd(TexS1-x) window layer which increases optical 
absorption . 

It has been poss ible to reduce the formation of the narrower bandgap window layer 
by applying the CdC12 treatment to the CdS prior to the CdTe deposition . This 
helps restructure the CdS and reduce the interdiffus ion of S and Te . 

Table 3 shows a comparison of device results measured at NREL with and without 
the CdC12 restructure treatment on 0 . 2  p.m CdS layers . Restructuring the CdS 
improves 350 due to improved collection , but has little effect on V00 and FF . 
This has resulted in 11\ efficient solar cells . The spectral responses are shown 
in Figure 1 .  

CdTe Device Analysis 

J -V measurements as a function of temperature and illumination were made on high 
efficiency CdTe/CdS thin film solar cells (7) . Meaningful analysis of light and 
dark I -V. data could be performed only in the temperature range from. 300 K to 
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345 lt due to hysterisis in the I-V measurements at low temperature and 
irrevers ible heat treatment effects at high temperature . The analysis indicated 
that the light generated current varies with the applied voltage as seen in 
Figure 2 for spectral response ratios at three different bias voltages . If the 
voltage dependent current collection ia included in the analysis of the J-V 
measurements made under illumination , then both the dark and light analysis give 
a barrier height near 1. 3 eV with a diode quality factor of about 1 . 8 . The 
barrier height of -1 . 3  eV could be due to the narrowing of the CdTe bandgap 
discussed earlier , which indicates that the CdTe solar cell device operation is 
also controlled by Shockley-Read-Ball recombination via aidgap states . 

Conclusions 

A process for fabricating CuinSe2/'CdS thin-fila cells by the selenization of 
Cu/In/Se layers has been developed .  Present device efficiencies exceed 9\ . 
Future research is aimed at continued optimization and analysis of the growth 
process . 

Equilibrium thermodynamic and kinetic calculations for B2Se dissociation indicate 
that both Sex species and B2Se must be cons idered in evaluating the CuinSe2 film 
growth . These results are being used to determine the chemical reactions to 
forming CuinSe2 using B2Se . 

J-V analys is of CuinSe2/'CdS thin fila cells as a function of illumination 
intensity has shown that the dominant V0c limiting mechanism is Shockley-Read
Hall recombination in the CuinSe2 • ilork is underway to reduce the ·amount of 
recombination by grad;ng the bandgap of the CuinSe2 • 

The post depos ition heat treatment with CdCl2 at 400 " C  has been shown to cause 
interdiffus ion of the S and Te resulting in the formation of a Cd(TexS1�) layer 
which reduces J5c but has no effect on FF or Voc · Steps are · being taken to 
minimize the interdiffus ion and improve the optical transmis sion of the �indow 
layers . Progress so far has led to CdTe solar cells with 11\ efficiency . 

Pre liminary J-V analys is of CdTe/CdS thin film cells indicates that there is a 
voltage dependent current collection which vill reduce fill factor . Otherwise ,  
�he cells operate much like their CuinSez!c,�; counterparts .  Future analys is is 
aimed at pinpointing the cause of the fill factor problem . 
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Table 1 
J-V Characteristics of Cells Formed from Cu/In/Se 

Device '* Cu/In Tauhatrate Voo J•c J'P' Eff 
ratio C C) (V) (mA/cm2) (\) (\) 

61066 - 12 0 . 85 400 0 . 420 36 . 8  59 . 6  9 . 2  
6 10 6 6 - 11 0 . 90 400 0 . 426 31 . 9  60 . 7  8 . 3  
6 1067-12 0 . 85 450 0 . 403 35 . 4  62 . 9 9 . 0  
61067 - 11 0 . 90 450 0 . 395 37 . 9  61 . 5  9 . 2  
610 6 7 - 13 0 . 95 450 0 . 278 32 . 9  53 . 3  4 . 9  

Table 2 
J-V Characteristics of Cells with Differing V00 

Cell *1 Cell #2 

Voc 0 . 440V 0 . 417V 
Jsc 33 . 8 . mA/cm2 33 . 8  mA/cm2 
FF 67 . 6' 67 . 2\ 
Eff . 10 . 1\ 9 . 3\ 

� (eV) 0 . 99eV 0 . 9leV 
A [ dark] 1 . 6 1 . 5 
A [ dark] 1 .  75 1 . 75 

Table 3 

NREL J-V Data Comparing 0 . 2  �m Evaporated CdS with 
and without CdC12 Recrystallization Process 

Device Recrystallized Voc Jsc FF , 
# CdS (V) (mA/cm2) (\) (\) 

40723 - ll - 3  yes 0 . 789 20 . 1  69 . 4  11 . 0  

40723 - 12 - l  no 0 . 799  18 . 4  72 . 0  10 . 6  
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Title : Low Cost 
Development 

CuinSe2 Submodule· 

Organization: International Solar 
Technology ( ISET) , 8 6 3 5  
Blvd . , Inglewood , CA 9 0 3 0 1  

Electric 
Aviation 

Contributors : BUlent M .  Ba,ol and Vij ay K .  Kapur , 
principal investigators , A .  Halani 
and c .  Leidholm 

The obj ective of this program is to develop high efficiency thin 
film Cuinse2 solar cells and 1 ft

2 
modules using a two-stage 

process . The processing technique involves selenization of 
evaporated or sputtered cu-In precursor layers . In our FY 1 9 9 0  
report , we had pointed out the influence o f  the nature o f  the cu-In 
precursors on the resulting CUinSe2 films and solar cells . During 
this period we continued our studies on cu-In precursors . As a 
result , we developed a novel approach to the preparation of high- · 
quality cu-In films . We have improved the active area efficiency of 

· our cells to the 12 . 4 % range and we set up facilities to process 
1 ft

2 
CuinSe2 modules . 

· 

cu-�n Precursor Preparation 

The commonly used process for the preparation of a cu-In precursor 
for selenization involves depositing a thin cu layer on a glassfMo 
substrate and then following this step with the deposition of an In 
film .  The most important reason for the wide usage of the 
glassfMo/Cu/ In structure for selenization is related to the 
morphological and mechanical properties of the precursor f i lms . cu 
layers evaporated onto Mo coated glass substrates at room 
temperature form smooth and continuous layers with adequate 
adhesion to the Mo surface . After the indium deposition step these 
precursors are partially alloyed ( 1 ) and they stil l  adhere 
reasonably well to their Mo coated glass substrates . The properties 
of CU/ In layers strongly depend on the depos ition parameters of 
their elemental components . In the case of evaporation , low In 
deposition rates and fine-grain copper layers enhance the degree of 
alloying between the cu and In films . Intermixing between cu and In 
may also take place during the selenization step which involves 
high temperatures . Such variations can cause poor repeatability of 
the CuinSe2 film characteristics which are affected by the nature 
of the precursors . The purpose of our work was to develop a new 
approach to cu-In film preparation , where an extensively alloyed 
layer could be obtained within a reasonably wide range of 
depos ition parameters . 

In our previous reports we pointed out that the degree of alloying 
between the evaporated Cu and In films depend , among other factors , 
on the sequence of deposition ( 1 ) . Specifically , we indicated that 
evaporating Cu over an In layer which has a low melting tempera
ture , gave rise to more complete intermixing between the two 
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elements . Recogniz ing that a completely alloyed precursor which 
could be prepared in a repeatable manner would offer advantages 
over those whose properties change from batch to batch , we 
initiated work on developing In/CU precursors where the In layer 
was deposited first on the Mo surface . However , when In is 
deposited on a Mo surface , it forms isolated droplets which grow 
and for a film thickness of >2000 A ,  melt together to form a 
continuous film .  The bond of the resulting layer with the 
underlying Mo layer is poor and failure of this weak bond often 
causes f i lm peeling after the Cu evaporation step . Even if they do 
not peel off their substrates , CU-In precursors prepared by this 
approach are highly non-uniform and they yield low-efficiency solar 
cells . 

Characteristics of thin films , among other factors , depend on the 
nature of the interfacial region at the substrate/ film interface • 

The nature of this region , on the other hand ; is determined by the 
chemical interactions between the depositing species and the 
substrate material which can be altered by modifying the substrate 
surface . In our two-stage process , this can be achieved by 
interj ecting a thin inter-facial layer petween the depositing In 
f i lm and the Mo coated substrate . In doing so , however , it is 
important to assure that the elements included in this inter-facial 
layer do not adversely affect the electrical properties of the 
CuinSe�. Te is a group VI material like Se . It can be deposited by 
a var�ety of methods such as · evaporation , sputtering and 
electrodeposition . Diffusion of Te has been shown to enhance the p
type character of CuinSe2 crystals . Furthermore ,  Te reacts with In, 
forming various compounds . Therefore , a thin Te layer deposited on 
the Mo surface is expected to influence the nucleation characteris
tics of .; a subsequently evaporated In film.  In our experiments we 
have successfully used 2 0-200 A thick Te · interfacial films to 
improve ;.�. the quality of the evaporated In/CU precursors and to 
optimize the structural , mechanical and electrical properties of 
the CuinSe2 layers obtained utilizing these precursors ( 2 ) . Results 
of such an experiment is shown in Figures la and lb . Introduction 
of a thin Te layer at the substrate/ film interface has provided a 
precursor f i lm with smaller grain structure ,  better coverage and 
better adhesion to the substrate ( Fig . lb) . 

Effect of CdS Depos ition Processes on Cell Characteristics 

The solar cell structure evaluated in this work was the 
ZnO/ CdS/CIS/Mofglass structure . zno films were grown by MOCVD . CdS 
layers were either evaporated or dip-coated . Evaporated and · 
chemically grown CdS layers deposited on glass substrates were 
evaluated in terms of their optical properties . It was observed 
that the optical transmission of the chemically grown CdS layers 
was relatively high even at energies greater than the absorption 
edge which is at around A=O . S2 JJm . This was the result of low 
reflectance and 1·ow absorption displayed by these films • .  One other 
difference between the evaporated and chemically coated CdS films 
was their resistivit� values . The in-plane resistivity of the dip 
coated layers was >10 n-cm , whereas , this value was in the 1 0 0-soo 
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n-cm range for the evaporated films . 

Fig . 2 shows the lost photon fraction of a set of devices with 
evaporated and chemically grown CdS windows . The wavelength 
independent losses in the 0 . 6  �m<A<1 . 0  �m range are due partly to 
reflection and partly to absorption, in the ZnO layers . These losses 
do not show any clear relation to the method of CdS deposition . The 
short wavelength response , on the other hand , correlates wel l  with 
the technique used to coat the CdS windows . Fig . 3 plots the short 
wavelength window losses for a group of ZnO / CdS/ CUinS� cells . It 
is observed that the devices with chemically grown CdS films 
generate about 2 mA/ cm

2 
more photocurrent than the evaporated CdS 

films even for CdS thicknesses of around 0 . 5  �m . This is consistent 
with the optical data we presented in the previous section . 

CdS film properties are not the only factors affecting the 
characteristics of the ZnO/CdS/CUinSe2 solar cells . The processes 
used in the depositioh of the CdS and ZnO films are also expected 
to influence the quality of these j unctions . For example , the 
chemical growth method allows the deposition of extremely thin 
( <0 . 05 �m) CdS films on rough CUinSe2 surfaces in a conformal 

manner . In the evaporation approach , discontinuities in such thin 
layers and their thickness control present practical problems . 
Furthermore , evaporation requires heating the CuinSe2 films to 
around 2 0 0  o c  in vacuum. During the early phases of deposition the 
CuinSe2 surface is exposed to the incoming elemental Cd and S 
vapors which react to form the compound . Chemical method is a low
temperature approach that allows the growth of a stoichiometric 
compound film on the CUinse2 surface at temperatures <80 ° C .  We 
have studied the possible influence of the CdS deposition 

. techniques on the j unction quality of ZnO/CdS/CuinS� structures . 
For this purpose , we ·have carried out controlled experiments in 
which the same CuinSe2 film was used in the fabrication · of solar 
cells employing either a chemically coated or an evaporated CdS 
window layer . We have consistently measured lower diode factors , 
better fill factors ( after taking out the series resistance effect )  
and higher open-circuit-voltages for the dip coated samples . 
Capacitance measurements showed that the dip coated CuinSea films 
displayed higher hole density values than those coated with 
evaporated CdS windows . This observation points to a significantly 
reduced compensation in the junction areas of cells using the dip 
coated CdS layers . A list of the relevant parameters for a group of 
devices and their structures are given in Table 1 .  The observed 
correlation between the CdS deposition technique and these 
parameters is very good . The increased degree of compensation in 
the films with evaporated window layers may be due · to their 
exposure to the elemental Cd vapor at relatively high temperatures 
in the vacuum chamber . · 

Hiqh Efficiency Cells and Large-Area Depositions 

Fig . ·4 is the illuminated I-V characteristics of a 1 cm
2 

area 
device with 11 . 5  % total area efficiency measured at SERI under 
AM1 . 5  global spectra ( 3 ) . The solar cell parameters of this device 
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are ; V = 0 . 4 8 3 2  V,  J8c=3 5 . 60 mA/cm2 and FF=6 6 . 65 % .  The active area 
effici:ncy is 12 . 4  % .  The J5 value of this cell was limited by the 
reflection losses ( about 5% } , absorption in the ZnO and Cds, layers 
( around 10% ) and both zno absorption and carrier collection losses 
at longer wavelengths . The diode quality factors in the dark and 
under i llumination are 1 . 6 and 1 . 8  respectively . The capacitance 
measurements made on this device yielded a carrier density of 
around 2x1o16 cm·3 and very small frequency dispersion , again 
indicating good junction quality .  The best diode quality factor and 
the highest hole density measured for our devices were 1 . 50 and 
7x1o16 cm·3 , respectively . 

During this period we have also built facilities to process 1 ft2 

size CUinSez modules . We have demonstrated monolithic integration 
on 6"x6 " substrates and CU and In deposition and selenization on 
1 ft2 substrates . 

conclus ions 

We have developed a new approach for the preparation of cu-In 
precursor layers to be used in the selenization technique . In this 
approach , the surface of the Mo coated substrate was chemically 
modified to improve the grqwth characteristics of the precursors . 
Selenization of improved precursors yielded stoichiometrically ,  

. morphological ly and mechanically superior CuinSe2 films which were 
used to fabricate high efficiency solar cells . We have demonstrated 
that the nature of the CdS window layers as well as their 
processing approaches significantly affect the performance of the 
zno 1 CdS 1 Cuinse2 solar cells . Chemical deposition of CdS gives 
devices with �ower diode factors and better junction qualities 
compare� to those using evaporated CdS windows . The high efficiency 
cells reported in this paper used chemically coated CdS layers and 
they ha:ve displayed good voltage and fill factor values . The 
current densities can be further improved to the 37-40 mA/cm2 level 
by optimiz ing the ZnO/CdS window layer . During this period , we have 

· also started processing 1 ft2 devices . We have demonstrated cu and 
In depositions on 1 ft2 substrates . We have carried out 
selenizations on these samples . We deposited CdS and zno layers on 
such substrates . Future work will concentrate on the optimization 
of the ZnO films and fabrication of monolithically integrated 1 ft2 

modules . 
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Cell // Window 
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629-2 0.20�&mdip 1.60 0.70 3.0xiQ16 10.4 

673-1  0.24 �&m evap. 1.90 0.56 l.Oxto•• 7.4 
673-2 0.45 I'm evap. 1. 7S 0.63 1.2xiQ16 8.6 

673-3 0.50 I'm dip 1.70 0.68 3.0x1Q16 10.4 

Table I .  Param e t e r s  o f  c e l l s  
with e vapor a t e d  o r  dip
c oa t e d  C d S  wind ow 
layer s .  



.Ii.tk: Innovative Sputtering Techniques for CIS and CdTe Submodule Fabrication 

Oaanjzatjon: Martin Marietta Defense Space and Communications 

Contributors: J.H. Armstrong, Principal Investigator, B.R. Lanning, R.G. Wendt, J.L. 

Draper, M.S. Misra 

OBJECTIVES 

This project, Innovative Sputtering Techniques for CIS and CdTe Submodule Fabrication, con
sists of two sequential 12-month phases. Objectives of this project are the following: 

(1) To develop large-area deposition technology using rotating cylindrical magnetron sputtering 
for polycrystalline thin-film CdTe and CIS photovoltaics, and 

(2) To produce CIS modules up to 930 cm2 (1 ft2) using state-of-the-art deposition and cell defi
nition technologies with potential for production scaleup and low fabrication cost. 

APPROACH 

This project, initiated in September of 1991, utilizes a dual rotating cylindrical magnetron (C
MagTM) from AIR CO, Inc. to sputter thin films to fabricate copper-indium-diselenide (CIS) and 
cadmium-telluride (CdTe) photovoltaic devices over large areas (Fig. 1). Key advantages to this 
approach are (1) higher deposition rates, (2) 
efficient material utilization, and (3) potential [':::::::![[i[:i:::::!::![:!::!i!ii[!!!':i'!!;:::_:i:i!i::ii:::::·::;:;:,::::::i':!!:::·t:'

''?::::· :· ::·' ' . · :: ' .:·.:. :)·''?.:'"''· ::: 
for unique codeposition techniques as compared 

.. · 

to planar sputtering [Ref 1, 2]. Maximum sub
strate size will be least 30.5 em x 30.5 em, 
although this technology can be scaled-up to 
production status; su�strates larger than 250 em 
x 360 em in architectural glass coatings have 
already been demonstrated. 

Three tasks are identified in this project, namely: Figure 1 
Photograph of AIRCO Dual Rotating Cylindrical 

Task 1 :  Thin-film Deposition Magnetron. 

Task 2: Device Manufacture and Scaleup 

Task 3: Monolithic Integration of 930 cm2 Submodules 

Task 1 begins at the initiation of the progra�n: and continues for 12 months. Ta8k 2 begins six (6) 
months into Phase 1 of the program and continues for 18  months. Task 3, which lasts for 12 
months, begins in the second phase of the program. Below is a description of these tasks. 

' 
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Task 1 - Thin-Film Deposition 

A key issue of this project is the ability to develop large-area deposition techniques capable of 
low-cost submodule fabrication and scaleup potential. In all cases, soda lime glass will serve as 
the substrate (superstrate) for the CIS (CdTe) devices. C-MagTM sputtering will be used to pro
duce the absorber layers (CulnSe2, CdTe), transparent conductive oxide (ZnO, ITO), and the 
back contacts with baseline parameters being established by planar magnetron. The absorber 
layer will be produced by sputtering of elemental targets (Cu and In, Cd and Te) using a tw<r 
step process [Ref 3,4]. Cosputtering of elemental and alloyed targets by C-MagTM also will be 
attempted to minimize hazardous chemical environments and waste and to reduce the overall 
cost of production. Chemical immersion will be used to deposit the window layer (CdS). 
Details on both sputtering and chemical immersion are given below. 

Large-Area Sputtering - To facilitate this program, requirements for a custom in-line sputter
ing system incorporating an AIRCO Model 940 C-MagTM were identified and Denton Vacuum, 
Inc. was selected to fabricate the system. The system was designed to allow for simultaneous 
sputtering of a variety of target materials, including alloyed targets, over a vertically-mounted 40 
em x 40 em substrate (Fig. 2). Cathodes are 
mounted to a large hinged plate attached to 
the main chamber via a swing arm, thereby 
allowing for easy access to targets for clean
ing, inspecting, and changing. Calrods 
placed on both sides of the carrier in the pre
sputter position and behind the carrier during 
deposition allows for substrate temperatures 

· up to 300°C. Aluminum foil barriers will be 
installed to accommodate easier cleanup after 
cadmium, tellurium, and selenium deposi
tion. Viewports and inspection covers are 
included to enhance operation and cleanup. 
Standard operating procedures are being 
established in conjunction with Martin Mari
etta safety and hazardous waste disposal 
guidelines. 

Figure 2 
Schematic of Vertical Sputtering System Incorporating 
AIRCO Dual C-Mag™ Cathodes. 

A key issue with regard to film uniformity is the precision of the substrate transport. Details on 
the substrate transport mechanism are shown in Figure 3. Vertical substrate transportation was 
selected to minimize contamination of the large-area substrates by debris and to accommodate 
changes and upgrades more easily. Multiple drive wheels are spaced 13.3 em apart to ensure at 
least three wheels in contact with the substrate carrier at all times. Furthermore, the carrier is 
suspended only by the drive wheels, allowing for differential thermal expansion between the 
chamber(s) and the carrier. 

Chemical Immersion Deposition - An inexpensive method for preparing thin films of CdS is 
by a chemical immersion deposition. In this method, CdS can be prepared by decomposition of 

132 

·--··-----------------------�-�-------------



thiourea (or thioacetamide) in an alkaline solution of cad
mium salts where the salt can be Cd(�C00)2, CdS04, 
Cd(N03)2, or CdC�. Substrates are immersed in a pH
adjusted salt solution below 90°C, and CdS indiscrimi
nately deposits on properly activated surfaces upon addi
tion of thiourea. 

Quality, deposit morphology, and deposition rate of CdS 
fllms are intimately related to the solubility equilibria in 
the salt solutions. Solutions containing suspended precipi
tates (cloudy appearance) yield surface coatings which are 
thin and tightly adherent. Good coatings can also obtained 
from solutions which are clear and do not contain suspend
ed precipitates. To understand observed CdS film growth 
behavior, it is necessary to address the solubility equilibria 
for CdCl salts in NaOH, NH4Cl, and NH40H solutions. 

To determine the distribution of all constituents present 
in the cadmium salt solution prior to addition of thiourea, 
mass and charge balances, as well as solubility equilibria, 

I . 

Figure 3 
Schematic of Vertical Substrate Drive 
Mechanism. 

were determined for all cadmium and ammonium species and simplified to generate equations 
which relate total cadmium to total ammonium. For CdC� in NH40H, a plot of (- )log C versus 
(-) log N is shown in Figure 4 ('C' refers to the total cadmium concentration and 'N' refers

·
··to 

the total ammonium concentration). The shaded portion of this curve is where Cd(OH)2 will pre
cipitate (turpid solution) and the numbers on the curve refer to the pH at the point of precipita
tion. Because Cd(OH)2 precipitate is required in order to activate the decomposition of thiourea 
(i.e. fonnatipn of CdS), solution compositions should be contained within this shaded region. 
Although Cd(OH)2 is required for activation, unassociated, free cadmium ion concentration is 
also a major factor in controlling the 
rate . and morphology of the film 
growth process. 

Testing and Eval-uation - Once 
films have been deposited, extensive 

(.) material testing will be conducted to 
quantify and correlate fabrication and 
performance parameters. Material 

� 2.0 1---1-+

testing such as glancing incidence X
ray diffractometry (GID), fast Fourier 
transform infrared spectrometry 
(FTIR), atomic absorption (AA), 

... 

Auger electron spectroscopy (AES), 
scanning electron microscopy/energy Figure 4 

-1 0 1 2 3 4 5 
-log N 

dispersive · X -ray spectroscopy Plot of Total Cadmium Concentration versus Total Ammonium 
Concentration for CdC/2 in NH,pH. 
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(SEM/EDX}, spectrophotometry, and reflection measurements shall be performed. Adhesion 
and electrical conductivity measurements will also be conducted to optimize performance of 
these films. 

Task 2 - Cell Fabrication and Scaleup 

Once baseline parameters are transferred to C-MagTM sputtering system and chemical immersion 
deposition techniques, and quality films are demonstrated, both TCO/CdS/CIS/Mo/Glass and 
Glass{fCO/CdS/CdTe/Ni cells will be fabricated. Initial cells will be nominally 1 cm2, although 
other specific geometries may be necessary for certain testing and evaluation. Although the 
absorber films will be made by two-step processing, devices will be fabricated with cosputtered 
absorber layers in Task 2, depending upon the quality of these films in Task 1. 

In addition to the thin-film testing and evaluation noted above, capacitance and light/dark I-V 
response will be measured and the quantum efficiency of. the device will be determined. Ther
mal dependence on cell output will be measured, and loss mechanism analysis will be performed 
to establish guidelines for improved performance. 

Task 3 - Fabrication of Monolithically-Integrated Submodules - Data obtained in Tasks 2 
and 3 with techniques in monolithic integration developed by Martin Marietta !R&D project 
D-17R, Photovoltaic Technologies in 1991 will be assimilated to demonstrate monolithically
integrated devices in either CIS or CdTe. Both photolithography and laser scribing will be 
investigated for scribing the back contact, CdS/absorber layer stack and the TCO. Width of the 
individual cells will be 1 em or less, while the cell will run the length of the module. 

Early demonstrations of monolithic integration will be performed on small-area devices ( < 4 
cm2), and scaleup of all processes will ultimately lead to a 930 cm2 submodule. Particular care 
will be taken in testing and evaluation of the interconnect region. The large-area pulsed solar 
simulator (LAPSS) facility at Martin Marietta will be used to analyze the performance of entire 
active area of each submodule, with special care taken to quantify differences in performance of 
polycrystalline devices due to time-dependent effects [Ref 5]. 

RESULTS 

Thin-film Deposition - Preliminary films are being fabricated by planar magnetron to serve as 
baseline for the C-MagTM. Development efforts at Martin Marietta in chemical immersion depo
sition of CdS have been in the scale-up to larger surface areas required of this contract. 
Although there is currently a limitation on the size of the immersion bath for the batch process, 
CdS was deposited onto 20 em x 20 em ITO coated glass plates. The conditions of the bath 
were o. r M Cd(C�C00)2, 1 M  NH40H and 0.2 M Thiourea. CdS film thickness was =500 A 
as confirmed by a DekTak II A Surface Profile Measuring system (Fig. 5). 

· 
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Absorption measurements were made on 2.5 em x 5 em CdS films with the light incident from 
the glass side and the spatial uniformity was on the order of 3% (Fig. 6). Uniformity iii the larg

400 R '  

200 

0 1000 2000 3000 

er, 20 em x 20 em area coatings 
appears even better than the small� 
2.5 em x 5 em glass slides and based 
on these results, there appears to be 
no fundamental limitation to scaling 
up the coating process to even larger 
areas. We are currently in the pro
cess of measuring the optical unifor
mity of the CdS coating on 
ITO/glass substrates for the larger 
20 em x 20 em areas. Efforts to coat 
sputtered CIS films with CdS using 
the cadmium iodide system for 
improved interfacial properties are 
in progress. 

Figure 5 Distance (J..L m) 

C-MagTM Target - One of the 
most important aspects to this pro
gram is the potential for cost reduc
tion, both in terms of fabrication 

DekTalc II Surface Profilometry of CdS Film Deposited onto 8" x 8" 
ITO-coated Glass. 

100 +-____ _. ______ �_.--�--._�--------+ 

90 
80 

speed and efficient material utiliza- ;:e 70 
tion. Presently, nonstandard targets � 60 
for the C-MagTM system are very .Q 
expensive (>$9K for molybdenum f 50 
and indium) or difficult to obtain � 40 
(high-purity Cu, Se,  Cd, Te and 30 

20 
10 

CdS Sample 
Light Incident on Film 

CdSIITO/Giass 

alloys of the above). Consequently, 
two approaches are being pursued to 
manufacture C-MagTM targets at 
Martin Marietta for polycrystalline 
thin-film PV, namely (1) electrode
position of Cd, Te, and CdTe onto 
AIRCO stainless steel sleeves, and 
(2) target foil rolled onto the stain
less steel sleeve. Using pulsed elec-

0 +---�-T--�--����--��-----r--+ 
100 200 300 400 500 600 700 800 900. 1 000 1 100 

Wavelength (nm) 

Figure 6 
Absorption Measurements of 500 A CdS Film Deposited onto 8" x 8" 
ITO-coated Glass. 

trodeposition technology developed at Martin Marietta, films of Cd, Te, CdTe, and possibly In 
and Se will be placed on the AIRCO stainless steel sleeves (Fig. 7). While this process would 
not necessarily be economical for production, electrodeposition would allow for significant flex
ibility in producing sputtering targets for this investigation. Another economical way of produc
ing these targets is the use of metallic foils bonded to the stainless steel sleeve with conductive 
epoxy (Fig. 8) While this technique has not been tried for C-MagTM technology, careful bonding 
of target foils to the AIRCO cylinder would allow for easy elemental depositions, as well as cus-
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tom-made alloy foils. Other techniques, such . 
as plasma spraying are under investig�tion, 
although cleanliness of target material is an 
issue� 

SUMMARY 

A dual rotating cylindrical magnetron. is being 
utilized to reduce the cost and · increase the 
throughput of CIS and CdTe photovoltaic 
modules. Key issues with this project include 
( 1 )  C-Mag™ target cost, (2) uniformity of 
films over large areas, (3) increase of deposi- Figure 7 

Electrode posit 

AIR CO 
Stainless 
Steel Sleeve 
(Cathode) 

Anode 

tion rate, (4) efficient material utilization, and Schematic ofC-Mag Targets Manufactured by 

(5) the abilitiy to perform cosputtering for Electrodeposition. 

reduced processing cost and minimization of 
hazardous waste. 
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Title :  High-Efficiency, Large-Area CdTe Panels 

Organization : Photon Energy, Inc . , El Paso, Texas 

Contributors : S . P .  Albright, R . R .  Chamberlin, J . F .  Jordan 

Introduction and Objectives 

Photon Energy Inc . ( PEI ) has been involved with the development of OdS/CdTe 
devices and modules since 1984 . Starting in 1987, a three ( 3 )  year subcontract 
under SERI contributed to progress toward the common objectives between PEI 
and the Department of Energy ( DOE ) . I n  ndd 199 0 ,  a second three ( 3 )  year 
subcontract was begun in order to further improve the technology base at PEI 
in order to better address the objectives of the PEI and DOE photovoltaic 
goals . 

The PEI obj ectives in Photovoltaics are covered through continuing advancement 
in four ( 4 )  major areas : 

* Modules e f f iciency 
* Module s ize 
* Module reliability 
* Module cost 

-

Specific Goals For The . Present SUbcontract 

The spec i f ic objectives of this three year program are : 

* To achieve active area effic i encies o f  greater than 1 4% on small cells ,  

* To achieve aperture area e f f iciencies of greater than 13% on 1 ft2 
modules , 

* 

* 

To achieve aperture area efficiencies of greater than 1 2 . 5% on 4 ft2 
modules, 

To achieve greater than 20-year module l i fe ( based on l i fe testing 
extrapolations ) with no gieater than 10% eff iciency degradation .  

Experinental 

I n  order to meet the goals and milestones within this project at least f ive ( 5 ) 
bas ic tasks have been specified . They include : 

TASK I :  Windows, Contacts and Substrates ( external device optirrdzation ) 

* Improved adS window layers using various methods of deposition, including 
depos ition from solution, 

* The tin oxide window layer-electrode resistivity and uni forrrdty, 

* Improved electroding techniques , 

* Reducti on of optical losses due to module division . 
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TASK I I : Absorber Mater ial ( Internal device optimizat ion )  

* The depos ition, character ization and evaluation of CdTe alloys , .  

* The chararter izati on, evaluation, and impr ovement of morphology e f f ects 
of the CdTe, 

TASK I I I : Optimization o f  Devi ce Structur e 

* Electronic character izati on and model ing of the device, 

* 'l'he development o f  improved device structures where appicable . 

TASK IV: Encapsulat i on 

* Analys.is and optimizati on of present methods , 

* Herme t .ic  sealing techniques , 

I solat i on and · concentrat i on on l:mg term corros i on i ssues . 

TA.SK V: Process Optimlzati on 

* '!'he d i ffus ions and reacti on k inetics i nvolved dur ing the process , 

* Explorat ion and improvement of !-.eat transfer issues . 

'l'ASK VI : Etnployee Safety Evaluation and Improvement 

* Eva l ua t i on and improvement ( where necessary) of moni tor ing program f or Cd 
in lhe \·lorkplace, 

* E:valuati on and improvement ( where necessary) of pol icies and pract ices 
affect ing worker safety in the workplace , 

Results and Projections 
.· 

Fol.lowing are . a  r eview o f  the most iirportant achievements dur i ng the f irst 
phase of this subcontract . 

Small Device. Ef f i c i ency 

A device wl th an area of 0 . 302 cm2 was del ivered to SERI and was measured on 
t1r=ty 3 ,  1991 v:ith 1 2 . 7% e f f iciency . The open circuit voltage was measured as 
793 rnV and the snort circuit current. density was measured as 26 . 21 mA/cm2 for 
this device . A. current on another device measured by SERI in the same t ime 
frame measured 26 . 23 rnA/cm2 , and tbi.:> curr ent is bel i eved to be a record for 
high eff iciency CdTe devices . These high currents ( and the associated high 
quantum e f f ic iencies at higher than CdS bandgap energies have become the norm 
at PEl . The f i ll factor was low at 60 . 5% .  If the f i l l  factor can be raised to 
70%, the corresponding efficiency w� ll be -14 . 7% .  Efforts in this d ir ection 
cont inue . 

Dr. . T . L . Chu and his group at the Uni vers ity o f  South Flor ida are on a lower 
tier subcontract under our subcontract th:r ough SERI . Part of his ef forts under 
this subcontract ar�e to help develo;;> solution grown CdS f or: use as our thin 
CdS layer . One of the iterat ions n�sulted in devices which produced over 
840mV. It was measured at SERI as 342mV. This is,  to date, the highest vol tage 
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device observed at PEI . Such tr·ends u.re expected to cont i nue as th i s  
.development proceeds . Dr . Chu l s  abl e to ach ieve voltages that are typical ly 
h i gher than the best r esults at PEL Dr . T . L . Chu has achi eved 1 4 . 6% e f f i c i ency 
i r. r ecent weeks . Combining the high voltages and f i l l factors en his dev i ces 
with the h igh quantum eff ic i enc i es and shor t circuit currents on PEI devices 
should r esult in 15-17% efficient devices i n  future developments . 

1 ft2 Module Ef f "iciency 

PEI modules have proven to be d i ff i cult to measure accurately . For modul e 
s i zes larger than -4 " x 6 " ,  that due t o  the i r  s i ze cannot be tes ted o n  the 
cont i nuous Xenon art i f i c i al sunl i ght source at NREL, there has been 
considerable ques t i on regard i ng accurate measurement of PEI module output . The 
pulse s i.mulator typically ut i l i zed for large area module testi ng does n o t  
appear to b e  a sat i s factory means o f  testing modules such as our s wh i ch have a 
testing sens i t ivity related to the pr i or bias i ng cond i t i on of the module and 
slow r esponse t imes . However , it is bel i eved that the methodology planned to 
be implemented at NREr. wi l l  be quite sat i sfactory. . This methodology i ncludes 
maximum power point track i ng to determine the maximum power po int d i r ectly 
avo id i ng any s igni f icant pre-bias effects . 

Tv1o 1 ft2 modules were sent to NREL in September 1991 . The followin<J 
presents a compar ison of the test r esults at NREL on 9/17/91 and at 
ear l ier . Aperture area on both panels is 825 cm2 • 

PEI NREL 
AAB885B 

P.-.-x ( 1.m -normal i zed ) 6 . 4W 6 . 80W 

p,._.., ( norrcal ized ) 6 . 4W 6 . 54W 
Vor:: 21 . 1V 21 . 1V 
I .. c:: ( normal i zed ) 0 . 590A 0 . 601A 
FF 52% 51 . 6% 
Aperture Area Ef. f i c i ency 7 . 8% 7 . 9% 

AAC024B 

P.-.-x ( un-norm3l i zed ) 6 . 87W 6 . 59W 

p..,., ( nonnal i zed ) 6 . 84W 6 . 30W 

Vo'= 21 . 5V 21 . 3V 
I.,c:: ( norm'll i zed ) 0 . 605A 0 . 597A 
FF 52% 49 . 5% 
Aperture Area Ef fici ency 8 . 3% 7 . 6% 

table 
PEl 

I t  is conclnded that PEI has attained aperture area e f f iciencies on modul es 
between 7 . 6% and 8 . 3"'6 on 1 ft2 modules . The act ive area efficiency ( due to 
non-optimized d ivis i on losses ) were -9 . 5-10% . Un i formity across the IOCYJules 
and improvement of the f i l l  factor ( thr ough improvement of the d i ode ideal ity 
factor ) should r esul t i n  s ignif i cant improvements in the r easonably near 
future . 
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A 4 ft2 module was tested at NREr.. in early November . The uncorrected outdoor 
value was 2 3 . 06 W. The corrected output ( to 1000 watts/m2 using a pyranometer 
reading )  was 21 . 3  W. 

Rel iabi lity Test ing 

The l ife testing data from NREL forms a sign i f icant part in the determination 
of the reliabil ity objective under this program. I n  order to be able to 
extrapolate l i fe testing data accurately, one must start with very narrow 
measurement error bars . As mentioned above, the d i f f iculti es associated with 
the accurate measurement of lar·ge area CdS/Cd.Te modules has resulted in a 
cons iderable amount o f  effort being expended at PEI and at NREL in order to 
accomplish this error minimizati on goal . 

There have been a number of sets of modules in var ious stages of development 
delivered to SERI and NREL by PEI in the past several years . A number of the 
early sets were · meant to serve as "proof-of-concept" indications that no 
init ial degradat i.on occurs and that Cd.Te, properly encapsulated, can be a 
stable and rel iable photovoltaic system. 

A number of these early attempts were presented for l i fe 
suf f icient weatherproof ing . The result has been that after 
encapsulat ion system on a .number of these modules has 
enc?psulat ion system and weatherproof ing has advanced ,  these 
have been reduced as well .  

test ing without 
several years the 

failed . As the 
types of fai lures 

Due to a combinati on of sample var iat ions and measurement error · bars ,  the l i fe 
test ing results have not been homogeneous . Some have failed dramat ically ( due 
to insuff icient encapsulation des ign ) ;  few have appeared to degrade slightly; 
several have shown no ·s igns of degradation .  

The fact that several modules have shown no signif icant degradat ion ind icates 
that there is no inherent degradat ion problem associated with Cd.Te modules . As 
further improvements to the encapsulation system and module measurement 
techni�1es are made, rel iable module l ifetimes are expected to become more 
homogeneous and are expected to show excellent reliab i lity on both real time 
and accelerated l i fe tests . 

· 

Summary and Conclusions 

The efficiency and stabil ity object ives at PEI on CdS/CdTe modules are being 
addressed . To summar ize : 

* Eff iciencies of 1 2 . 7% have been achieved on small area devices . 

* One square foot modules have achieved over 8% aperture area e f f iciency 
( active area efficiency up to -10% ) 

* Four square foot modules have been tested at NREL at 21 . 3  watts . 

Life testing at NREL ( and PEI ) shows no inherent stability problems with 
the Cd.Te technology . 

Progress has been made and advancement is expected to continue in a steady 
fashion in Phase 2 and Phase 3 of this subcontract . The results should 
approach or exceed the proposed objectives . 
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Publications 
1 .  S . P  . Albr ight ,  R . R  . Chamberl in ,  J . F  . Jordan , "cadmium Tel l ur ide Hcx'lulP. 

Development " ,  Presented at PVAR&D meet ing in Lakewood , CO, October 1990 . 
( To be Publ ished in Solar Cells) . 

. · 
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Title: 

Organization: 

Contributors: 

ObJective 

Development of a Computer Model · 
for Polycrystalline Thin-Film 
CulnSe2 and CdTe Solar Cells 

·School of Electrical Engineering 
Purdue University 
VVest Lafayette, TIN 47907 

R. J. Schwartz and J. L. Gray, principal 
investigators; Y. J. Lee, graduate student 

The purpose of this research program is to develop an accurate numerical model 
for CulnSe2 (CIS) and CdTe based solar cells. This code will be used to analyze 
and aid in the design of CIS and CdTe based solar cells. · 

Approach 

An accurate numerical model depends on precise knowledge of a variety of 
material and device parameters. The first phase of this research was to obtain 
published values for materials parameters and state-of-the-art CIS and CdTe 
solar cells. Initial models for absorption, recombination, carrier transport, band 
structure, and carrier profiles suitable for implementation in the code were then 
developed based on this information. 

The numerical code developed for this program was based on a general purpose 
code, ADEPT (A Device Emulation Program and Toolbox). Customized 
versions of this code designed specifically for the simulation of CIS and CdTe 
based solar cells capable of running on a IBM compatible personal computers 
will be released to NREL. 

Results 

Results of this research are discussed in references [ 1 -5] . Some results are 
summarized below. 

A numerical computer model for CulnSe2 and CdTe based solar cells has been 
developed which will run on IBM PC-AT or compatibles and Sun workstations. 
Features of this computer model are discussed in [2] .  
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The initial effort of the program, besides development of the computer model, 
was devoted to a survey of cell performance characteristics and to a survey of 
relavent material parameters. Some of these r�sults, taken from [5] , appear 
below in Table 1 .  

In addition, the computer model has been used to analyze basic structures and 
develop design guidelines as described in [ 1 ,3,4] . 

Conclusions 

Numerical simulation has already proved its usefulness in analyzing and 
designing a variety of semiconductor devices, including solar cells. Initial 
modeling of CIS cells has already improved the understanding of the 
performance of these cells. As the specific models relevant to absorption, 
recombination, transport, etc. are improved, the ability of the code to analyze 
and design CIS and CdTe based solar cells is expected to be an invaluable tool for 
PV researchers. 
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Table 1 - Survey of CulnSe2 Solar Cells 

window Voc Isc 
layer Volts mNcm.2 

CdS 0.396 35 
0.396 39 
0.380 35 

0.3 34 

0.470 ' 30.50 

0.42 35 - 40 
bi - layer 0.370 35 

0.395 38 
0.397 36 
0.44 34 

single- 0.278 36 
layer 

0.44 35.6 
0.35 3 1 .7 
0.396 39 

* *  active area efficiencies. 
* total areaefficiencies. 
All the others were unspecified. 

FF · Efficiency. 
% 

0.64 8.72 
0.63 9.53* 
0.63 (10.01 **) 

8.95 
0.44 6.9 

/ 

0.715 10.26* 
(10.8**) 

0.66 
0.64 8.5 
0.67 10. 1 
0.53 7.7/9.9 

9.9 
0.55 5.5 

0.62 9.7 
0.38 4.2 

0.63 9.53 

144 

illumination 

AM1 
ELH 
sun 93.9 
mW/cm2 

ELH 60 
mW/cm2 

100 mW/cm2 

AM1 .5 
AM1 
101 .5 mW/cm2 



Titl e :  Resea�ch o n  High Efficiency , Large Area 
cuxnse2-Based Thin Film Modules 

organizat ion : S iemens Solar Industries 
Camaril l o , California 

Contributors :  Kim W .  Mitchell , Proj ect Director ; · c . 
Eberspacher , J .  Ermer , c .  Fredric , R .  Gay 

:Introduction 

S iemens Solar Industries ( S S I ) began a 3 -year , 3 -phase cost shared 
contract on May 1 ,  1 9 9 1  to demonstrate 12 . 5% aperture efficient , 
large area ( 3 9 0 0  cm2) encapsulated thin film CuinSe2 ( CIS ) modules . 
Prior to the contract , SSI demonstrated a 14 . 1% active-area 
efficient , 3 .  4 cm2 ZnO/thin CdS/CIS/Mojglass cell and fabricated 
monol ithic integrated submodul es with unencapsulated aperture 
efficiencies of 11 . 2 % on 9 4 0  cm2 and 9 . 1% on 3 9 0 0  cm2 [ 1 ] . The best 
encapsulated large area CIS module power output prior to the 
contract was 3 3 . 7  W ,  8 . 7 % aperture efficiency (verified at NREL) 
over a 3 8 8 3  cm2 aperture area [ 2 ] . 

The key contract milestones are : 

Table 1 :  CIS Module Performance Milestones 

Parameter Start 16 month 2 7  month 
. .  

5/ 1/ 9 1  8/3 1/92 7/ 3 1/ 9 3  

I.,,.. (A) 2 . 4 3 2 . 57 2 . 7 1 

J.,,. (mA/.cm2) 3 5 . 7  3 7 . 0  3 9 . 0  

V,,. (V)  2 3 . 6  2 4 . 4  2 5 . 3  

v,.,,Jcell ( mV)  4 4 5  4 6 0  4 7 8  

FF 0 . 59 0 . 62 0 . 65 

pm::oY (W) 3 3 . 7  3 8 . 8  4 4 . 6  

Eff ( % )  8 . 7  10 . 0  11 . 5  

Approach 

3 6  month 
4/ 3 0/94 

2 . 7 8 

4 0 . 0  

2 6 . 5  

5 0 0  

0 . 6 6 

4 8 . 5  

12 . 5  

The module design , i llustrated in Fig . 1 ,  consists of 5 3  series
connected ZnO/CdS/CIS/Mojglass cells fabricated on a 4 14 1  cm2 
( 12 8 . 6  x 3 2 . 2  em) glass substrate with a nominal aperture area of 
3 8 9 5  cm2 ( 12 7 . 3  x 3 0 . 6  em) . The module interconnect region is 
portrayed in the expanded cross section . Module performance 
strongly depends on the spatial uniformity of cell and interconnect 
performance , which in turn depend on the properties of the 
constituent layers . Initial contract emphasis has been on module 
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diagnostics using improved techniques to characterize the cell s  and 
interconnects . V oc maps provide information on the j unction 
qual ity . Resistance losses due to individual interconnects or ZnO 
sheet resistance can be determined by mapping the cell voltage 
drops at a f ixed forward bias current . In addition , individual 
cell I -V curves can be evaluated by measuring the dependence of the 
voltage drop of each cell on the applied module current . The 
physical nature of the defects is then correlated using optical 
beam induced current ( OBIC ) , electron beam induced current ( EBIC) , 
scanning electron microscopy ( SEM) , and other techniques such as 
tape adhes ion testing . The prel iminary results of this studies are 
described in the next section . 

Results 

During FY 1 9 9 1  ( 5/ 1/ 9 1 - 9/3 0/9 1 ) , a new world record of 3 7 . 7W and 
9 . 7 % aperture efficiency for a 3 8 8 3  cm2 ( 12 6 . 9  x 3 0 . 6  em) 
encapsulated CIS module was demonstrated and verified at NREL . The 
corresponding photovoltaic parameters are 2 . 4 4 A Isc ( 3 6 . 5  mA/cm2 

· J5c ) ,  2 4 . 0  V V0c ( 4 5 3  mV cell V01) , and 0 . 644 fill factor . Excel l ent 
measurement agreement was ver1 fied between SSI and NREL . 

The V0c maps for a 3 9W ( 10 . 0% efficient) and a 3 2W ( 8 . 2 % efficient) 
module are compared in Fig . 2 .  The voltage is very uni form for the 
higher power module .  In contrast , the cell voltages for the lower 
power module are both suppressed overal l  and non-uni form . OBIC 
studies indicate that the reduced V0c cells have loca l iz ed areas of 
low response . One source of low response ident i fied by SEM and 
EBIC are areas of abnormal ZnO growth associated with "dust" 
contamination of the surface before the zno . Other areas do not 
correlate with surface features but have reduced adhesion between 
the CIS and Mo . Interconnect problems can substantially reduce the 
module fill factor ( FF )  as evidenced in Fig . 3 .  The 0 .  5 3  module FF 
( Fig . 3 a )  results from the poor FF of individual module sl ices ( see 
Fig • . 3 b )  • Comparison of the V0c and forward b ias maps in F ig . 3 c  
show the j unctions are fairly uniform but some cell s  have high 
voltage drops associated with poor qual ity interconnects [ 3 ] . 
Research is focusing on improved materials and processing qua l ity .  
Two papers have been presented resulting from this contract [ 3 , 4 ] . 
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Fig . 1 .  Basic design of 0 . 4  m2 CIS module . The details of 
the integrated interconnect are shown in the inset • 

:··· . . . . . . .  . . · . . . . . . : · ·�-
::·: · = - : : · -::·: - · :-

360 380 4 0 0  420 440 460 480 

Fig . 2 .  Voltage maps comparing higher and lower power CIS 
modules . 
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Title: 

Organization: 

Contributors: 

Fabrication of Stable Large Area Thin · Film Cadmium Telluride 
Photovoltaic Modules 

Solar Cells, Inc., Toledo, Ohio 

J.F. Nolan, Program Manager, P.V. Meyers, Principal Investigator, T. 
Zhou, N. Reiter 

The overall objective is the demonstration of large area thin film CdTe photovoltaic modules 
fabricated using methods consistent with high throughput manufacturing. Specific goals for the 
three year program include producing 15% efficient 1cm2 solar cells, 12% efficient 8cm x 8cm 
submodules, and 10% efficient 60cm x 120cm modules. 

SCI has selected close spaced sublimation (CSS) as the primary method for deposition of the thin 
films. The most significant reasons for this choice are that CSS deposited CdTe has been used · 
by several groups to produce >10% efficient srriall area solar cells and that CSS deposition rates 
are in excess of 4� per minute - a rate which is very attractive from a manufacturing point of 
view. On the other hand, CSS has not yet been demonstrated to produce uniform films over 
substrates of this size. The process requires the precise control of elevated temperature over large 
areas. Typical source temperatures are in the 600-800°C range and typical substrate temperatures 
are in the 400-600°C range. SCI's present strategy is to deposit all semiconductor films using 
CSS, but the contract also includes investigation of films deposited from elemental sources. 

The initial tasks of the contract involve the design, fabrication and testing of two pieces of 
apparatus - one each for deposition of IOcm x lOcm and of 60cm x 120cm films. The smaller 
system, consisting of four deposition zones within a single chamber, has been completed. A 
Sn02:F coated glass substrate on a carrier can be placed into separate zones for preheating, for 
CdS deposition, for CdTe deposition, and for ZnTe deposition. Thin films of all three materials 
have been produced as well as a few cells. The most efficient cell had an efficiency of 8% over 
0.25 cm2• SCI has also produced a few submodules using a combination of laser and mechanical 
scribing to defme and interconnect the individual cells. Efficiency was limited by interconnect 
related losses and active area efficiency was about 2.5%. 

At the end of the contract fiscal year, work continued on the large area deposition apparatus, and 
on the optimization of cell deposition and module fabrication parameters. At this point - which 
is only four months into the program - the program is on schedule and is expected to achieve the 
contract goals. 
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Title: Research on Polycrystalline Thin Film Submodules Based on CulnSe2 
· Materials 

Organization: Solarex Corporation, Thin Film Division 
826 Newtown-Yardley Rd., Newtown, PA 18940 

Contributors: A. Catalano, Program Manager; R.R. Arya, Principal Investigator; T. 
Lommasson, B. Fieselmann, L. Russell, L. Carr and S. Skibo 

Task 1: Windows, Contacts, Substrates 

The window layer under development consists of two thin fllms, cadmium sulphide (CdS) and. 
zinc oxide (ZnO). The CdS thin film is deposited by chemical solution growth from a mixture 
of CdCI2, NH4Cl, NaOH and Thiourea. At low temperature (< 90°C), the self-limiting reaction 
deposits approximately 1200A thick CdS fllm on glass substrates. The films are stoichiometric 
and highly uniform over 3" x 3" substrates. The dark conductivity is high, in the range of 108 
to 1 o':T n-cm. Films with thicknesses varying from 500A to 1 J..Lill have been deposited, the 
thicker fllms being deposited by successive depositions. The transmission of light for wave
length.s below the CdS cut-off (-500 nm) occurs for f:Um thicknesses less than approximately 
4000A. Figure 1 shows the effect of CdS fllm thickness on transmission of light as a function 
of wavelength. CdZnS films have also been deposited by the same process. These films show 
an increase in bandgap as demonstrated by a shift in the transmission towards shorter 
wavelengths. 

" ......... 

1 . ee�----------------r-------------�----------------.-----------�------------� 

� e . se�--------��r---------��----------------+-----���--�=-� 

A ;  e .  06 M I CRONS 
B ;  e . 1 e  M I CRONS C ;  e . 20 M I CRONS 
0 1  e .  30 M I CRONS 

� E 1  1 . 00 M I CRONS e . e� ,���������rr������������ 
· 4ee 6ee see 1 eee 1 2ee 

WAVELENGTH ( n m )  
1 4ee 

Figure 1. Optical transmission of CdS fllms as a function of fllm thickness. 
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A process has been developed to deposit ZnO fllms by low-pressure chemical vapor deposition 
(LPCVD). The deposition is carried out at low temperature ( < 200°C) with feedstock or diethyl 
zinc (DEZ), water and diborane gas. The two main properties required in a good window layer 
high optical transmission (in the wavelength range of 400 nm - 1400 nm) and low electrical 
resistivity ( < 10 0;0) are interdependent. The transmission of ZnO fllms, particularly at long 
wavelengths (> 1000 nm) is found to be a strong function of the dopant gas concentration and 
film thickness at a given deposition temperature. Hence, a compromise has to be made between 
these two properties. The third necessity for these films is thermal stability of optical and 
electrical properties because often a completed CIS device is subjected to post-fabrication heat 
treatments up to several hours at -200°C. The properties are found to be stable if the deposition 
is carri�d out at temperatures > 180°C. For film thickness of about 1.5 J.Lm, the optical trans
mission at 1200 nm increases from approximately 65% to 95% as the dopant flow is decreased 
from 50 sec� to 0 seem. The corresponding change in sheet resistance of the film decreases 
from 7 QJtJ to 50 QJt:J. An optimum performance was achieved using films prepared with a 
dopant flow of about 10 seem which led to fllms with transmission at 1200 nm of 90% and sheet 
resistance of 9 QJt:J. Further reduction in film thickness from 1.5 J.Lm to 0.8 J.Lm led to an 
increase in transmission to about 95% with a decrease in sheet resistance to 12 QJt:J. The short 
circuit current of a CIS device was increased by 5 rnA/cm2 by changing in the window layer 
thickness from CdS = 1200A and ZnO = 1.5 J.Lm to CdS = 500A and ZnO = 0.8 J.Lm. This is 
shown in Figure 2. 

1 . ee -.----...-------,-----.----.-...;......;...-'---., 

Cd - 1 200 A �  Zn 0- 1 . 
Cd - 500 A �  Zn 0-0 . 

6ee see 1 eee 
WAVELENGTH 

1 2ee 
( n m )  

Figure 2. Effect of window layer on quantum efficiency of CIS devices. 
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The molybdenum (Mo) back contact has been deposited on glass both by sputtering from metal 
target and by e-beam evaporation. In both cases, 1-2 J.1II1 thick films exhibit good adhesion and 
sheet resistance of about 30 - 50 �,.0. The front contact consists of a bi-layer of aluminum and 
nickel, both evaporated by e-beam through a metal mask. Corning 7059 glass and soda-lime 
glass has been used as substrates. 

Task 2: Absorber Layer 

The absorber layer under development is copper indium diselenide (CIS) thin film deposited by 
magnetron sputtering from elemental targets onto Mo coated glass substrates held at elevated 
temperatures. The Se S-gun target has been fabricated in-house by a proprietary process. The 
three targets are mounted on the same plane such that the fluxes are parallel to each other. The 
substrates are mounted on a holder which is shrouded in an enclosure with openings above the 
three targets. Circular motion of the substrate holder allows sequential deposition of the Cu, In 
and Se layers and ensures spatial uniformity. Parametric studies of deposition parameters such 
as substrate temperature, deposition pressure and deposition power have resulted in development 
of p-type CIS films with composition (measured by EDAX) in the ranges of Cu = 22% - 24%, 
In = 24% - 26% and Se = 50% - 54%. The best films have been deposited at temperatures 
between 400°C - 450°C, sputtering pressure between 1 .5-2.0 mTorr and at deposition rates 
between 3 - 4A/sec. The surface morphology in these films is found to be a strong function of 
film composition and is not very dependent on other deposition parameters in these ranges. The 
composition of some typical CIS films is tabulated in Table 1. Figure 3 shows an SEM picture 

Figure 3. SEM picture of Cu-deficient sputtered CIS film (#S l66-1-2). 
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Table I 
Composition of Some Sputtered CIS Films 

Sample # % Cu % In  % Se 

S 132-1 19.4 25.8 54.8 
S 132-4 20.6 24.9 54.5 

S 136-1 21.2 25.2 53.6 
S 136-4 22.3 24.5 53.2 

S 140-1 23.0 24.6 52.4 
S 140-4 23.6 24.0 52.5 

S 156-1  26.3 22. 1 5 1.6 
S 156-4 25. 1 22.8 52.1 

of a typical CIS film. Two major problems have been encountered in the deposition of CIS films 
by sputtering from elemental targets. Both these problems are related to sputtering of Se. Due 
to the low thermal conductivity of Se, hotspots can develop in the Se target which result in non
uniform sputtering. Non-uniform sputtering perturbs the spatial and temporal uniformity of the 
Se flux. Furthermore, due to the proximity of the targets in our deposition system, the Cu and 
In targets are contaminated by the Se flux. The selenide layers that form on top of the Cu and 
the In targets can reduce the specific Cu and In flux by as much as 50% and 20%, respectively. 
This has led to poor run-to-run reproducibility. Two approaches are underway to overcome this 
problem. First, Cu and In films have been sputtered and the stack selenized in a Se vapour with 
an inert carrier gas in a tube furnace at temperatures between 400°C - 450°C. Second, the Se 
target has been replaced by a resistive heated evaporation source. This has resulted in films in 
which the composition was Cu = 22.8%, In = 23.7% and Se = 53.5%. This hybrid arrangement 
of sputtered Cu and In and evaporated Se has successfully solved the problem of target cross
contamination. Good CIS film composition has been achieved with this process but the surface 
morphology of the films are still poor. Both these approaches are at an early stage of 
development. 

Task 3: Device Structure 

Solar cells have been fabricated with two device structures: 

(i) Light = > Ni-Al grid I ZnO I thin CdS I CIS I Mo I Glass 
(ii) Light = > Ni-Al grid I ITO I thick CdS I CIS I Mo I Glass 

The device structure (i) has been employed with all layers deposited at Solarex whereas the 
device structure (ii) has been employed by IEC on CIS deposited at Solarex. Several devices 
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with either device structure have resulted in conversion efficiencies about 5% [1]. The best 
device fabricated on sputtered CIS had a conversion efficiency of 6.2% with the following 
photovoltaic parameters: V oc = 0.343 V, Jsc = 31.9 mA/cm2 and FF = 0.562. The best device 
fabricated on hybrid CIS films had a conversion efficiency also of 6.2% but with the following 
device parameters: V oc = 0.373 V, Jsc = 35.5 mA/cm2 and FF = 0.474. The I-V characteristics 
of this device is shown in Figure 4. 
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Figure 4. J-V characteristics of solar cell on sputtered/evaporated CIS with 
.conversion efficiency of 6.2%. 

Device Modeling (Drexel University) 

The modeling effort at Drexel University has involved a number of analytic and simulation tasks: . 

1) Analytic calculations of the light generated current in CIS layer as a function of voltage, 
with doping density and diffusion length as parameters have been carried out. This 
involves calculating the current collected in the space-charge region as well as that in the 
neutral region. The collection of electron-hole pairs generated in the space charge region, 
depends upon the applied voltage through two aspects. First, the collection depends on 
the electric field which changes with applied voltage. Second, the width of the space
charge region depends upon the doping density N A in the CIS. The effectiveness of the 
field in collecting the carriers depends upon the electron diffusion length, L, through the 
parameter of a critical field Fe = kT/qL. The collection beyond the space-charge region 
also depends on L. The consequences of the voltage dependence of light-generated 
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current density are that the collection efficiency versus wavelength, 11(A), will be voltage 
dependent, and there will be a loss in fill-factor due to this cause. 

Calculated results show the interplay of N A and L, 11(A), and the loss in fill factor D.. FF 
as: 

D.. FF = (JA. (0)-JL (0)) V mpfV oc 

The value of V mp can be obtained by assuming an �xpression for the dark diode current 
and combining it with JL (V) through the equation: 

j = j diode (V) - JL (V) 

2) The calculations under 1) above treated the CIS as though it were a single crystal, 
neglecting any grain boundary effects. To include grain boundary effects an analytic 
expression has been used which calculates the reduction in 11 (A.} due to the size of the 
grains, assuming a large value for the grain boundary recombination velocity. The 
calculated 11(A) as a function of the radius of the grains has been carried out by simply 
multiplying the results of 1) by a function of 11<R,A.,d) where d is the thickness of the 
absorbing region (either the space-charge region, or the neutral region, since 11 has two 
components [2]. 

Summary 

The window layer, both CdS and ZnO, has been optimized to minimize optical absorption losses. 
CIS films prepared by sputtering from elemental targets looks promising because it allows the 
deposition of CIS f:llms without any H2Se post-selenization or heat-treatments. Problems 
associated with uniformity of Se flux can be successfully addressed by evaporation of Se. We 
continue to optimize deposition conditions to achieve better surface morphology in these films. 
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Title: . Alternative Fabrication Techniques for 
·
High-efficiency 

CulnSe2 and CulnSe2-alloy Films and Cells 

Organization: University of illinois 

Contributors: A. Rockett (principal investigator), L. Chung Yang, G. Kenshole, L.-J. 
Chou, and A. Feen. · 

Objectives 

The objective of this project is to demonstrate a scalable CulnSe2 thin film deposition technique 
capable of producing material suitable for solar cell applications. To achieve efficient use and scale 
up of any such technology it is essential to understand the fundamental behavior of the principal 
materials involved. I Hence, the program seeks to· characterize the structure/processing/cell
performance relationships for CuinSe2. This will serve to improve the processes under 
development, optimize deposition conditions, and ultimately to accelerate the return of large 
deposition facilities to service after periods of maintenance. 

Technical Approach 
. 

The CuinSe2 deposition method considered by this project is a hybrid of sputtering and 
evaporation. Cu and In are sputtered with Ar gas while Se is supplied to the growing film by a 
conventional effusion cell. 2 The substrate temperature is controlled between room temperature and 
550°C. The process has been shown to be straightforward to control with a linear relationship 
between the ion current ratio at the targets and the film composition established by previous 
results} The experiments underway focus development of a reasonably high efficiency 
CuinSe2fCdS heterojunction solar cell, and on understanding the fundamental properties of 
CuinSe2.4,5 The materials characterization involves CuinSe2 single crystal and polycrystalline 
thin films deposited by the hybrid process by various chemical and structural analysis techniques. 

Results for FY 91 

Hybrid Process CulnSe2 for Devices 

Heterojunction solar cells were fabricated by the Institute of Energy Conversion at the University 
of Delaware (IEC) using several of the deposited polycrystalline CuinSe2 films. Test cells were 
produced by evaporation of 1.7 J.lm of Cdo.9Zno.1S with a sheet resistance of 50 0{. This was 
coated with 1 80 nm of sputtered ITO and finished with Ni buss bar contacts. The active areas 
were 0.08 cm2. All active devices were tested at IEC under an 87.5 mW cm-2 simulated solar 
spectrum. The results were then normalized to 100 mW cm-2 flux values. Samples on which 
solar cells were fabricated ranged from Cu-rich to In-rich, although successful devices were only 
produced on In-rich material All layers used for devices were deposited as bilayers on Mo-coated 
glass substrates. The initial layers were Cu-rich followed by a strongly In-rich deposition. Both 
layers were deposited at 400°C and were completely intermixed after deposition as determined by 
energy-dispersive X-ray analysis (EDX) in the transmission electron microscope (TEM) and by 
secondary ion mass spectrometry (SIMS). Optimal performance was obtained from a sample with 
a composition measured near the center by EDX of 26% In, 24% Cu, and 50% Se. The maximum 
conversion efficiency recorded was 8.4% with Voc=392mV, Isc=33.9 rnA, and a fill factor of 
63.1% after normalization to 100 mW cm-2 flux. The current/voltage (i/v) curves for this cell with 
and without illumination are shown in Figure 1 .  The performances measured at IEC were not 
verified at the Solar Energy Research Institute (SERI) as the cells were destroyed in the mail. 
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Single Crystals 

During this contract period single crystals of CuinSe2 have been grown on GaAs. There were two 
major reasons for doing this. First, to understand why some devices based on CuinSe2 work well 
while others do not it is essential to understand the dynamics of CuinSe2 crystal growth. This is 
best carried out on single crystals. In addition, CuinSe2 devices in conjunction with GaAs-based 
cells have been considered as potential candidates in tandem structures. To produce a two-terminal 
CulnSe2fGaAs tandem device it would be desirable to grow CuinSe2 directly on GaAs. A number 
of results have been obtained from the single crystal studies. Space permits only two of these to 
be described in any detail. Discussion of other results can be found in refer�nce 6. 

Single crystals of CuinSe2 were successfully deposited on GaAs substrates as shown by electron 
channelling patterns obtained from the layers. A number of growth defects were observed which, 
while a potential problem for device applications; provide important insights into growth 
mechanisms and are directly relevant to polycrystalline film growth. The principal defects were 
pits in the surface of Cu-rich layers and small islands or ripples on the surface of In-rich films. 
Voids formed and interdiffusion occurred at the interface between the CuinSe2 and the GaAs 
substrate � deposition began. The structure of pits on the (002)- and (1 12)-oriented CuinSe2 
surfaces suggest that the low energy CuinS� faces are (1 12)-type and that a strong preference for 
either the metal-terminated or Se-terminated facet exists. A scanning electron micrograph image of 
one such pitted single crystal surface is shown in Figure 2. Which facet face is preferred will be 
determined in angle-resolved X-ray photoelectron spectroscopy experiments now in progress. 

It is evident that CuinSe2 can affect the GaAs substrate based on fracture cross sections. These 
show pyramidal pits in the GaAs near the interface although the lower CuinSe2 surface is flat! 
This can only occur if the GaAs surface on which the CuinSe2 originally nucleates is flat and if the 
voids form during growth. Figure 3 shows a SIMS profile along with a fracture cross section of 
the substrate and epitaxial layer. Substantial interdiffusion has occurred with Ga found in the 
CuinSe2 epitaxial layer and Cu, In, and Se all found in the substrate. Relatively little As 
outdiffusion was observed by SIMS indicating that the observed mixing is not a SIMS artifact 

Conclusions and Future Research 

The improvement in device performance relative to previous results4 shows continued progress 
toward matching devices based on evaporated CuinSe2. Microanalysis results show no significant 
differences between hybrid-process CuinSe2 and evaporated material suggesting that continued 
progress may be expected. However, devices based on single crystal epitaxial CuinSe2 would 
probably not produce good results. Cu is a deep trap in GaAs and would create an intrinsic layer 
even in the presence of In and Se impurities. This would create a large series resistance reducing 
the fill factor and short-circuit current of the resulting cell. In addition, pits in the surface layers 
would lead to shorting of devices when overcoated with a highly conductive window layer. The 
results are consistent with growth of polycrystals in which voids, analogous to the pits, form 
spontaneously in vapor-deposited material. 

Relationship to Other Contracts 

The research program described above is funded by SERI for development of high-performance 
photovoltaic devices based on CuinSe2 deposited by sputtering-based techniques. The 
development of the hybrid sputtering and evaporation process itself is funded by the Electric 
Power Research Institute. Both agencies fund the materials characterization with additional direct 
support from the Department of Energy. 
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Area = 0.08 cm2 
Jsc = 33.9 mA/cm2 
Voc = 0.392 V 
F.F. = 63. 1 %  
Eft. = 8.4% 

-0.2 

Figure 2. A SEM micrograph of the surface of an In-rich (002)-oriented CuinSez single crystal 
grown on GaAs (001). Pits in the surface of this film resulted from the GaAs surface 
preparation6 and consist of (1 12) facets. No pits occur when surface preparation is optimal. 
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Ti me 
Figure 3. A SIMS profile (lower section) of a ( 1 12)-oriented slightly In-rich CuinSe2 film 

deposited on GaAs ( 1 1 1). A fracture cross section SEM image of a corresponding area of 
the sample is also shown (upper portion). Interdiffusion has resulted in void formation at the 
interface during growth. Impurities in the GaAs modify the fracture characteristics of the 
GaAs where their concentration is significant 
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Contributors: 
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T. L Chu and S. S. Chu, Principal Investigators; 
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Wang, and C. Q. Wu. 

The major objective of this program is to investigate the preparation, characterization, and 
optimizatio� of thin-film solar cells of II-VI compounds and alloys with emphasis on 
cadmium telluride (CdTe), cadmium zinc telluride (C�1-xTe), and mercury zinc telluride 
(Hg,xZn1_xTe). Thin film CdTe solar cells are of the homojunction and heterojunction 
configurations in order to demonstrate a quantum efficiency of 75% at 0.44 p.m and a photo
voltaic conversion efficiency of 115% or greater. Thin film Cd1_xZ11xTe and Hg1_xZDxTe with 
bandgap energy of 1.65-1.75 eV are suitable as the top members in two-cell cascade 
structures. The solar cells are of the heterojunction configuration in order to demonstrate 
a transparency to sub-bandgap radiation of 65% and a photovoltaic conversion efficiency of 
8% or greater. The technical approach consists of (1) the deposition of transparent 
conducting semiconductor (TCS) films from aqueous solutions and by metalorganic chemical 
vapor deposition (MOCVD), (2) the deposition of CdTe films by close-spaced sublimination 
(CSS), (3) the deposition of CdTe films by MOCVD with emphasis on doping and the 
characterization and processing of these films with emphasis on contact formation, ( 4) the 
deposition and characterization of Cd1_xZ11xTe and Hg1_xZDxTe films, and (5) the formation 
and characterization of thin film junctions and solar cells. 

Transparent Conducting Semiconductors (TCS) 

Thin films of cadmium sulfide ( CdS), cadmium zinc sulfide ( Cd1_xZDxS), and zinc selenide 
(ZnSe) have been deposited and characterized. CdS films were deposited on glass and 
Sn02:F /glass substrates from an ammonical solution of a cadmium salt, an ammonium salt, 
and thiourea at 70 o -90 o C. The important process parameters, the composition and 
temperature of the solution, have been optimized to promote the heterogeneous reaction 
on the substrate surface and to minimize the homogeneous reaction in solution. The 
crystallographic, optical, and electrical properties of solution-grown CdS films have been 
investigated The typical lateral resistivity of CdS films on glass substrates is lOS -106 ohm-em 
in the dark and is 50-300 ohm-em under illumination with ELH lamps at 100 mW /cm2• The 
use of solution-grown CdS films has produced high efficiency CdS/CdTe solar cells with the 
CdTe films deposited by CSS and spraying techniques. 

Cd1_xZDxS films have been deposited by MOCVD using dimethylcadmium (DMCd), 
diethylzinc (DEZn), and propylmercaptan (�H8S) in a hydrogen atmosphere with 
trimethylaluminum (TMAI) as a dopant. The composition of Cd1_�S films has been 
controlled by optimizing the DMCd/DEZn and (DMCd + DEZn)/�H8S molar ratios in 
the reaction mixture. The crystallographic, optical, and electrical properties of . Cd1_xZDxS 
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films with Eg < 3 e V have been investigated. The incorporation of AI into Cd
1
.xZnxS films 

becomes difficult at bandgap energies higher than about 2.8 e V (Fig. 1 ). Thin film II-VI 
heterojunctions have been prepared by the in-situ deposition of AI-doped Cdo.7Zno.3S (Eg-
2.8 eV), an absorber, and the ohmic contact on an n+ -ZnO/glass substrate. The n+ -ZnO 
films were deposited by MOCVD using DEZn and ethanol in an He atmosphere with �F6 
or TMAl as a dopant; the resistivity of F-doped ZnO films were found to increase more 
than one thousand folds after heating at 600 • C, while that of AI-doped ZnO films showed 
essentihlly no change after heating. 

ZnSe with a bandgap energy of 2.67 eV is a potentially useful TCS for thin film II-VI 
heterojunction solar cells. Polycrystalline ZnSe films have been deposited on glass and 
ZnO:F/glass substrates at 400 ·-5oo · c  by MOCVD using DEZn and DESe in a H2 
atmosphere. Films deposited under a wide range of conditions all have high resistivity, 
-about lOS ohm-� and negative photoconductivity. The resistivity can be reduced and 
photoconductivity significantly improved by the incorporation of a group VI (Cl or Br) or 
a group ill (AI) dopant. The use of TMAl as a dopant is considerably more effective than 
that of a or Br compounds. The resistivity of AI-doped ZnSe films depends strongly on the 
DESe/DEZn and TMAl/DEZn molar ratios in the reaction mixture (Fig. 2). 
Photoconductivity ratios as high as 10" have been observed in AI-doped ZnSe films. 

ZnTe/ZnSe and CdTe/ZnSe junctions have been prepared by depositing the absorber films 
on ZnSe/ZnO glass substrates. 

· 

CdTe Junctions by MOCVD 

Intrinsic CdTe films deposited by MOCVD from DMCd and DIPTe can be n-type (Te 
vacancies) or p-type ( Cd vacancies), depending on the composition of the reaction mixture. 
Extrinsic CdTe films have been deposited by using group ill and group V compounds as 
dopants during the MOCVD process. Gallium can be readily incorporated into CdTe films 
to yield a dark resistivity of about 1000 ohm-em and a carrier concentration of about 2 x 
1017 cm·3; however, the incorporation of As or Sb is considerably more difficult, and low 
resistivity p-CdTe films have not been obtained (Figures 3 and 4). Intrinsic and extrinsic 
CdTe films of the same conductivity type show significantly different photoluminescence 
spectra. Heterojunctions have been prepared by depositing p-CdTe on CdS/Sn02:F /glass 
substrates. The as-deposited structures show poor electrical and photovoltaic characteristics 
which are dramatically improved by the CdC12 treatment The saturation current density 
and diode quality factor of Cd02 treated CdS/CdTe junctions are typically 1.5 x 10"10 A/ cm2 
and 1.7, respectively. Solar cells of larger than 1 cm2 

area show near 10% efficiency under 
AM 1.5 conditions (Fig. 5). 

The effect of the Cd02 treatment has been �vestigated using photoluminescence 
measurements by illuminating the CdTe surface and the glass surface of the 
CdTe/CdS/Sn02:F /glass structure with the 484 nm radiation from an argon ion laser (Fig. 
6). When the CdTe surface is illuminated, essentially all laser radiation is absorbed by 
CdTe. The CdS/CdTe· interface region contributes to the PL spectrum only when the glass 
surface is illuminated. The analysis of the PL spectra suggests the incorporation of Cd into 
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the CdTe film during Cd02 treatment and the shifting of the heterojunction from the 
metallurgical interface into CdTe. 

Thin film CdTe homojunctions were prepared by the successive in-situ deposition of Ga
doped and As-doped CdTe films on Sn02:F/glass substrates. The as-deposited structures 
have been found to have a high saturation current density, about 4 x 10-8 A/ cm

2
, similar to 

the as-deposited heterojunctions, and poor photovoltaic characteristics. This is presumably 
related to the poor microstructure of MOCVD CdTe films. Attempts to improve the 
junction characteristics by Cd02 treatment were not successful due to the disturbance of the 
homojunction structure. 

CdTe Heterojunctions by CSS 

The process parameters for the deposition of CdTe films by CSS have been optimized for 
the deposition of dense films at a rate of about 1 J£m/min. Thin film cells were prepared 
by the deposition of 4-5 J£m of CdTe onto CdS/Sn02:F /glass substrates at 600 o C. 
Heterojunctions prepared from CSS CdTe films show considerably better characteristics than 
those from MOCVD CdTe films due mainly �o the better microstructure of CSS CdTe films. 
Typical saturation current density and diode quality factor deduced from the dark 
characteristics are 6 x 10·11 A/ cm

2 
and 1.65, respectively. Solar cells of larger than 1 cm2 

area with a conversion efficiency of 13.4% under global AM 1.5 conditions have been 
prepared (Fig. 7). 

· 

The CdTe/CdS heterojunction structures were used to determine deep energy states in 
CdTe films. Six states with activation energies of 0.85, 0.79, 0.51, 0.63, 0.46, and 0.37 eV 
have been observed in samples prepared under various conditions and post-deposition 
treatment (Fig. 8). These states have all been observed in single crystalline CdTe, although 
their nature has not been identified. The density of these states in CdTe films is relatively 
low, on the order of 1013 cm·3• 

Cd1.xZDxTe Films and Junctions 

Thin films of Cd
1
.�Il,cTe with bandgap energy over a wide range have been deposited by 

MOCVD, and their crystallographic, optical, and electrical properties characterized. Thin 
film heterojunctions have been prepared by the successive in-situ deposition of Cdo.7Z11o3S 
(Eg- 2.8 eV), Cdo.7Zllo3Te (Eg- 1.7 eV), and p+-ZnTe ohmic contact on ZnO:F/glass 
substrates. The as-deposited structures show low photocurrent due to poor grain structure 
of Cdo.7Zllo3Te. By using a thin Cdo.7Zllo3Te layer (0.1-0.2 J£m) in combination with a 2-3 
JJm CdTe layer as the absorber, the photovoltaic characteristics are greatly improved. A 
conversion efficiency of about 75% has been measured. 
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Title: Thin Film Cadmium Telluride Photovoltaic Cells 

Organization: Department of Physics and Astronomy 
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Contributors: Alvin D. Compaan, principal investigator; Randy G. Bohn, co-investigator; Atilla 
Aydinli*, Ajit Bhat, Charles N. Tabory, Li-Hua Tsien, Shuzhen Liu, Meilun 
Shao, Marc E. Savage, and Yuxin Li 

Lower-Tier Subcontractor: Solar Cells Inc. , Toledo, OH 
James F. Nolan 

Objectives 

This program is focussing on the development of two vacuum-based growth techniques for CdTe 
thin-film solar cells. Most of the effort during the first year was devoted to the implementaton 
of laser-driven physical vapor deposition (LDPVD) for CdS, CdTe, ZnTe, and CdC12 films and 
their integration into an efficient solar cell structure. ,The second growth technique used in this 
project is rf sputtering and was implemented near the end of the first year. The all-LDPVD 
process followed by heat treatment at 400 °C for 30 minutes has resulted in an 8.7% AM 1 . 5  
solar cell to date. 

Technical Approach 

The first year of this project was designed to focus on the investigation of two (or more) 
vacuum-based deposition technologies for polycrystalline CdTe solar cells. The second and third 
years were originally designed to focus increasingly on the scale-up to submodules and the 
development of a commercial process. This project began as a collaboration among The 
University of Toledo, and lower-tier subcontractors Glasstech Solar, Glasstech, and Solar Cells . .  
Glasstech Solar ceased operations in 1990 and was dropped from the contract at the end of 
calendar year 1990. Meanwhile, Solar Cells' time scale advanced more rapidly than projected 
and SERI awarded a separate contract with them in the spring of 1991. Thus, this University 
of Toledo contract was modified to reduce the second and third year emphasis on scale-up to 
commercialization, but retained the emphasis on basic science and the further development of 
the LDPVD and sputtering processes. Solar Cells remained a lower-tier subcontractor for the 
duration of the first contract year. 

The University of Toledo is the only research group using LDPVD (also referred to as pulsed 
laser deposition or laser ablation deposition) for · the growth of photovoltaic materials. This 
growth process was studied intensively during the·first contract year. We successfully fabricated 
by LDPVD complete solar cells with both CdS/CdTe and CdS/CdTe/ZnTe structures. The 
process includ� the use of LDPVD for the deposition of CdC12 prior to a heat treatment at 400 
°C. With the departure of Glasstech Solar, the UT group also undertook the development of rf 
sputtering for CdTe thin-film growth. 
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A variety of materials characterization and device testing is being performed at UT in support 
of the fabrication work. These include optical emission spectroscopy of the LDPVD and 
sputtering processes. Thin films are characterized by optical absorption, x-ray diffraction, 
scanning electron microscopy with energy dispersive spectroscopy, Raman scattering and 
photoluminescence, electrical conductivity and Hall effect measurements. Device testing 
includes current-voltage and spectral quantum efficiency measurements. 

Studies of the LDPVD Process 

The deposition system we have utilized for LDPVD has been described .in an earlier annual 
report1 and in ref.2. Important features are that the deposition is driven by an XeCl laser pulse 
( - 15 nsec, 308 nm, - 3  J/cm2) from a pressed powder target. The intense laser pulse 
generates a plume of vapor which rises perpendicular to the target surface in a narrow plume 
and deposits onto a substrate heated to - 280 °C. The plume consists mostly of uncharged 
atomic and possibly molecular species. We have used optical spectroscopy of the plume to 
determine translational velocities and characteristic temperatures in the vapor. Fig. 1 shows a 
spectral region which has three prominent lines identified with neutral Cd atoms. These data 
were obtained with an Aries 114 meter spectrometer coupled with a PAR OMA-II vidicon. The 
upper trace was taken at the point of interaction of the laser pulse and the target. The lower 
trace was obtained from a region - 3 mm above the target. The broadening arises from 
collisions in the dense, hot vapor above the target. The upper state for all three of these lines 
is the configuration 5s6s es1) which lies 6.38 eV above the ground state of the Cd atom3. This 
implies that a considerable amount of internal excitation occurs in at least some of the vapor 
constituents. 

In addition, we have made time-of-flight measurements by time-resolving the light emission with 
a photomultiplier and a digitizing oscilloscope. Figure 2 shows two traces obtained with the 
spectrometer centered on the 480 nm Cd emission line. One may easily convert this temporal 
trace into a curve of velocity probabilities since the time origin is well defined. (See the top 
trace in Fig.2.) The resulting velocity probability distribution is plotted in Fig.3.  Here the solid 
curve has the functional form3 

f(v) .:.. (8/3?r)(m/2kT)512 v4 exp(-mv2/2kT). 

[The v4 prefactor arises from a uniformly spatially diverging expansion (1/?) and from the 
conversion from temporal to velocity probabilities.] Although there is some discrepancy in the 
low velocities, the overall fit is quite good for a plume translational temperature of 75 ,000 K 
(in the direction perpendicular to the target) . This corresponds to typical kinetic temperatures 
of 5-10 eV in the plume. These conditions are quite different from the temperatures of < 1000 
K which obtain in the case of closed space vapor transport or other near equilibrium evaporative 
techniques. Spray pyrolysis, electrodeposition, MOCVD utilize temperatures of typically 400 
°C or below. On the other hand, sputtering will typically generate kinetic energies of ·- 100 e V 
or more. Thus LDPVD opens an interesting regime for thin-film growth. 

Figure 4 summarizes some of the parameters important for the laser deposition process. The 
quantity of evaporated or ablated material begins from nearly zero at 0.5 J/cm2 and rises 
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approximately linearly with laser power until - 3  J/cm
2 

beyond which the material loss 
saturates. The light intensity monitored at 480 nm rises rapidly with laser power above - 2 
J/cm

2
, and the neutral atom (Cd) kinetic energy similarly is only measured above 2 J/cm2, 

where the emitted light is strong, but then rises with increasing pulse energy. From these data 
the pulse energy for most efficient target utilization is approximately 3 J/cm

2
• Above 3 J/cm2 

additional laser energy simply appears as additional kinetic energy. 

RF Sputtering of CdTe 

DC and RF sputtering are widely used techniques for the deposition of thin films of insulators, 
semiconductors, and metals. The physical mechanisms of rf magnetron sputtering of solid 
targets have some similarity to those of LDPVD except that energetic argon ions, typically, are 
responsible for the target interactions which generate Cd and Te ions and atoms. The sputtered 
plume is not as tightly directed normal to the target surface as for LDPVD and the typical 
kinetic energies expected to be - lo2 eV. Again it is a vacuum-based technique. Near the end 
of the first year we have implemented an rf sputtering system and produced thin films of CdTe 
on Corning 7059 glass and have incorporated these films in complete solar cell structures. The 
investigation and optimization of the sputtering process is still in its early stages at the end of 
the first contract year. 

Studies of Film Properties 

As of the end of the first contract year we have found that best cell performance is obtained only 
after a treatment with CdC12 followed by annealing at - 400 °C. However, we experienced 
some difficulty in reproducibly applying a thin film of CdC12 using standard methanol solutions 
and consequently developed a method for applying the CdC12 with laser deposition. Thus we 
have used LDPVD from a pressed target of anhydrous powdered CdC12 to apply the film in the 
same vacuum chamber used for the CdS, CdTe and ZnTe film growth. This has proved to l;>e 
convenient, reproducible, and advantageous for avoiding water contamination. 

Pulsed laser deposition is generally believed to provide a flux of species to the growth surface 
which closely resembles the target in stoichiometry. This probably accounts for some of its 
success in the deposition of multicomponent films such as the high temperature superconductors. 
Of course film stoichiometry also depends on the sticking coefficients of the impinging species. 
We have examined this behavior in two series of measurements. First, the average sticking 
coefficient for a plume of Cd and Te was obtained by measuring both the target mass loss and 
substrate mass increase after a deposition. The sticking coefficients are plotted in Fig. 5 as a 
function of the substrate temperature. A second set of measurements examined the film 
stoichiometry of a series of ternary alloys CdxZn1_xTe. This introduces one constituent which 
is much lighter in mass than the other two and no constraint on the cation ratio in the film. As
grown films were examined with an electron probe for microanalysis (EPMA) by Alice Mason 
of NREL. The results showed that the films grown at room temperature showed a considerable 
excess · of elemental tellurium, however, the · films grown at 300 °C displayed uniform 
stoichiometry across the entire film within the errors of the microprobe measurement (2-5 %, 
depending on film thiclmess) but with a 5 - 35 % systematic enrichment of the lighter element 
Zn over Cd. 
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The use of pressed powder targets facilitates the preparation of target materials such as the 
ternary alloys described above but also permits the introduction of dopant materials. Thus we 
have been able to study the effect of doping of ZnTe with Cu over a wide range of dopant 
concentrations in the target. Cu-doped ZnTe films have been prepared by LDPVD on alkali-free 
glass (Corning 7059). Measurements of d.c. electrical conductivity were made at room 
temperature using a strip line geometry. The data.show little sensitivity to copper concentration 
until about 0.3 % atomic fraction. Then the resistivity drops by about five orders of magnitude 
with an increase of a factor of three in Cu concentration in the target. This behavior is still 
under investigation. 

The surface texture of as-grown and of CdC12-treated and annealed CdTe films is presented in 
Fig. 6. Both fllms were etched for a few seconds in Br-methanol prior to coating with carbon 
for the SEM. Note that the as-grown LDPVD film on glass is quite smooth on a 1 JLm scale but 
shows some roughness on a scale of 0. 1 JLm. After annealing at 400 °C for 30 minutes in air, 
the fllms develop well defined grains with sizes of - 1  JLm. 

· The I-V characteristic of a recently prepared solar cell is shown in Fig. 7. The cell structure 
was soda-lime glass/Sn02/CdS/CdTe/Cu/Au. The CdS and CdTe had thicknesses of - 0. 3  JLffi 
and 1 .0 JLm respectively, grown by LDPVD. A - 0.2 JLm thick layer of LDPVD CdC12 covered 
the CdTe. The structure was then annealing at 400 °C for 30 minutes prior to evaporation of 
Cui Au contacts. 

Summary 

First-order optimization of pulsed laser growth of CdS, CdTe, and ZnTe has been achieved as 
well as a basic understanding of most of the physical properties of the laser-generated plume. 
Initial CdTe depositions have been made with rf sputtering. Complete cell structures have been 
fabricated with an all LDPVD CdS/CdTe cell tested at 8.7% . During the second contract year 
will concentrate on second order optimization of the LDPVD and sputter deposition processes 
with considerable efforts on evaluations of materials quality. 
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Fig. 1: Spectrum of optical emission from an excimer
laser-irradiated CdS target. The three peaks at A= 

4680, 4800, and 5080 A have been identified as arising 
from transitions in neutral cadmium. 
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Fig. 3: Distribution of the vertical components of the 
velocities of neutral cadmium atomr. Solid curve is 

fit as described in the text. 
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Fig. 6: SEM micrographs ofWPVD C4Tefilms grown on Corning 7059 glass showing the effeCts ofthe CdQ2 layer 
and annealing. Left: 0.3 pm as-grown film; right: 0.6 pm annealed film. 
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Fig. 5: Average sticking coefficient for WPVD 
plume from a CdS target, as afunction of sub
strate temperature. 
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Fig. 7: .1-V curve as measured by NREL. Voc = 

0. 7858 V, Jsc = 1 7. 88 mA.Icm2, P ma:c = 0. 628 mW. 
Fill factor = 61.64 %, efficiency = 8. 7%. 
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4.0 CRYSTALLINE Sn.ICON MATERIALS RESEARCH 

John Benner (Manager), Bhushan Sopori 

Although crystalline silicon technologies for material growth and device processing are 
considered to be mature for a variety of applications, there remain a host of issues about which 
the current understanding is only marginal. These issues pertain to the role of defects and 
impurities in altering the properties of silicon and silicon solar cells. It is generally recognized 
that the presence of impurities/defects in the substrate can degrade the cell performance; however, 
recent data show that in the presence of crystal defects, the influence of impurities on the cell 
performance is somewhat mitigated. It is also known that some defects can be passivated by the· 

presence of hydrogen or oxygen, although a detailed knowledge of these effects is certainly 
lacking. Clearly, these issues are critical to photovoltaic technology based on use of low-cost 
substrates which contain high concentrations of impurities and/or defects. The current research 
program was developed in collaboration with industry representatives to ensure that the industry 
research needs pertaining to basic material issues are adequately addressed. In this coordinated 
research effort between industry, universities, and NREL, the NREL role is primarily to support 
the area of test-device fabrication/analysis in order to relate material characteristics directly to 
solar cell performance. 

This research program is designed to develop an understanding of basic mechanisms related to 
influence of impurities and defects on the important photovoltaic parameters in silicon. In 
parti�u1ar, emphasis is toward development of post-growth processes that can be applied to low
cost substrates, preferably as a part of the solar .. cell fabrication process, in order to improve 
subcontracts that are supported by NREL in-house research participation. Major areas of research 
are: (1) mechanisms of hydrogen and oxygen interaction in low-cost silicon; (2) mechanisms 
of hydrogen passivation and kinetics of hydrogen diffusion; (3) effects of hydrogen on solar cells 
containing different types of crystal defects; (4) development of techniques for impurity 
characterization in silicon containing crystal defects; and (5) nondestructive testing of the 
photovoltaic parameters of commercial material. In the coming year, an effort will be made to 
develop some low-cost cell processing techniques (that incorporate the knowledge obtained from 
this research) to fabricate high-efficieJ?-CY cells on commercial solar cell silicon. · 
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Title: Basic Studies of Point Defects and Their Influence on 
Solar Cell Related Electronic Properties of Crystalline Silicon 

Or�anization: School of Engineering, Duke University, Durham, North Carolina 

Contributors: U. M. Goesele, principal investigator, W. I. Taylor, and W.-S. Yang 

Introduction 

The objective of this work is  to increase the understanding of the role of point defects during 
precipitation processes in solar-grade polycrystalline silicon, and to determine how these point 
defects affect electrical properties. The thermal history involved in processing of solar cells can 
induce precipitation of both carbon and oxygen, and these preCipitates are suspected to affect the 
minority carrier diffusion length.[l]  (Unsatisfied atomic bonds at the interface between the 
precipitate and the silicon matrix can act as traps or recombination cente.rs for the carriers.) Strains 
(volume differences) induced by the precipitate phase can be relieved by absotption/emission of 
point defects. Since evidence from surface oxide layers [2] indicates that strain influences the 
electrical behavior of the material, we assume that the strain surrounding a precipitate buried in a 
matrix can similarly influence the electrical behavior. and that by tailoring the precipitation 
processes to minimize strain, one can minimize the negative effects of these traps. This year we 
have been able to determine that the primary point defect involved in strain relief during 
precipitation is the self-interstitial, we have estimated the diffusivity and solubility of this species, 
we have generated a computer model for the precipitation process, and have shown a correlation 
between precipitation and electrical properties. 

Determination of the Primary Point Defect in Si02 Precipitation [3,4] 

As interstitial oxygen atoms leave their sites to precipitate as Si02, there is roughly a 100% 
increase in volume This volume increase (strain) must be relieved if precipitation is to continue, so 
we consider strain relief via absotption of vacancies or emission of self-interstitials. Since the rate 
of Si02 precipitate growth is dominated by diffusion of oxygen to the preciptate, the point defect 
species must have a flux into/out of the precipitate at least as large as 1/2 the oxygen in-flux. With 
the following analysis of the fluxes of the species it is possible to show that, at most temperatures, 
the vacancy flux is too low to support experimental data. This leads to the conclusion that 
vacancies are incapable of providing the necessary strain relief. However, self-interstitials can 
provide the necessary flux. 

The flux of a species into a spherical sink can be described by 

J = 41trDCeq (C(oo) _ C(r) ) ceq � , 

where I is the flux, r is the radius of the precipitate, D is the diffusivity, C(r) is the concentration at 
the edge of the precipitate, C(oo) is the concentration in the bulk, and ceq is the solubility. 
Oxygen can be denoted by the subscript Ox, vacancies by V, and self-interstitials by I. .  The 

temperature dependence � DvCvq, and DIC:q are known, Cox(oo) can be measured by FfiR, 
and Cy(oo) and CI(oo) can be assumed to be near thermal equilibrium. Furthermore, the 
relationships 

Cox(r) 
or for self-interstitials, <!� 
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hold, since preCipitation is not reaction-limited. Thus, for the vacancy example, a flux balance 

LDoxC� [Cox(oo) _ ( Cvq ) te x  ..fO"Osi<n}� = DvCi [Cv(oo) _ Cv(r)] . 
2 � Cv(r) 1 rkBT � Ci Ci 
can be solved. fe?Sulting in Cy(r) as a function of tempera�e. Since vacancies and oxygen interact 
at the precipitate surface, this Cy(r) affects the oxygen flux. The result is an oxygen flux 
significantly less than that observed t?Xperimentally. Experimental data closely matches a model in 
which point defect interaction is ignored. We make a ratio 

Q Ox Flux Including Pt. Def. Interaction Ox Flux Including Pt. Def. Interaction 
Ox Flux Ignoring Pt. Def. Interaction Ox · Flux Experimentally Observed 

which is plotted in Figure 1 .  For the case in which vacancies are the strain relief species, the Q 
ratio is much less than I over most temperatures, indicating that the vacancy model can not match 

, experimental data. However, for the case of self-interstitials as the strain relief species, the Q ratio 
is always near 1 ,  so the experimental data can be fitted with this model. From this we conclude 
that at most temperatures, self-interstitials are the dominant point defect for strain relief. 

D etermination of Self-Interstitial Diffusivity 

Since the self-interstitials play such an important role in precipitation processes, knowledge of their 
diffusivity (Dr) is vital. This will affect how quickly self-interstitial supersaturations can flow 
to/from the sinks/sources. Unfortunately, Dr is a poorly known quantity at temperatures of 900°C 
and below, where many cell manufacturing processes occur. Therefore we investigated Dr at these 
temperatures. 

We measured the diffusivity of self-interstitials by generating them at one side of a wafer and 
observing their arrival at the opposite side via enhanced diffusion of a marker species. The marker 
species is a boron implant ( 150keV, 5x1Q14 cm-2) on the front side of a lightly doped p-type 
silicon wafer, which was then damage-annealed for 30 minutes at 900°C and 3Q minutes at 800°C. 
High concentration (l02 1cm-3) phosphorus spin-on glass was diffused from the back side at 
soooc. The in-diffusing phosphorus creates silicon self-interstitials; which subsequently rapidly 
diffuse across the wafer and assist the boron profile to diffuse. Results showed that, for a sample 
of thickness 150J..Lm, after only 20 minutes, significant diffusion of the boron profile occurred. 
This allows a rough lower bound estimate for the diffusivity of the self-interstitials. From D=x2Jt 
we obtain Drsoooc > 2xl07cm2s- 1 . This estimate is plotted in Figure 2, along with previous 
estimates. Analysis of the other estimates will be contained in the final report. 

Last year's report [5] included a relationship between Dr and the capability of dislocation densities 
to keep self-interstitial concentrations near thermal equilibrium (they act as sinks). For high Dr, 
even relatively low dislocation densities are theoretically capable of this. Phosphorus diffusion 
experiments in dislocated polysilicon corroborate these predictions. 

Computer Model for Precipitation 

For precipitate modeling, we have generated a computer program which allows input of a given 
initial precipitate size and number distribution, then observe how these precipitates shrink and 
grow, based upon variables such as temperature, precipitate/matrix surface energy, and 
concentrations of the species. The program keeps track of all species, allows for generation of 
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new point defects, and continually adjusts · the critical radius. It is found that a critical factor 
determining precipitation behavior is the initial size distribution of the precipitate nuclei. This 
factor is a function of growth conditions, and is still not completely understood. 

Correlation of Electrical Properties to Precipitation 

Some of our recent experimental work concerns the correlation between precipitates and changes in 
electrical properties. We expect that, for silicon with high carbon concentration, the interaction of 
carbon in the precipitation process affects the strain of the system, and that this is reflected in the 
minority carrier diffusion length (LD). Using two wafers of similar oxygen concentration and 
widely different carbon concentrations (Low<lx1Q1 6  cm-3, High=3x1Ql7 cm-3), we performed 
heat treatments to precipitate out the oxygen. We then measured LD via surface photo-voltage to 
discern any differences between the samples. Figure 3 shows results of the study. It is obvious 
that the effect of precipitation on LD in the low carbon sample is much more drastic than in the high 
carbon sample. 

In wafers containing large amounts of carbon, the carbon typically precipitates out at a rate of 1/2 
that of oxygen. This, along with changes in the FTIR signature of the material, iQ.dicate that the 
carbon is co-precipitating with the oxygen in C-0 complexes. This behavior can be understood by 
noting that carbon is pmch smaller than silicon, so absorption of a substitutional carbon atom into 
an oxygen complex reduces the strain associated with precipitation. Combining this reasoning 
with the results of Figure 3, it seems that strain relief via carbon absorption is preferable to strain 
relief via self-interstitial emission. Thus, while it is known that oxygen precipitation has negative 
effects upon electrical properties of silicon, these negative effects may be reduced by providing 
carbon in concentrations high enough to allow C-0 co-precipitation. 

Summary 

We have concluded that for strain relief during precipitation of oxygen in silicon, the self
intertstitial is the predominant intrinsic point defect used. We have experimentally estimated the 
diffusivity of the silicon self-interstitial at 800°C (DI>2x1Q-7cm2s-1). Computer modeling of the 
precipitation process shows that a better understanding of the size distribution of nuclei prior to 
precipitation is necessary. Carbon, since it is smaller than silicon, .can also act as a strain relief 
species, forming C-0 complexes. Although oxygen precipitation decreases carrier lifetime, it 
appears that C-0 co-precipitation (which occurs in samples containing large amounts of carbon) 
has a smaller effect. upon the lifetime than 0 precipitating alone as SiD2. 
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Figure 1 :  Ratio Q of oxygen flux into precipitate if intrinsic point defects 
are accounted for, to the case in which point defects are ignored (plotted as a 
function of inverse absolute temperature). Values of Q significantly less 
than 1 indicate a model incapable of fitting experimental data. 
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Impurity and Defect Characterization in Silicon 

Organization: Georgia Institute of Technology, Atlanta, Georgia 30332 

Contributors: A. Rohatgi, W.A. Doolittle, J. Salami, and P. Sana 

Objective 

The objective of this program is to understand the role of impurities and defects in polycrystalline 
silic.on and provide silicon solar cells to NREL for optically processed metallization. 

Effect of Hydrogen Passivation of Crystal Defects 

The effects of hydrogen diffusion and the passivation of ·crystal defects and impurities were 
studied on single and polycrystalline silicon obtained from several different vendors. It was found 
that enhanced diffusion of hydrogen can occur in some of these materials, both in the bulk and 
along the grain boundaries, with an effective diffusivity of about and order of magnitude higher 
than previously reported values. Hydrogen incorporated for defect passivation can induce 
defects in silicon. We have studied these defects and their recombination characteristics, and 
propose that these defects pose the ultimate limit on the degree of improvement manifested by 
a cell. The observed behavior of hydrogen plays an important role for defect passivation in solar 
cells and can be explained on the basis of point defect interactions with hydrogen. 

FTIRjetching analysis revealed that optically active hydrogen in Si is confined to the narrow 
region of the surface damaged during ion implantation. Cross sectional transmission electron 
microscopy (XTEM) revealed that the surface region (damaged by ion implantation) had several 
types of defects, dislocations and hydrogen entrapment, stacking faults and platelets. The 
structure of these platelets was examined and determined (1 ) .  Hydrogen was found to segregate 
at dislocations for hydrogen concentrations greater than 1 016cm3• 

Effect of Illumination Level on the Performance of Polycrystalline Silicon Solar Cells 

A combination of grain boundary model (2) and solar cell modelling (3) is used to quantify the 
effect of illumination level on diffusion length and efficiency of polysilicon cells. It was found that 
diffusion length is not uniform under illumination for those polysilicon materials in which grain 

· boundaries dominate the recombination. The grain boundary barrier height decreases and 
diffusion length increases as we approach the illuminated surface (4) . The relative improvement 
in diffusion length and efficiency increases with the concentration level. The illumination level 
enhanced diffusion length boosts the normal increase in efficiency under concentrated sunlight. 
It is shown that in a large grain (1 mm) polysilicon, an increased illumination level of 50 suns can 
eliminate the undesirable effects of a grain boundary state density in the range of 1 011-1 012cm·2• 
The majority of the efficiency improvement due to enhanced diffusion length effect can be 
realized at -30 suns, Figure 1 .  

Model calculations were also performed for small grain thin film polysilicon cells. It was found 
that the efficiency of a 30 llm grain size polysilicon cells, with N15=5x1 011cm·2, can increase from 
3.9% at one sun to 1 1 .5% at 50 suns, Figure 1 .  Reducing the cell thickness to 40J.Lm from 
100J.Lm, without any light trapping, raises this length. The illumination level induced diffusion 
length enhancement effect is more pronounced in polysilicon materials with smaller grain size 
and higher N15, Figure 2. Hence, the illumination enhanced diffusion length in polysilicon can 
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reduce the efficiency gap between the cells made on: a) good and bad polysilicon; b) 
polysilicon with passivated and non-passivated grain boundaries; c) polysilicon with different 
grain size, and d) polysilicon and single crystal silicon. 

Fabrication of Polycrystalline Silicon Solar Cells 

Several solar cell runs were made on different materials with Phosphorus diffusion on the front 
and AI diffusion on the back after process optimization of each step. The cell configuration for 
the latest process sequence is shown in Figure 3. The corresponding proces-s sequence 
summarized below: 

1 )  Wafer Clean 
2) Phos. -Diffusion 
3) Etch Back 
4) AI Evaporation on the back side 
5) AI Diffusion and Oxidation 
6) Lift-Off 
7) Annealing 
8) Ag Plating 
9) Mesa Etch 
1 0) AR Coating 

Table 1 shows the data for the polycrystalline cells fabricated on Osaka Titanium poly, Solarex 
poly, and Wacker cast poly. 

Notice that cell efficiencies of the order of 1 5% were achieved with best results on Osaka 
Titanium. Figure 4 shows the 1-V curve taken at NREL for a 14.9% efficient cell fabricated on 
Osaka Titanium. 

Some single crystal cells were also fabricated for NREL for optically processed metallization. 
Half of the wafer had conventional Ti-Pd-Ag metallization while the other half was kept bare for 
aluminum metallization by optical processing, Table 2. We are able to fabricate 1 8.3% efficient 
cells on FZ silicon. 
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Table I One Sun Polycrystalline Cells 

Ceii iD p(C.cm) Jsc voc FF EFF 

OSAKA 

GT060512* 1.05 33.9 0.616 0.739 15.4 

GT060511 1.05 33.8 0.614 0.691 14.4 

SOLAR EX 
GT060531** 1 .00 32.1  0.602 0.752 14.5 

GT060523 1.00 32.1 0.599 0.739 14.2 

WACKER 

GT060524*** 1 .23 30.6 0.598 0.764 14.0 

GT060532 1 .23 30.3 0.593 0.766 13.8 

'Table II One sun FZ solar cell parameters tested at NREL 

Ceii iD Jsc voc FF EFF% 

OP-1-1 37.01 0.650 0.763 1 8.3 

OP-1-2 36.56 0.649 0.764 18.1 

OP-1-3 36.13 0.645 0.752 17.5 
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The Effectiveness and Stability of Impurity/Defect Interactions and 
Their Impact on Minority Carrier Lifetime 

Organization: Materials Science and Engineering Department, North Carolina 
State University, Raleigh, North Carolina. 

Contributors: G.A. Rozgonyi, Program manager; F. Shimura, principal 
investigator, A. Buczkowski, research associate; T.Q. Zhou, 
graduate student. 

· 

The project is directed towards understanding the chemical and electrical behavior of 
structural defects and impurities in photovoltaic materials. These impurity/defect complexes 
usually act as recombination centers, thereby reducing the minority carrier lifetime which generally 
degrades device efficiency. A central question under investigation is whether extended defects are 
necessarily lifetime killers or whether they may in some circumstances be electrically inactive. For 
example, it is known that structural defects getter impurities and that these impUrities are generally 
effective recombination centers because they introduce deep level electron states within the the Si 
band gap. For this reason it is reasonable to believe that in many practical situations the electrical 
activity of extended, structural defects are the result of process induced gettering of impurities at 
structural defects and are not entirely intrinsic characteristics of the structural defects themselves. 
To evaluate this hypothesis we have sought to study the electrical activity of clean (as-grown) and 
impurity decorated structural defects. The gettering of impurities and subsequent effects on 
electrical activity has been observed using scanning electron microscopy in the electron beam 
induced current mode,SEM/EBIC, transmission electron microscopy, TEM, and other analytical 
techniques. The minority carrier lifetime dependence on process induced decoration of structural 
defects has been studied using the LIFETECH-88, laser-microwave system which is a particularly 
attractive technique because it is a high-throughput, non-destructive device capable of mapping the 
minority carrier lifetime over entire wafers. Two major advancements in this technology have been 
achieved recently at NCSU and used extensively in this study. They are the development of an 
effective algorithm for the separation of the surface and bulk components of the minority carrier 
lifetime parameter 3 and the subsequent ability to resolve the bulk lifetime dependence on 
temperature and hence extract the activation energy of impurity states within the Si band gap. The 
resulting laser-microwave-deep-level-transient-spectroscopy, LMDLTS, is a method of particular 
importance for testing our central hypothesis that the primary electrical activity of structural defects 
is largely the result of impurity decoration. 

Although it is possible to study extended defects in a number of settings, we have focused 
our primary efforts on the study of 60 degree interfacial misfit dislocations which form in a 
relatively controllable fashion when a Si(Ge) alloy layer is grown between a high purity Si 
capping and buffer layers in heteroepitaxial systems. Specifically for the results herein the capping 
and buffer layers are nominally 3 J..I.II1 thick and the Si(2%Ge) alloy layer has a thickness of 21J.m. 
To study the gettering and electrical properties of dislocations the following experiment was 
conducted. Au, Ni and Cu impurities were intentionally introduced in a heteroepitaxial system 
containing misfit dislocations from a backside deposited metal film followed by rapid thermal 
annealing (RTA). Transmission Electron Microscopy (TEM) results indicate that the impurities 
were gettered along the misfit dislocations in near-surface regions either as Au precipitate colonies, 
or as NiSi2 and CuSi silicide precipitates2 SEM/EBIC studies revealed that these precipitates · 
dominate the recombination properties of the initially inactive misfit dislocations. We conclude that 
the impurity decoration dominated the electrical activity because SEM/EBIC imaging of the as
grown misfit dislocations revealed no discernable localized contrast Fig. [la] indicating that the 
undecorated dislocations were not appreciably more effective recombination centers than the high 
purity epi material which surrounded them. However, surface traces of the misfit dislocations 
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were visible on the top surface of the same sample using a Nomarski optical microscope, as shown 
in Fig. 1b, . The dislocations were then decorated with Ni, Au and Cu by diffusion from a back 
side evaporated layer via rapid thermal annealing for 30 seconds. The temperature range from 
400°C to l200°C was examined in order to achieve different levels of defect decoration. Significant 
differences in electrical activity of decorated dislocations were observed as a function of the metal 
and the temperature of annealing. An EBIC image obtained for a Ni sample contaminated at 1000°C 
is shown in Fig. 1c  and reveals that: 1) EBIC contrast occurs as dark isolated spots , and 2) 
dislocation lines are not visible between the spots. Fig. 1d shows a striking TEM image of such a 
precipitate at a misfit dislocation. The dark EBIC contrast of the Ni contaminated samples and 
accompanying TEM images indicate that localized recombination centers are now present along the 
misfit dislocations. 

The gold decorated dislocations gave a detectable continuous EBIC contrast after annealing 
at or above 800°C, whereas no contrast was evident at 600°C An example of dislocations 
decorated at 1000°C is given in Fig. 1e. At such higher diffusion temperatures the dislocations 
appear as continuous dark lines indicating that they are active recombination centers along their 
total length. Fig 1f shows the accompanying TEM image of more or less joined precipitate colonies 
at the misfit dislocations which are thought to be the source of the SEMIEBIC contrasts. 

Comparing the electrical activities of decorated and "clean" misfit dislocations, the as
grown misfit dislocations show no EBIC recombination activity due to their intrinsic _structure. One 
possible explanation is that if the energy level of misfit dislocation is relatively shallower, the 
recombination activity. will not be as efficient as that of the energy level present at the middle of the 
band · gap. Our EBIC study on contaminated samples indicates that the misfit dislocations are 
electrically activated by gettered impurities and the precipitation is responsible for the strong 
recombination activity. The EBIC images of decorated MD's with different impurities depend on 
the distribution of the precipitate at MD interfaces. Therefore, the mechanism of recombination 
activity related to these precipitates must take into account the following factors: 1) existence of a 
space-charge region (electrical field) around the precipitates which could increase the effective 
capture cross section of minority carriers, thus increasing the local recombination activity; 2) deep 
levels due to the precipitation related defects such as point defects or their aggregates, and 
secondary dislocation generation as occurs with NiSi2. The most likely mechanism is probably a 
combination of both factors. The space-charge region increases the captured flux of carriers, and 
the precipitation related defects introduce deep levels. These are two important parameters affecting 
the recombination activity and ultimately the EBIC contrast. 

As mentioned above, we are also developing a laser I microwave lifetime measurement 
method using the LIFETECH-88® system. This is a potent method of mapping the minority 
carrier lifetime parameter over entire wafers in a contactless, high throughput, nondestructive 
manner in which excess electron-hole-pairs , ehp's, are generated by laser illumination and their 
subsequent decay is studied by recording the microwave reflectance of the probed wafer as carrier 
concentrations return to equilibrium. An inherent trait of pulsed laser excitation is that an incident 
laser pulse creates a distribution of excess electron-hole-pairs, ehp 's, which is initially greatest at 
the illuminated surface and declines exponentially with increasing material depth. Additionally, 
this depth dependence is a function of laser wave length. Because the surface recombination rate is 
generally much higher than the bulk rate the distribution of excess ehp 's  approaches 
asymptotically with time a condition in which the bulk concentration is greater than the surface 
concentration as if the excess ehp' s had been generated uniformly initially instead of in the manner 
described above. In this latter condition the log microwave reflectance decreases linearly yielding 
the time constant of the exponential decay of excess carriers within the material being probed. This 

time constant 'teff depends both on surface and bulk components according to the relation: 
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The initial deviation from a pure exponential decay due to the laser excitation function and the 
dependence of this effect on laser wave length has been exploited to yield a mathematical algorithm 
for extracting the surface recombination rate from the microwave reflectance data for excitation by 
two separate laser pulses of unequal wave lengths, subsequently the bulk recombination rate can be 
extracted using eq.[1].  See ref. [3] for the mathematical details of this analysis. In passing it is 
worth mentioning that we are currently developing a related technique for deriving the same 
information using only a single laser. An important example of how the method can be useful is 
seen in the following experiment. 

Clean and decorated interfacial misfit dislocation were created by preparing three wafers 
identical to those described above except that a 1% rather than a 2% Si(Ge) alloy layer was used in 
creating misfit dislocations. Two wafers were implanted from the back s�de with Au and Ni, with 
dose Cs = 1012Jcm2 at energy E = 100keV. A third reference wafer was not implanted. Following 
implantation a cross-grid network of misfit dislocations over the entire wafer was observed 
nondestructively with large-area XRT topography. Following the implantation process, a cross
grid network of inisfit dislocations over the entire wafer was observed nondestructively with · 
large-area XRT topography. A map of the corresponding recombination life�ime was also 
measured. Then, the wafers were cut into four quarters. Three quarters were annealed with RTA at 
temperature 400°C, 800°C and 1000°C for 30 seconds, respectively. A fourth reference quarter was 
not annealed. Because the total wafer thickness is dramatically thicker than the heteroepitaxial layer 
containing the misfit dislocations, we interpret the minority carrier :recombination lifetime due to 
misfit dislocations as "surface" recombination and that due to bulk defects as "bulk" 
recombination. 

Notice in Fig. 3a that the electrical activity of near surface misfit dislocations and in the 
bulk were strongly affected by RTA even if there was no metal implanted. The presence of Au and 
Ni contaminants additionally modify the MD recombination properties where the influence of 
annealing temperature (metal decoration level) on the bulk and surface component of lifetime is 
shown, respectively. For metal implanted samples, the bulk lifetime initially slightly increases 
with temperature within low RTA temperature range (up to 400°C), most likely due to gettering 
properties of the dislocations. It then decreases within a middle temperature range, when implanted 
contaminants start to diffuse into semiconductor bulk. At the end, lifetime increases again after 
impurities are collected at the MD but this increase is not higher than the initial lifetime value. For 
the reference wafer, lifetime after initial increase decreases monotonically with RTA temperature 
and reaches the same value as for metal doped samples. It is most likely that lifetime in the' bulk of 
the samples annealed at 1000°C is controlled not by metal contaminants but by defects introduced 
by the RTA process. The surface lifetime which is indicative of the electrical activity of the misfit 
dislocations decreases slowly with the RTA temperature up to 800°C. This is associated with a 
surface recombination velocity increase at the decorated dislocations. However, above 800°C the 
dislocation activity abruptly decreases again (surface lifetime increases). We believe that this effect 
is related to the creation of an electric field at the MD which repels minority carriers from the 
dislocation plane. Notice that, in order to explain this electrical behavior, the formation of n-n+ 
(but not a p-n) junction around the dislocation has to be introduced. This is because the electric 
field associated with a p-n junction attracts minority carriers and increases the observed surface 
recombination velocity at the junction plane, while a low-high concentration junction repels 
minority carriers and decreases the "effective" surface recombination. 

· 

Additionally, we have developed the capability of determining the activation energy of deep 
impurity levels in a LM-DLTS system using the LIFETECH-88® system [Ref. 5]. This is done by 
measuring the lifetime dependence on ambient temperature and evaluating the data mathematically. 
Fig 3a shows the Shockley-Read-Hall theoretical lifetime calculations for defect states of differing 
activation energy assuming a trap density of 1013. An example of this technique is shown on the 
following experiment" to evaluate the activation energies of defect related states performed on 
wafers with known concentrations of Carbon and Oxygen impurities. Silicon samples used for this 
study were prepared from six CZ silicon ingots (n<100>, 150 mm-diam, 20-30 ohm-em) with 
different oxygen and carbon concentrations. The concentrations of interstitial oxygen ([Oi]) and 
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substitutional carbon ([Cs]) were measured with Ff-IR according to the ASTM procedures. The 
initial oxygen concentration ([Oi]0) was controlled to be in three levels, i.e., L(low), M(middle), 
and H(high), ranging 13.3-16.4x1Q17 cm-3, while the initial carbon concentration ([Cs]0) was in 
two levels, i.e., L(low: < 1x1o15 cm-3) and H(high: -1x1Q1 6  cm-3), without and with doping 
carbon powders into the silicon melt, respectively. The results. of this analysis are indicated in Fig. 
3b: . 
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FIG. 1 a SEM!EBIC image of an as-grown heteroepitaxial structure showing no contrast from 
hurried· interfacial misfit dislocations, b Nomarski optical micrograph of the same area. c 
SEM/EBIC image of Ni and d Au decorated misfit dislocations. (RTA at 1000°C for 30 seconds) 
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5.0 HIGH-EFFICIENCY CONCEPTS 

John Benner, (Manager) 

The objective of the High Efficiency Concepts Task is to evaluate and . develop advanced 
photovoltaic technologies capable of energy conversion efficiencies in excess of 20% for flat
plate configurations and 30% in concentrator systems. These goals are discussed in · the 
Photovoltaics Program Plan FY 1991-FY 1995 as technology targets for the late 1990s. Even 
on this longer term horizon, it is difficult to envision a technology capable of achieving such high 
efficiencies without incorporating the demonstrated performance of crystalline III-V 
semiconductors. Thus, the High Efficiency Concepts task has become synonymous with III-V 
compound semiconductor research. 

NREL's program of research in High-Efficiency Concepts has approached the terrestrial 
photovoltaic goals from the directio:t:t of first demonstrating the feasibility of exceeding the 
efficiency targets to assure that production engineering trade-offs between performance and cost 
can be accommodated. Recent advancements by the complUnity researching high efficiency 
technologies provide a high level of confidence that the efficiency goals can readily be met. 

The achievement of 25% efficiency in commercial concentrator modules will likely require 
production cells having more than 29% efficiency. The system cost target for that efficiency 
corresponds to cell costs less than $10/cm2• At least three organizations have demonstrated a 
single-junction GaAs cell at approximately this efficiency level. Recent successes in multiple
junction technologies show encouraging progress toward fulfilling the theoretical promise of 
providing commercial cells with more than 35% efficiency. However, a fivefold reduction in 
processing costs would be needed to meet the cell cost target for concentrator cells. Much of 
this reduction can be achieved through use of larger wafers and higher through-put deposition 
systems. Research supported by this program benefits future development efforts by 
strengthening the understanding of basic mechanisms that affect uniformity of doping, 
composition, and thickness over large area wafers, from wafer-to-wafer and from run-to-run. 
Efficient utilization of source materials and evaluation of potentially superior sources (cost, 
purity, control, safety, and other factors) are also important topics for research. Continued 
improvement in cell efficiency is also a critical factor in reaching cost-effectiveness for the 
technology. 

Flat-plate technologies have several advantages relative to concentrator technologies because the 
ability to utilize both the direct and diffuse components of the solar energy resource increases 
the geographical range of operation, simplifies system design and operation, and opens a variety 
of market opportunities for small installations. High-efficiency modules can be achieved either 
through development of multiple junction and/or development of processes for low-cost 
deposition of single-crystal thin films. Two technologies have already reached performance 
levels consistent with the efficiency goals. One approach, which produces thin-crystalline-films 
separated from a reusable substrate in a process called CLEFT, has reached efficiencies of 22.4%. 
Thin films of GaAs grown on silicon substrates are rapidly closfug in on the 20% efficiency 
target; their efficiency has improved from 1 1% to 19.9% in the last two years. 
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Objectives 

Title: A New Source of Hydrides for Epitaxial Growth 

. Or�anization: Boeing Defense & Space Group, Seattle, W A 

Contributors: B. J. Stanbery, program manager and principal investigator 

The primary objective of this research effort is to evaluate the viability of in situ generation of 
plasma-activated hydride reactants for semiconductor epitaxy through injection of the appropriate 
elemental species and hydrogen into an Electron Cyclotron Resonance (ECR) plasma source. This 

.provides a safer means of generating activated hydrides for low-temperature epitaxy than current 
approaches and an additional degree of freedom for the control of the reactant mixture. A secondary 
objective is to demonstrate the use of this source for th� low-temperature growth of single-crystal 
heteroepitaxial CuinSe2 and ZnSe. 

Approach 

To achieve these goals we will combine a novel plasma-activated selenium source with conven
tional evaporation sources for copper and indium or zinc to enable the development of Electron 
Cyclotron Resonance Plasma-Assisted Epitaxy (ECR-PAE) of CuinSe2 and ZnSe. The selenium 
source is significantly different than any others yet reported in the scientific literature of the field. 
It is designed to excite and dissociate the polyatomic elemental vapor exiting from the aperture of 
an effusion cell, and to combine that flux with a stream of gas at the resonance point. All otherECR 
sources reported in the literature, to our knowledge, utilize only gas sources. This ECR plasma 
"cracker" consists of a 2.45 GHz microwave cavity placed within a permanent magnet flux shunt 
assembly to create a magnetic mirror plasma confinement volume. Microwave power is coupled 
to the cavity via a high temperature coaxial microwave cable, and coupled within the cavity to the 
plasma by a special antenna designed to couple efficiently to the "R-wave" eigenmode of the 
coupled electromagnetic wave and plasma system. The reactants are isolated from the cavity by a 
sapphire tube in order to prevent unwanted deposition within the source, and insure that all of the 
escaping reactant flux is directed toward the substrate. The source design utilizes a TE111 cavity 
since that is the lowest resonant mode, and incorporates a gas injector near the resonance point. Thus 
this ECR source enables the in situ generation of hydride precursors for plasma-assisted epitaxial 
growth utilizing the safer elemental reactants instead of the hydrides (in this case selenium and 
hydrogen instead of hydrogen selenide). 

The ECR-P AE technique for the epitaxial growth of high quality semiconductor epilayers has several 
advantages when compared with the use of conventional RF plasmas for PAE. They include lower 
ion energies, higher ionization efficiency, and lower pressure operation. 

We will initiate the development of the ECR-PAE process for single crystal CuinSe2 heteroepitaxy 
on both ( 1 1 1)- and (100)-oriented ZnTe wafers as the starting point of further development. The 
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proposed technique, utilizing elemental copper, indium, and selenium from independently control
lable sources will enable us to investigate various nucleation options and their consequences during 
the course of this work. Furthermore, the unique ability of this source to introduce to the plasma 
both chemically active gasses such as hydrogen and inert gasses such as helium will be employed 
to seek insight into the roles of: physical processes such as intramolecular excitation, molecular 
dissociation, charge and momentum transfer, and uv irradiation; and chemical processes such as 
surface hydrogenation and hydride precursor formation. 

A second epitaxial growth system will be preparedforthe ECR-PAE ofZnSe andMBE growth of ZnTe 
onto hydrogen plasma-cleaned GaAs wafers. This will enable fabrication of the CuinSe2/ZnTe/ 
ZnSe/GaAs heteroepitaxial structure which we have proposed for the acheivement of a high
efficiency single-crystal CuinSe2-based photovoltaics suitable for incorporation into a cascade cell 
structure. 

Results and Discussion 

Our novel ECR plasma reactor has been built and coupled to the exit orifice of a conventional, 
commercially available MBE effusion cell. The source has been incorporated into a CuinSe2growth 
system with a helium gas injection manifold. Source characterization and system calibration 
experiments have begun. Recently we have undergone a major laboratory renovation to satisfy the 
Class H-6 occupancy requirements for the safe utilization of hydrogen and generation of hydrogen 
selenide effluent by both of the growth systems. During that period we have initiated the design of 
fixturing for the second epitaxial growth system and procurement of its key components. We have 
also procured relatively high quality (100)- and ( 1 1 1)-oriented single-crystal ZnTe wafers from 
boules grown by CVD. Though their dislocation densities are high (2-4x107/cm2 as measured by 
NREL), they are free of inclusions and other macroscopic defects, and should be adequate for process 
characterization. 

Summary and Conclusions 

We have constructed an epitaxial growth system for CuinSe2 incorporating a novel Electron 
Cyclotron Resonance (ECR) plasma source to activate mixtures of an injected gas and the selenium 
vapor flux of a conventional MBE effusion cell. We will utilize the system during the remainder of 
this contract phase to develop a unique, low-temperature Plasma-Assisted Epitaxy (ECR-PAE) 
technique for the growth of high-quality single-crystal semiconductor epilayers for photovoltaic 
applications. We are not yet able to reach any conclusions with respect to the viability of this 
approach to the in situ generation of hydride precursors for semiconductor epitaxy. 
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Title : Arsine and Hydride Radical Generation for KOCVD Growth 

Organization : 

Contributors : 

Ele ctrical Eng ine e ring Department , Colorado State 
University , Fort Collins , Colorado 

G .  J .  C o l l i ns , p r i nc i p a l  i nve s t igator ; B .  G .  
Pihlstrom , L .  R .  Thompson ,  T .  Sheng , D .  Shaw , and 
A .  S imone 

The obj ective of this program is to develop the capabil i ty �o gener ate in 
s �tu ars ine and hydride radicals from lower toxicity solid precursor sources 
of arsenic . These techniques are then app lied to the depos ition o f  ar s enic 
containing semiconductors . The emphasis is on the toxicity reduction of the 
starting material as well as the reduced deposition temperature due to  the 
r e a c t iv i ty o f  the hydr i d e  radicals . The s e  hydro genated sp e c i e s  are 
generated with microwave excited hydrogen p l asmas . To date , good qual i ty 
epitaxial GaAs films have been deposited and characterized,  however , the low 

V- III ratios utilized results in high c arbon conc entrations ( 1 0 18  to  low 

1020 /cm3 ) .  

Microwave Plasma Source 

The in - s itu gene ration o f  arsenic hydrides is accomplished by reacting an 
upstream microwave hydro gen p l asma with s o l id ars enic located s l i ghtly 
downstream of the microwave cavi ty . The arsenic gas ification region is 
intentionally air cooled and measurements of the external temperature shows 
no inc reas e  from room temp erature during plasma gas ification . The ars ine 
generator employs a 120 W/2 . 45 GHz microwave hydro gen p l asma coup l e d  to  a 
10 mm diame ter , 1 5  em long quartz tube via an Evanson microwave cavity [ l ]  
and is shown in Figure 1 .  The hydrogen flow rate through the cavity range s 
from 10 to 50 seem .  The arsenic hydrides radicals are generated via surface 
etching of solid arsenic that is placed approximately 3 em downstream of the 
hydr ogen p lasma . The vo latile hydri de s  are then transported either to a 
pressure controlled chamber wherein a capillary s amp l ing tub e  is  used for 
mas s  spec troscop ic diagnostic studies of arsenic hydride generation or to a 
low pres sure deposition reactor , thereby providing ars enic precur s o r s  for 
GaAs homoepitaxy . 

The mass spectrum of Figure 2 in the 7 3 - 8 3  AMU range i s  ob s erved us ing an 
Inficon Quadrex 200  mas s  spec trometer located 20 em downstream from the 
solid arsenic source . The spectrum s tab i l i z e s  a few s e c onds after p lasma 
i gnit ion and diminishes to z ero immediately after plasma cessation . This 
rapid on- o ff capability is advantageous for in- situ ars enic hydr ide gene r 
ation . The resulting mass spectrum are in good experimental agreement with 
the dashed vertical l ine s ignature p at tern for ars ine [ 2 ] . The diars ine 
parent p e ak at 1 5 4  AMU is no t de tected perhaps due to the capillary tube 
sampling apparatus may have decomposed this fragile specie [ 3 ] . The effe c t s  
o f  ars ine gene rator amb i ent pres sure and app l i e d  discharge power on the 
intens ity of the ars ine s ignal are shown in F i gure s 3 ( a )  and ( b ) , respe c 
t ive ly . The generat i on rate for the arsenic hydri de is  calibrated by 
measuring the total mass of the solid arseni c and the gene rator app aratus 
b o th b e fore and after a one hour deposition via a mass balance accurate to 
0 . 1  mg . The we ight difference corresponds to a delivery rate of 95  mgjhr 
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for the ope rating c ondi ti ons o f  7 5 0  mTorr p res sure , 40  Watts micr owave 
powe r , and 2 5  s e em o f  hyd� �gen flowing through the apparatus . This rate 
corresponds to generat ion of 0 . 5  s eem ( 2 1 micromo lesjminute ) o f  ar s eni c 
hydr ide . Th is  i s  us ed as a calibrated po int for the depos ition studies 
discussed herein and Figures 3 ( a) and (b ) are both normalized to this po int . 0.7
r-
-----------------..., 

e o.e () DISCHARGE POWER: -40 W8tt8 
H2 FLOW: 25 •ccm 

0.5 
e () • - 0.15 C) () ..! 0.-4 

w � a: 0.-4 
3: 0 0.3 ..:J 
u.. � 0.2 
en � 0.1 

w 
� 
a: 

0.3 
3: 0 it 0.2 
w z en o.1 � 

TOTAL PRESSURE: 0.75 Torr 
H FLqW: 25 Gem 

0 �----�-----�----�-��----� 0.5 1 t5 2 
TOTAL.PRESSURE (Torr) 

( a) . 

5 � � � M � � � � 
Discharge Power (Watts) 

(b ) . 

Figure 3 .  Ar s eni c hydr ide generation vs . ( a) microwave p o w e r  and 
(b)  amb ient H2 pressure . 

GaAs Fil.D. Growth Studies 

S ub s t r a t e  s amp les  are l oaded into the dep o s it ion reac tor wi thout any 
chemical degreas ing or polishing , but the samples are heated to 420 °C  in the 
reac tor for 10 minut es p r i o r  to growth in the pres ence of the generated 
arsenic hydr i de s . The r eac t o r  subs trate heater can rap i dly change the 
depo s i tion temperature at rates greate� than 100 ° C/min . This capability is 
ut i l iz ed to chan ge the dep o s i t i on temperatu r e  du r i n g  g r o w � �  f o r  the 
depo s i tion o f  layered s t ructures , thereby ma intaining identical reactor 
condit ions for f ilms grown at varying sub s trate temp e ratur e s . Dur i n g  
growth , i n  addi t i on to the 2 5  seem o f  hydrogen flowing through the arsenic 
hydride generator , other hydrogen flows into the reactor inc lude 200  s e em 
from the top o f  the reac tor and 50 s e em through the TMGa bubbler as the 
carrier gas . 

Ar senic hy dride generator parame ters for film deposition studies include 
40 Watts �icrowave plasma power and 25 seem hydrogen flow at a total reactor 
pres sure o f  7 5 0  mT orr . Thus the arsenic hydride mass flow rate into the 
reac to r  is f ixed at 0 . 5  s e em dur ing the film depos i t i o n  s tudi es � ! � e  
reac t o r  hydr ogen flow i s  200 seem . The TMGa flow rate i s  delivered to =he 
reactor wit� a controlled flow o f  hydro gen carr ier gas through a typ ical  
or ganome t a l l i c  bubbler . Bath temperature is  held at  - 9 . 5 ° C  and the total 
pressure over the organometallic mate rial is mainta ined at 4 5 0  Torr by a 
back pres sure r egulator . An additiona l carr ier gas that does not p ass 
through the bubbler is used such that the total hy dro gen flow through the 
TMG a introduc t i on tube is. approximate ly 50 seem .  The arsenic hydride is 
introduced though a 10 mm diame ter tuBe with 2 5  s e em carr i e r  gas that is  
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directed a t  the GaAs sub s trate . Thus the actual gas phase ratio over the 
growth surface may be slightly higher than the absolute precursor V/ I I I  for 
the GaAs homoep itaxy s tudies . 

S e c ondary i on mas s  spectroscopy ( S IMS ) dep th profil ing o f  the s amp l e  
unamb iguous ly delineates the film/substrate interface via an abrupt decrease 
in the carb on l eve l o f  the subs trate comp ared to the film . S IMS dep th 
p r o f i l e  s tudies  o f  laye red s tructures follow the the change in the carbon 
leve ls in f ilms dep o s i t e d  at  var ious subs trate temp e ratures . A s tylus 
p r o f i l ome t e r  is us e d  to measure the depth of the SIMS sputtered crater and 
the growth rate is calculated by dividing the film thicknes s  by the growth 
dura t i on o f  each l ayer . The depos ited f ilm thickne s s  var i e s  with the 
subs trate temperature as shown in the Arrhenius plot  o f  Figure 4 ( a ) . The 
growth rate ' ac tivat ion energy of 54 kcal/mole and 66 kcal/mole at a V/III 
ratio of 1/1 and 1/4 , resp e c t ively , is  in the range of the homo gene ous 
de comp o s i t ion of TMGa in the presence of a GaAs surface pre�rious.ly reported 
as 59 kcaljmole [ 4 ] . It is not certain if this activation ene rgy cont inue s 
to inc r e as e  at lower V-III ratios or _ if this is the rate limiting mechanism 
for the growth o f  G aAs . Th is h i gh ac tivation ene rgy is in contras t to 
va lue s o f  16 to 20 kcal/mole measured by others for the depos ition of GaAs 
employing ars ine and TMGa with V/III ratios of 9 . 3  to 3 6 . 9  [ 1 ] . I t  is no t 
clear if the activation energy for the deposition is a result of unsaturated 
arsenic hydri des which may be created in the microwave ars ine generator .o r 
i f  i t  i s  due to the low quant i ty of  arsenic hydr ides ava i l able  at the 
surface due to the extremely low V/III ratios employed. 

Figure 4 ( b )  displays the carbon concentration in the deposited GaAs films as 

determined by SIMS analysis (Cs + prim,ary ion beam) . Carbon c oncentrations 
are p l o t t e d  ve rsus 1/T for -the same two V/III ratios ( 1/1 and 1/4) as in 
Fig .  4 ( a) . The carbon axis is referenced with respect to the arsenic signal 

measured i n the GaAs films and is calibrated to a c12 implant standard in 
GaAs . 
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Figure 4 .  GaAs film growth rate (a)  and carbon content (b ) vs . 1/T . 
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Leve l s  o f  oxygen on the order of 1017 - 1018 cm- 3  are also detected in the 
films via SIMS . The oxygen probably results from hydrogen plasma etching of 
the quartz tube used in the arsine generator , s ince close inspection of the 
quartz tube after use reveals some damage where the plasma contacted it . 

Conclusions and Future Work 

An in- s itu arsenic hydride generator has b e en deve l op e d  and succe s s fully 
utilized to depos it good quality GaAs films . The arsenic hydride generator 
is advantageous because lower toxic i ty s o l i d  ar s enic precurs o rs are us e d  
ins tead o f  h i ghly toxic h i gh pres sure b o t t l e d  ars ine . In addition , the 
source has the advantage of instant shut down capability in the event o f  a 
s y s tem failure . Future wo rk on the ars ine hydr i de g enerator inc lude s 
investigation of methods to increase the amount of  ars ine hydride s produce d  
and de crease the amount o f  oxygen incorp orated into the depos ited films . 
The use of other Group III precursors such as triethylgallium (TEGa) will be 
i nve s t i g a t e d  to l ow e r  the carb on l evel in the depo s i ted GaAs f i lms . 
Finally , we plan on us ing the ars ine generator to  grow AlGaAs films and 
GaAs/AlGaAs heterostructures .  
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Title : 

Organization : 

Contributors : 

Obj ectives 

High-Efficiency Thin-Film Solar Cells 

Kopin Corporation 
Taunton, Massachusetts 

R . P .  Gale , principal investigator ; J . C . C .  Fan , 
J . V .  Gormley , R . W .  McClelland , B . D .  Dingle . 

The obj ectives o f  this  research pro gram are to inve sti gate thin- film 
GaAs/GainP cells us ing the CLEFT technique and to determine the process to 
enable overgrowth of GaAs films us ing organometallic chemis try . 

GainP Growth and Characterization 

The growth and characterization of the ternary compound GainP for thin- film 
c e l l s  was inve s t igate d .  Gr owth exp eriments were carried out us ing 
tertiarybutylphosphine ( TBP) as the group 5 source . GainP layers were grown 
latticed matched to GaAs . Us ing double - crys tal . X- ray diffraction , peak 
separations o f  less than 100 arc - sec  were reproduc ib ly achieved.  This 
corresponds to lattice mismatch (lla/a) of 0 .  0005 or less . The layers had 
g o o d  s u r f a c e  m o r p h o l o gy and e xh ib i t e d  s t r o ng r o o m - t e mp e r a tu r e  
photoluminescence . 

GainP Cell Performance 

Cells were fabricated and measured from GainP/GaAs structures . Efficiencies 
reached 14% on both GainP -window and GainP - emitter structures ,  being l imited 
by cell current . Quantum efficienc ies showed low response in the blue 
spectrum , indicating that the GalnP window was not completely effective in 
pass ivating the cell surface . Matching of the window lattice cons tant t'o 
GaAs was var i e d  intenti onally to produce both compress ive and tens ile 
windows , with no e ffects on cell performance ob serve d .  Work on the 
GainP/GaAs interface is ongoing . 

Organometallic Overgrowth 

A second ep i sys tem was prepared for DEGaCl installation and overgrowth 
expe r iments . G aAs growth us ing diethyl gall iumchlor ide chemis try . was 
demonstrated with good morphologies and growth rates up to 10 umjhr . Tests 
of growth on CLEFT masks showed little or no nucleation of polycrystalline 
material on the mask , indicating initial sui tab ility for the overgrowth 
process . Overgrowth was observed,  but at ratios marginally suited for CLEFT . 

The OM overgrowth screening experiment indicated that a higher HCl/Ga ratio 
was needed , but this could not be achieved us ing only the DEGaCl chemistry . 
An external HCl cylinder and l ine were therefore set up ; we could now inj ect 
a mix'ture of 1% HCl in hydrogen along with the DEGaCl and TMGa . HCl/Ga 
ratios as high as 5 could be achieved with this se tup , which produced 
overgrown films with satisfactory height - to - width ratios . Excellent surfaces 
w e r e  o b t a i n e d , and th e o v e r growth mask was m a i n t a i n e d  c l e a r o f  
polycrys talline nucleation . 
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Organization: 

Contributors: 

New lli-V Cell Design Approaches for Very High Efficiency 

School of Electrical Engineering, Purdue University 
West Lafayette, Indiana 47907-1285 

M. S.  Lundstrom and M. R. Melloch, principal investigators; G. B. Lush, G. J. 
O'Bradovich M. P. Patkar, and M. P. Young 

Objectives and Approach 

To realize cost-effective solar cells with efficiencies exceeding 35% is an impoJ1:ant objective of 
the national photovoltaics program. Cell efficiencies are progressing rapidly, but it seems 
unlikely that the present design approach will produce efficiencies very much above 30% under 
concentration. Multi-junction cells have already achieved efficiencies well �bove 30%, but sub
stantial cost reductions are still required. The objective of this project is to examine new design 
approaches for achieving very high conversion efficiencies. 

The project is divided into two thrusts with the first centering on exploring new thin-film 
approaches specifically designed for III-V semiconductors. The second research thrust centers 
on exploring design approaches for achieving high conversion efficiencies without requiring 
extremely high-quality material. Basic studies research previously conducted by our group has 
given us a deep understanding of the loss mechanisms that dominate in present-day cells, and it 
serves as the foundation for the device design research being proposed. The unconventional 
design approaches we are exploring also require new basic research on radiative recombination, 
photon recycling, and AlGaAs loss mechanisms. The research program is, therefore, balanced to 
increase our basic understanding of III-V cell device physics and to explore the potential of 
unconventional cell designs. 

The project's first thrust is directed at enhancing the already high efficiency of GaAs cells by 
exploring new, thin-film approaches designed to trap incident light and to take advantage of so
called photon recycling effects. It has long been realized that radiative recombination is not 
necessarily a loss mechanism; if the cell is thick enough and if the emitted photons are confined 
within the cell. By adopting a thin-film cell approach, designed to optically confine the photons 
emitted by radiative recombination within the cell, lifetimes could be enhanced by an order of 
magnitude - or even more. Thin-film cells might also benefit from conventional, incident light 
trapping, which is used with great success for silicon cells. The potential for sizable efficiency 
gains along with the cell cost advantages make the thin-film approach a promising one that 
should be broadly applicable to III-V single- and multiple-junction cells. 

The second research thrust centers on developing cell designs to maxuruze conversion 
efficiencies without requiring extremely high material quality. Success in this phase of the 
research would benefit multiple-j •mction cells for which the selection of a compon�nt cell often 
involves a compromise between ,)ptimum bandgap and optimum material quality. It could also 
be a benefit in a manufacturing eavironment by making the cell's efficiency less dependent on 
material quality. Our in-house MBE facility with proven capability for producing high-quality 
GaAs and AlGaAs films will be used to investigate various cell design options. A sound under
standing of recombination losses in AlGaAs cells is a prerequisite for selecting an appropriate 
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design, so basic work to quantify losses in AlGaAs cells is an important part of the research pro
gram. 

Research Results 

During the past year, we initiated a comprehensive study of minority hole recombination in n
type GaAs grown ·by metalorganic chemical vapor deposition (MOCVD). The objective is to 
understand the role of radiative, Shockley-Read-Hall, and Auger recombination in solar cells. 
Another objective is to develop a quantitative understanding of photon recycling. Thirty double 
heterostructure (DH) films with various active layer thicknesses and six different doping densi
ties were grown by Dr. Hugh MacMillan at Varian and examined by photoluminescence (PL) 
decay measurements in Dr. Richard Ahrenkiel's  laboratory at NREL. The results have provided 
a wealth of much needed but previously unavailable data for solar cell design (see publications 
1 -4). 

From the measured PL decay, we extract a decay constant, 't])H, and construct a plot of 1l'toH 
vs. 2l w, where w is the thickness of the active layer. Conventional theory, 

1 1 2S 
- = -- + - , (1) 
'toH 'tbulk w 

states that the plot should be linear with the intercept being the bulk lifetime and the slope being 
the interface recombination velocity. Typical measured results are displayed in Fig. 1 and show 
that the characteristics are distinctly nonlinear. These types of characteristics were observed for 
all samples and suggest that the bulk lifetime varies with w. We find that the nonlinear 1/ 'toH 
vs. 21 w characteristics are well-described by photon recycling theory. 

Figure 2 displays the measured decay constants for each of the films. At each doping density, 
the thinnest film displays the shortest decay constant, and the decay constant increases monoton
ically with DH thickness. All measured lifetimes are well above the radiative estimate evaluated 
assuming B = 2 x 10-10 cm3 I s. For n-GaAs doped above 1018 cm-3 we found evidence for SRH 
recombination, but the lifetimes still exceeded the radiative estimate. These films will also pro
vide the samples for much of the basic studies on photon recycling planned for the next two 
years. 

Because our cell design research will make use of films grown by molecular beam epitaxy 
(MBE) in our laboratory, we compared the lifetimes of n-type MBE films to n-type MOCVD 
films. We examined the decay of three MBE films doped at 1017 cm-3 and three doped at 
1018 cm-3 . The PL lifetimes were found to be quite long, though not as long as those grown by 
MOCVD at Varian. In comparison to the MOCVD films, the MBE films show stronger evidence 
of Shockley-Read-Hall (SRH) recombination. At a given film thickness, we find the MBE life
times to be roughly 75% of those for Varian's  MOCVD films. For the lighter doped films the 
SRH recombination appears to be due to bulk traps and for the more heavily doped films, to 
interface traps. Nevertheless, the decay constants for the MBE samples were above the radiative 
limit (again, assuming B = 2 x 10- 10 cm3 I s) which suggests the presence of photon recycling. It 
appears that although the lifetimes in the MBE films are not quite as long as those in very high 
quality MOCVD material, they are sufficient for our studies at this point. As the research 
progresses, however, we shall have to continually work to suppress SRH recombination in the 
MBE films . 

. Given the project' s  emphasis on exploring new cell designs,  it is important to have an in-house 
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capability for fabricating high-efficiency cells. During the past year, we also spent time imple
menting a baseline cell fabrication process in our laboratory. For cell metalization, we turned on 
a new electron beam evaporation system, and for anti-reflection coatings, a new evaporator was 
designed and constructed. Using p/n MOVCD films supplied by Varian, we constructed and 
tested solar cells. From the measured internal quantum efficiency and dark current, we projected 
an efficiency of 22% under 1 sun AM1.5. The cells had no antireflection coating, but dual layer 
ZnS/MgF2 coatings have now been deposited and low reflectances have been demonstrated. 
Having established the cell fabrication capabilities, we are now at work on fabricating AlGaAs 
solar cells. 

Conclusions 

This past year was the first of a three-year project. We now have all of the GaAs films that will 
be needed to conduct the next two y_ear' s basic studies, and the information already gained from 
the PL studies of these films will be of immediate use to ·the photovoltaic community. Our 
comprehensive study of recombination in n-type GaAs continues with measurements of the 
doping-dependent absorption coefficient, the temperature-dependent lifetime, and tests for the 
presence of Auger recombination. We also plan to examine the lifetime in thin-film DR's with 
the substrate removed. This information should give us a detailed understanding of radiative 
recombination and photon recycling. Work to further characterize our MBE films also contin
ues, and techniques to fabricate thin-film cells are being developed. Finally, new designs for 
AlGaAs cells are being explored. 
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Title: . CI-MO and MOCVD Crystal Growth Research 

Organization: Department of Electrical, Computer and Systems Engineering, Rensselaer 
Polytechnic Institute, Troy, New York 

Contributors: J.M. Borrego and S.K. Ghandhi, Co-Principal Investigators 

The program objective is to evaluate new reactor designs with minimal convection and high 
source utilization efficiency, and to characterize the growth of GaAs material using novel 
metalorganic precursor sources, including chlorinated alkyl sources. 

Over the past few years, we have developed an advanced computer program which is directed 
to OMVPE in practical growth situations. This program has been used to design a novel reactor 
with a close-spaced vertical structure, in order to eliminate circulation cells in the growth region. 
Here, an invened structure has been used since buoyancy-driven recirculation is eliminated by 
this means. 

· 

Simulations of the system show no evidence of recirculation under typical growth conditions (2-6 
SLM hydrogen flow, 7000C susceptor, and susceptor-inlet spacings of 0.5 to 5 em). Simulations 
for the reactor in a non-invened configuration, i.e., heater above the susceptor, show that 
recirculation will occur with spacings in excess of 1.5 em, but not with lower values. In essence, 
this means that either the invened or the more conventional configuration can be used if the 
spacing is sufficiently small. 

The effects of thermal radiation have to be considered, because of the close spacing between the 
hot susceptor and the water-cooled inlet nozzle. In previous computer programs, this has been 
estimated, based on experience. In our program, the net radiative heat gain is calculated using 
an enclosure analysis between six constant radiosity zones along the boundary. Here, an 
enclosure for a surface is the envelope of other surfaces or open areas surrounding it. The 
radiosity is the total radiant energy flux leaving the surface, including emitted, reflected and 
transmitted radiation. By considering radiation going from the surface to all parts of the 
enclosure, and the radiation arriving at the surface from all parts of the enclosure, all the various 
radiation contributions are taken into account. 

Six zones were considered for the radiation analysis in order to simplify the calculation of the 
three-dimensional view factors. The thickness of the susceptor was neglected for the radiation 
analysis in order to simplify it. The graphite and stainless steel boundary zones were assumed 
to be gray and opaque respectively, with absorptivities of 0.9 and 0.3 and reflectivities of 0. 1 and 
0.7 respectively. The net radiative heat gain was used in an energy balance at each boundary 
control volume. It was combined with the net convective heat gain on the inside, conduction 
through the wall, and convection and radiation into the ambient. 

Figure 1 shows the simulated temperature field for the conditions given above. The isotherms 
are uniform and parallel in the susceptor-nozzle region and near the top flange, indicating that 
there is little radial variation of temperature in these regions. However, the isotherms are 

204 



relatively non-uniform in the region where there is recirculation. The temperature field is seen 
to vary rapidly in the susceptor-nozzle region, emphasizing the need for a rigorous thermal 
analysis for such close-spaced reactors of this type. 

A series of growth runs have been made in this reactor. Initially, our work was limited to 1 em 
x 1 em samples because of cost considerations. After sufficient experience was obtained with 
running the system, work was extended to 2" dia. slices. Initial studies of growth uniformity 
were carried out on 2" dia. sapphire substrates which could be reused from run to run. Here, 
layer thickness was measured using Fourier Transform Infrared Spectroscopy (FTIR). 

Both undoped as well as n+-doped layers have been grown on n+ and SI GaAs substrates 
respectively. The thickness was determined by FTIR.. Under illumination, the difference in 
refractive indices between epitaxial layer and substrate gives rise to an interference pattern, whose 
period is directly related to the thickness and refractive index of the epitaxial layer. The 
refractive index of GaAs was computed as a function of free carrier concentration and wave 
number from expressions reported by other workers. All measurements carried out in this work 
were for extrema near the wave number, co = 2000 em·•. The undoped epitaxial · layers, which 
were lightly n-doped, had a refractive index of 3.3; the substrates used in this case were n+ -doped 
( 1018 cm·3) with a refractive of 3.25. The n+-doped (5 x 1018 cm-3) epitaxial layers had a 
refractive .index of 3.09 and the substrates used in this case were SI with a refractive index of 
3.3. The thickness uniformity over large-area substrates was determined by moving the sample 
on an x-y stage. Since the wave number in our FTIR. equipment can be measured with a least 
count of 8 cm·1, the measurement error is 0.4% for co = 2000 cm·1• The extrema are typically 
'measured within a range of 500 cm·1 around co = 2000 cm·t, which leads to an error in the 
thickness measurement of 0.2% for undoped samples and 3% for highly doped samples. For the 
measurement of thickness uniformity, the error in the relative thickness over the wafer should 
be smaller than these values. 

The FTIR technique was also used to measure the free carrier concentration in n+ layers using 
the phenomenon of plasma resonance. When the frequency of incident light equals the plasma 
frequency of the electrons, resonance occurs and leads to a maximum absorption of incident 
energy. Thus, the reflectance spectrum shows a sharp dip around the plasma frequency. The 
plasma frequency is directly related to the free carrier concentration in the epitaxial layer. Here, 
the main source of error in the doping measurement is the difference between the minima in the 
spectrum and the plasma frequency, and is less than 10% for doping concentrations above 2 x 
1 018 cm·3• Again, in the measurement of doping uniformity, the error in the relative doping over 
the wafer should be smaller than this value. 

Figure 2 shows the thickness distribution of an undoped GaAs epitaxial layer grown on a 2" 
diameter GaAs substrate, averaged in the a-direction, as a function of radial distance from the 
center. The horizontal dashed lines show the region of ±5% non-uniformity, which in this cas� 
is over the central 1.5" diameter region. Outside this region, the growth rate falls rapidly. 
Thickness uniformity measurements, made on small-area substrates where the lip was located at 
a distance of 0.5 em from the center, showed a similar rapid fall in the growth rate near the lip. 
A new susceptor design, which avoids this lip, is being considered at the present time. 
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The growth rate distribution in Fig. 2 was integrated over the entire area of the wafer to 
determine the total moles of Ga deposited per unit time. When this is divided by the total mole 
flow rate of Ga entering the reactor, it results in a 15.3% Ga deposition efficiency. The 
efficiency calculated from the weight of the epilayer, as measured by the gravimetric technique, 
was 15.49%. This provides an independent verification of the thickness measurements using 
FTIR. 

Doping studies with S� showed that free carrier concentrations up to 7 x 1018 cm·3 can be 
achieved with good morphology in this reactor. Figure 3 shows the a-averaged doping 
distribution of an n+- GaAs layer grown on a 2" diameter GaAs substrate, a� measured by FTIR. 
The operating conditions were: d = 1 em, Ts = 650"C, P = 380 Torr, F = 1 slm, XTMaa = 5.3 x 
10"'\ AsH:IfMGa = 22 and XsiH. = 6 x 10·6• The free carrier concentration is seen to be lower 
near the center of the sample and higher near the "edge. 

· 

Again, the horizontal dashed lines show the region of ±5% non-uniformity. The doping 
non-uniformity over the entire growth region is ±3.3%. The increase in carrier concentration near 
the sample ·edge could be due to higher surface temperature near the edge beeause of better 
thermal contact with the susceptor and lower heat loss to the gases in this region. S� doping 
studies carried out by other workers have shown that the carrier concentration increases by 150% 
for an increase in susceptor temperature from 650" to 700°C. Interpolating from these results, 
the doping non-uniformity of ±3.4% would correspond to a temperature variation of 2.2°C over 
the 2" diameter wafer, which is reasonable for this design. In conventional reactors with no lip 
effect, increased heat losses near the susceptor edge cause a fall in the doping near the edge. It 
has also been reported that the use of Si2� as the dopant source improves the doping uniformity 
because it has a higher incorporation efficiency, and a weaker temperature dependence of 
incorporation than s�. 
The computer program for calculating lifetime from the transient data obtained by this technique 
has been upgraded. This upgrade can collect transient data and analyze them for bulk lifetime 
by regressing the linear portion of the logarithm of the data. Tlie program also has an option to 
apply a two-layer model to the data, if the front and back surface recombination velocities are 
significantly factored. in data interpretation. This "user friendly" program allows the display of 
both log and linear graphs at the touch of a button. The user has control over the range of the 
data displayed as well as the range that is to be regressed for lifetime estimation. The graphs can 
be overlaid with one or two user selectable lifetime curves for comparison to the regressed curve. 
These graphs can then be dumped to a HPGL-compatible plotter. There is also an option to 
round off the axes to convenient steps, to improve the appears of the output data� 

The program was written in Turbo c++ for fast execution of the graphics routines and calculations 
needed for the regression of up to 1000 points. The data is collected via a HPffi bus connected 
to a Tektronics digital scope. The data f:tle format is very simple with the first three values being 
t�e voltage offset (or 1 x 1010 in the new format), voltage multiplication factor and a timebase. 
This is followed by (x,y) integer pairs of data (or just x values in the format). The x value is 
the voltage digitized to 8 bits or 256 levels and the y value is just a counter value incrementing 
from 1 to 1024. The y values are totally meaningless and were removed in the new format. For 
compatibility the program is capable of reading the older file format. 
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The quaternary semiconductor compound GalnAsP lattice-matched to GaAs (and hence 
Ge) is an ideal candidate as a top· junction in monolithic cascade cells. With quaternary 
semiconductors the lattice constant and band gap can be, within l imits, varied 
independently. For GalnAsP lattice-matched to GaAs, the bandgap spans the range from 
1 .42 to 1 .92 eV. Such a range provides great flexibility for current matching with a low 
band gap junction. For the composition  Gaa.831n0.17As0.75P 0.25, the matching and lattice 
matching with Ge junctions. Under concentrated sunlight, multiple junction cells using 
GalnAsP as the top junction project to a theoretical efficiency of about 35% [1 ] .  

The overall goals of the present program are: 

1 .  to develop the necessary technology to grow 1 .55 eV band gap GalnAsP layers 
that are lattice-matched to GaAs, 

2. to demonstrate high-efficiency GalnAsP single-junction so.lar cells, and 
3 .  to demonstrate GalnAsP/Ge cascade solar cells suitable for operation under 

concentrated (500x) sunlight. 

Film Growth 

The films were grown in a horizontal atmospheric-pressure, organo-metallic vapor phase 
epitaxy (OMVPE) reactor at 670°C. Many of the details of the growth of the 
Gaa.83tn0.17As0.75P0.25 have been presented elsewhere [2,3]. The films were grown 
using trimethylgallium (TMGa), ethyldiethylindium (EDMin) ,  1 00% arsine, and two different 
phosphorus precursors, tertiarybutylphosphine (TBP) and phosphine. Initially films were 
grown with TBP, but more recently phosphine has been used. Intrinsic films are n-type, 
and those grown with phosphine have a slightly better background carrier density, 8 x 
1 016  cm·3, as compared to 1 .5 x 1 0

17 cm·3 for those films grown using TBP. The minority 
carrier lifetime in the intrinsic films grown using TBP is 35 ns, as measured by time
resolved photoluminescence. H2Se is used for control of n-type doping, while diethylzinc 
is used to control the p-type doping. 

A key issue in the atmospheric-pressure growth of quaternary materials is uniformity. In 
our own case, the hydrogen carrier gas flow has been increased to 1 4  liters/minute to 
ensure uniform films. The lattice constant varies 0.07% and the band gap varies 0.6% 
over a 2 em. distance with the 1 4  liters/minute carrier flow. 

Fig. 1 is a schematic of the solar cells that have been prepared to date. The focus so 
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far has been on the growth of p-on-n cells. The AlGaAs window and the GaAs cap are 
grown in a separate reactor. 

Cell Results 

Results for two different cells are shown in Table I. The active · area of the cells is 
0.136 cm

2
• Cell 945 was grown using TBP , while cell 1314 was grown using phosphine. 

The cells are virtually identical ,  except that the emitter doping level in cell 945 was 
2 x 10.19 cm-3, while that in cell 1314 was 2 x 1018 cm-3• The I-V curve for cell 945, 
measured at NREL, is shown in Fig. 2, and the spectral response, also measured at 
NREL, is sh.own in Fig. 3. 

The results for the two cells are nearly identical. The difference in Isc is due to a 
difference in th� light intensity under which the cells were tested. The active area effi
ciency of 18.8% for cell 945 is encouraging. considering that it was the first attempt at 
m aking a cell. The spectral response from cell 945 indicates a low 11 red 11  response, and 
is due to a thin b ase layer. Future cells will incorporate a thicker base layer. 

O ptimization of the cell is in progress. Other structures are also being considered. A 
vertical, atmosp heric-pressure reactor has recently. been installed, and the growth of 
G ainP 2 has been demonstrated. The use of a GalnP 2 window grown in the same reac
tor as the GainAsP cell will avoid any problems associated with the transfer of the cell 
from one reactor to another for window growth. 

C onclusions 

A Gao.83In0. 17Aso.67p 0.33 solar cell lattice-matched to GaAs is described. Initial results 
are very encouraging, with active area efficiencies greater than is% reported. Plans 
are underway to further refine and optimize the cell ,  including using a G ainP 2 window. 
P l ans are also underway to grow optimum cells on Ge substrates, and then eventually 
grow the full GainAsP /Ge cascade structure. 
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p+ - GaAs 0.33 pm 

p+ - Alo sGao �  0.088 JJm 

p- GalnAsP 0.2 pm 

n- GalnAsP 2.0 JJm 

n+ - GalnAsP 0.1 pm 

n- GaAs 

Figure 1 .  Schematic of the 1 .55 e V GalnAsP solar cell. 

Table 1 
Results for two different cells. The active area of 

the cells is 0.136 cm2 

Cell V 0£' volts J5c, rnA/cm2 ff,% TJ,% 

945 1 .07 18.7 80.8 18.8a. 

1314 1 .08 20.6  81.7 18.2b 

aFor AM1.5 global, intensity 94 mW/cm2 
bFor AM1.5 direct, intensity 100 m W / cm2 
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The light bias was 5.4 rnA, and there was zero volt age bias. 
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The overall goal of this research is to establish a technology to produce very-high-efficiency solar 
cells · for terrestrial photovoltaic applications, using either multijunction or single-junction 
concepts. The approach pursued in this program involves the growth of GaAs and/or Gain.P2 
materials onto Si substrates by the metalorganic chemical vapor deposition (MOCVD) technique. 
Our efforts this year have been devoted to (a) reducing the defect density in GaAs-on-Si layers 
by substrate patterning, and (b) developing a technology for producing Bragg-reflector structures 
for improved-efficiency solar cells having a reduced base thickness. Efforts of our prior NREL 
contracts have resulted in the achievement of a GaAs-on-Si solar cell having a terrestrial 
efficiency of -20% at 200 suns. 

Solar Cell Studies Utilizing Bragg Reflectors 

Bragg reflector structures (epitaxial mtiltilayer dielectric mirrors, composed of alternating layers 
of high-and-low composition AixGa1_xAs), as shown in Figure 1 ,  can improve the efficiency of 
�olar cells by reflecting the near-band-gap light back through the cell for a second pass, thus 
improving the carrier-collection efficiency in materials having fairly short minority-carrier 
diffusions lengths, such as GaAs on Si. In the previous year, we established the technology for 
depositing Bragg reflectors by MOCVD; this year we have demonstrated their successful use in 
GaAs and GaAs-on-Si solar cells. 

As the wavelength at which the peak reflectance occurs is very sensitive to the thickness of 
Bragg reflector period, we first optimized the control of the growth, using low-pressure MOCVD. 
Our achievements in this area include a run-to-run reproducibility of - 1%,  and a uniformity of 
- 2%, over a two-inch-diameter wafer. Since the reflectance peak is fairly narrow in wavelength, 
we have developed a stacked Bragg reflector structure, using twenty periods of a Bragg reflector 
designed for a peak-reflectance wavelength of 840 nm, followed by twenty periods designed for 
a peak-reflectance wavelength of 765 nm; this configuration results in a spectral FWHM of the 
reflectance peak of 154 nm, as compared with only 77 nm for a single stack. 

· 

By fabricating solar cells, with and without the use of Bragg reflectors, the results shown in 
Table I have been obtained. Cells without Bragg reflectors have our standard AlGaAs back
surface field of equivalent thickness. Bragg reflector cells show an increased efficiency over 
conventional cells, by 0.9 percentage points on Si substrates, and by 0.7 percentage points on 
GaAs substrates. 
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The predicted effect of including a Bragg reflector below the base of a homoepitaxial GaAs cell 
is to increase the quantum efficiency in the wavelength region of - 850 nm. This phenomenon 
has indeed been experimentally confirmed, as is shown in Figure �· 
Concentrator Solar Cell Studies 

The basic problem limiting the efficiency in GaAs-on-Si solar cells is the large defect density, 
which causes increased space-charge recombination and a reduced minority-carrier lifetime. 
Detailed analyses of current-voltage behavior in GaAs-on-Si cells have shown that the use of 
concentrated sunlight helps to overcome some of this difficulty by allowing the cell to operate 
in a regime where the (n = 1 )  diffusion current dominates, thus leading to higher. open-circuit 
voltages. 

Using GaAs-on-Si layers having a dislocation density of - 2 x 107 cm-2, and homoepitaxial GaAs, 
we have made cells with the efficiency values as shown in Table II. These higher efficiencies 
have resulted from improvements in the deposition, design, and processing of solar-cell structures. 
Our best previous GaAs-on-Si concentrator cell result is an efficiency of 19;9% at AM1 .5D. 
Dislocation reduction is not a factor in the particular GaAs-on-Si cell advances reported here. 

GaAs on Si Material Studies 

We have looked at several means of reducing· the dislocation density in the GaAs-on-Si layers. 
One avenue explored involves the use of increased annealing temperatures for the thermal-cycle 
growth process. We have found that raising the anneal temperature from 900°C to 1 ooooc does 
not result in a lower defect level. A more promising, and unique, approach being studied makes 
use of the concept of restricting the nucleation area for the GaAs on Si. Lithographically 
patterning the Si substrate with sub-micron dimensions permits the growth of planar GaAs films 
with greatly reduced dislocation density: preliminary results indicate a value of - 10' cm-

2 
is 

achievable. 

Future Directions 

Our continuing research interests include improving the efficiency of GaAs solar cells as well 
as reducing the defect level of our GaAs-on-Si "substrates". High-efficiency cell studies will 
include the development of GalnP2 windows and of GaAs-GalnP2 monolithic tandems, continued 
optimization of Bragg reflector structures, and combination of Bragg-reflector and concentrator 
concepts into GaAs-on-Si solar cells. GaAs-on-Si material improvements will be accomplished 
by continued study of substrate patterning and two-dimensional-nucleation techniques based on 
the use of atomic-layer epitaxy. 

Publications 

NREL-funded research has resulted in two articles being published in the scientific literature over 
the course of this past year. They are listed below: 
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"Polarized Cathodoluminescence Study of Uniaxial and Biaxial Stress in GaAs on Si," D.H. 
Rich, A. Ksendov, F.J. Grunthaner, B ,A. Wilson, H. Shen, M. Dutta, S .M. Vernon, and T.M. 
Dixon, Phys. Rev. B 43, 6836 (1991). 

"Growth and Characterization of Uniform AlGaAs Bragg Reflectors by LP-MOCVD," S.M. 
Vernon, S.P. Tobin, M.M. Sanfacon, A.L. Mastrovito, N.H. Karam; and M.M. Al-Jassirn, Journal 
of Electronic Materials, in press ( 1992). 
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Table I Efficiency measurements for GaAs cells on GaAs and on Si substrates, with and 
without Bragg reflectors. Test conditions: 1 Sun AM1 .5 Global, 100 mW!cni, 
corrected for spectral mismatch, 25°C, 0.25 cm2 total area. 

Substrate � Cell ·Back- · Voc (V) Jsc FF (%) Effie. 

Table II 

Thick. Surface (mA/cm2) (%) 
(J.L111) Field 

GaAs 2.0 Bragg 1.062 27. 12 85.6 24.7 

GaAs 2.0 AIGaAs . 1 .046 26.77 85.6 24.0 

GaAs . 4.0 AIGaAs 1 .053 . 26.83 ,� 85.6 24.2 

GaAs 1 .0 AlGaAs 1 .063 25.21 85. 1  22.8 

Si 2.0 Bragg 0.902 24.57 77.4 17.1 

Si 2.0 AIGaAs 0.884 23.75 77.2 16.2 

Measured efficiency values for concentrator cells. (Area = 0.126 cnr; all 
measurements at 25°C). 

Cell Type Measured At Spectrum Suns Efficiency (%) 

GaAs on Si Sandia AM1 .5D 237 21.3 

GaAs on Si Sandia AMO 189 19.5 

GaAs on Si Spire Am1 .5G 1 16.1  

GaAs on GaAs Sandia AM1.5D 180 27.6 

GaAs on GaAs Sandia AMO 147 24.6 

GaAs on GaAs Sandia AM1 .5G 1 23.7 
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The objective of this program is to explore and develop a low temperature, large 
scale epitaxial process for high efficiency solar cells based upon atomic layer 
epitaxy (ALE). ALE has the potential for high throughput, h,tyer thickness control 
and uniformity based upon the inherent saturated surface reactions involved in the 
process. We have previously shown that the growth rate in atmospheric pressure, 
thermally driven ALE is limited by the maximum temperature attainable before 
homogeneous gas phase reactions dominate the process and preclude the 
achievement of saturated monolayer growth. In this program we are exploring the 
use of photoassisted ALE and vacuum ALE as alternative approaches for achieving 
usable growth rates and high throughput. The program is structured in two phases. 
In the first phase, we measured the fundamental thermal and photoassisted surface 
reaction rates · involved in the growth of GaAs using TMGa and a variety of As 
sources. Based upon these results a decision was made that the the vacuum ALE 
approach was a viable approach to use for the growth of GaAs and related 
compounds. The second phas.e will concentrate upon developing VALE for the 
growth of high efficiency solar cells. Issues such as materials quality, reactant 
utilization, and throughput will be examined. 

The fundamental surface reactions and reaction rates are being assessed by a 
combination of tools that allows us to study the surface chemistry that results from 
reaction of Ga and As sources on the GaAs surface (XPS), the structural properties 
of the surface (RHEED), and the rates of the surface ordering (reflection difference 
spectroscopy-RDS). We had previously shown that the end point configuration of 

· the trimethylgallium (TMGa) ALE exposure in vacuum is the 4X6 Ga-stabilized 
GaAs surface. This was deduced from RHEED and XPS examination of TMGa
saturated GaAs surfaces dosed at elevated temperatures.  In this program we have 
applied RDS techniques to measure the kinetics of the surface reactions of TMGa 
and tertiarybutylarsine with Ga- and As- stabilized surfaces. RDS is sensitive to 
both the chemistry and the structure of the surface but by careful choice of the 
wavelength of light one of these aspects or the other can be emphasized. We choose 
to emphasize the structural aspects. In RDS the change in the difference of the 
reflectivities of light polarized along perpendicular <1 10> directions in the crystal 
is monitored as a function of time as a surface is exposed to a reactant. Changes in 

219 



the atomic arrangement on the surface are monitored by the reflection difference 
transient. 

Typical RDS · transients that results when an As-stabilized surface is exposed to 
TMGa at 500° C are shown in Fig. 1 .  The transients are labeled to indicate the 
timing and duration of TMGa and TBAs exposures; Prior to TMGa exposure the 
surface is a stable 2X4 As-stabilized surface� At the initiation of the TMGa exposure 
the RDS signal begins to increase as a result of the reaction of TMGa with the 
surface and the subsequent atomic rearrangement on the surface. The end point 
RDS signal is reached after the surface reaction is complete. This usually requires a 
longer time than the TMGa exposure owing to desorption of surface species 
believed to be CH3 radicals. If the 1'MGa·exposure is continued beyond an optimum 
point the RDS transient shows kink indicative of an oversaturated surface. The end 
point surface is found to be the 4X6 Ga-stabilized surface. The exposure time of 
TMGa needed to reach the endpoint surface, tm, is believed to be the TMGa 
reaction time on an As-stabilized surface. The change in the endpoint reflectance 
difference is plotted as a function of exposure time for various exposure 
temperatures in Fig. 2 a) and b). In Table I, the exposure time necessary to reach 
the saturated endpoint surface configuration, tm, as measured by RDS and the total 
time necessary to reach the endpoint are listed for various temperatures. From Fig. 
2 and Table I we can conclude that the TMGa surface reaction is not limiting the 
surface reactions in vacuum ALE. Rather the desorption of species believed to be 
CH3 from the surface is believed to limit the total surface reaction rate. More 
important extrapolation of these data to somewhat higher temperatures suggests 
that total exposure and surface reaction times leading to monolayer Ga surface 
saturation of less than one second are possible with TMGa. This has been 
corroborated by studies of the reaction of TMGa with Ga-stabilized surfaces in 
which the only surface reaction that occurs is between the As sites on which there 
are no Ga atoms bonded. The primary reaction here involves the decomposition of 
TMGa on As sites followed by the desorption of CH3 and GaCH3. The rates for 
these desorption processes agree well with the observed times to reaction 
completion observed for the reaction of TMGa with an As-stabilized surface. 

Based on these studies we have developed a model for the VALE reactions of TMGa 
and GaAs surfaces. The initial As-stabilized surface contains predominantly As 
atoms on which TMGa reacts rapidly to produce GaCH3 and two CH3 radicals on 
the surface. The CH3 radicals desorb from the surface through two channels, one 
associated with an As bond and one associated with a Ga bond. The latter channel is 
rate limiting and determines the time to reach the clean Ga-stabilized surface. This 
surface contains As sites with no Ga bonded to maintain charge neutrality and is 
reactive to TMGa only through these uncovered As sites. But the surface quickly 
returns to the As stabilized surface when the TMGa exposure is terminated by the 
desorption of CH3 and GaCH3. As a result, the saturation mechanism for ALE are 
believed fundamentally to be the result of selective adsorption and reaction of 
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TMGa on As sites, but the rate of the saturation process is controlled by desorption 
of CH3. 

We have also investigated the surface reactions of tertiarybutylarsine with GaAs 
Ga-stabilized surfaces. We have found that in the temperature range suitable for 
rapid TMGa reactions with GaAs surfaces, the reaction of rate of TBAs on a Ga
stabilized surface is fast enough to support a reasonably high throughput ALE 
process. It now appears certain that self-limited ALE growth of GaAs with ALE 
cycle times as short as 1 -2 seconds are possible. It remains for experimental 
determination to learn if the materials quality at these growth rates is adequate for 
high efficiency solar cells. 

Tertiarybutylarsine (TBAs) was also s:uccessfully used for the first time to grow 
high quality GaAs by photoassisted ALE and thermal ALE at atmospheric 
pressure. Its use allowed us to reduce the As exposure by a factor of five over that 
achievable with As and to achieve an order of magnitude higher PL efficiency for 
double heterostructure samples. Fig. 3 shows a comparison of PL spectra from two 
thin layer samples, one grown by photoassisted ALE using TBAs and the other by 
photoassisted ALE using AsH3.  Note the higher PL efficiency and the narrrower 
linewidth of the sample grown using TBAs. We believe this observation is a 
breakthrough in the ALE technology and plan further experiments to examine 
other materials characteristics. 

Experimental samples were also grown for SIMS evaluation of the materials grown 
with TBAs. The measurements were performed at the University of illinois and 
showed a low carbon level compared to layers grown with arsine. GaAs grown 
with TBAs by ALE shows a similar low background carrier concentration as that 
grown by LALE. The growth rates are limited at atmospheric pressure by the low 
temperatures that must be used to avoid unsaturated growth. As a result the layer 
thicknesses that can be achieved reasonably are limited. To verify the quality of the 
materials a laser with a GaAs QW active region grown by ALE using TBAs and 
TMGa. was grown. Devices with threshold · current densities as low as 300 Ncm2 
were fabricated. These are the lowest threshold lasers ever constructed by ALE and 
attest to the improved quality of the materials grown with TMGa and TBAs 

Experimental samples grown for C-V evaluation of the background carrier 
concentration have exhibited background carrier concentrations as low as 3 x 1015 
cm-3. This is two orders of magnitude lower than ever observed in materials grown 
by photoassisted ALE. It may account for the much higher PL efficiency of the 
samples as well. 

A new vacuum ALE reactor has been designed, constructed and is in the fmal stages 
of calibration. The reactor is designed based upon the use of a TMGatrBAs ALE 
process. The choice of a UHV environment was made to allow the ALE process to 
be done at temperatures as high as 600°C without the occurrence of homogeneous . 
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reactions that preclude surface controlled saturated growth. The system has been 
designed to minimize the use of reactants and to provide the minimum cycle time 
and thus maximum growth rates. ·A major concern with the choice of reactants and 
reaction environment is the reduction of carbon in the grown film. Provisions have 
been made to add an atomic hydrogen source to the system should the optimization 
of the growth parameters not yield high quality materials. Growth of the first 
layers are expected in the month of January. 

A new analysis chamber has been designed and added to our surface analysis system 
to allow us to incorporate additional analysis tools, repetitive fast switching of 
reactants and an atomic hydrogen source to improve the rate of desorption of 
surface species. The new system will include RHEED and mass spectrometry in 
addition to RDS to allow us to identify the surface reconstruction corresponding to 
certain RDS identified states more ambiguously and to allow us to identify 
desorbing species. This system will provide invaluable information to help the 
optimization of the VAL� process. 
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Figure 1 - Reflection Difference Spectroscopy (RDS) transients of an As-stabilized 
2X4 GaAs surface exposed alternately to TMGa and TBAs at 500 °C. The transients 
are illustrated for various TMGa exposure times. Note the occurrence of a "kink" 
in the transient when the surface is overexposed Note also that the endpoint RDS 
level is the same for all exposure times. · 
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Figure 2 - Endpoint RDS transient signal versus TMGa exposure time, tm, for 
various temperatures and two different exposure levels. Note the strong saturation 
of the RDS endpoint with . tm indicative of a saturated surface reaction. Note also 
that tm for saturation decreases strongly with temperature and exposure level. 

Temperature 

Table I 

Exposure Level 
(Torr) 

1 . 2 X 1 0 - S  

1 . 2 X 1 0 -S 

1 . 2 X 1 0 - S  
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Figure 3 - Photoluminescence spectra of AlGaAs/GaAs double heterostructures in 
which the central GaAs region is grown by photoassisted ALE at 390°C. The 
sample of the spectrum labeled as ''TBAs" was grown using tertiarybutylarsine and 
the other sample whose spectrum is shown was grown using arsine. The PL 
intensity of the TBAs grown sample is lOX greater than the arsine grown sample. 
The level of carbon incorporation is also decreased by two orders of magnitude in 
this sample. 
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6.0· NEW IDEAS FOR PHOTOVOLTAIC CONVERSION PROGRAM 
Thomas Basso, (Manager) 

The objective of the New Ideas Program is to identify, evaluate, and develop new or innovative 
materials, device configurations, and concepts for photovoltaics (PV) technology that may be high 
risk, but that also offer the potential for a major advance of PV understanding and technology 
development leading to future production of low-cost electricity. The subcontracted research that 
shows significant potential may be transferred into the appropriate major task area within the 
DOE National Photovoltaics Program for continuing support. 

The New Ideas Program issues public solicitations for new and innovative research ideas that are 
relevant under DOE program guidelines, including innovative approaches to e�sting PV 
technology (e.g., cell and module processing) and innovative new concepts. Responses to these 
solicitations are submitted by universities, businesses, and nonprofit organizations. Subcon�cts 
are awarded to study the most promising submittals. At the end of 1 year, these subcontracts are 
reviewed, and successful subcontracts could be renewed for a second year of funding. In late 
FY 1991, a letter-of-interest (LOI) solicitation was released. More than 100 responses were 
received. The LOI responses will be reviewed during FY · 1992, and those in the competitive 
range will be invited to submit an expanded proposal for review. Based on FY 1992 funding and 
the availability of FY 1993 funds, it is likely that subcontract awards will start late in 1992. 

During FY 1991 subcontractor progress continued and the subcontracts were renewed on these 
concepts: novel ways of depositing ZnTe films by solution, researched by the Institute of Energy 
Conversion at the University of Delaware; development of an inverted AIGaAs/GaAs patterned 
tunnel junction cascade concentrator cell, at the Research Triangle Institute; and development of 
high efficiency epitaxial optical reflector cells, at the University of Southern California. These 
awards started· in FY · 1990 and were based on the FY 1988 solicitation. That solicitation received 
nearly 100 responses to the request for LOI. Evaluation of those LOI responses identified several 
promising ones for further evaluation, and during FY 1989, expanded proposals from 24 LOI 
finalists were evaluated and the three above awards were funded. 
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Title : 

Organization: 

Contributors : 

Obj ectives 

Novel Ways of Depositing ZnTe Films by a 
Solution Growth Technique 

Institute of Energy Conversion 
University of Delaware 
Newark, Delaware 19716 - 3820 

Robert Y. Birkmire , Principal Investigator ; 
Anup Mondal , Brian E .  McCandless and Tracey 
I .  Yokimcus , Research Contributors 

The obj ective of the research is to develop low temperature processes us ing 
. so lution growth techniques to deposit : 1) thin, <50 nm ,  ZnTe films suitable as 
a stable transparent ohmic contact for CdTe/CdS solar cells ; and 2 )  thin , <50 nm ,  
ZnSe films as a windowjheteroj unction for CuinSe2 solar cells . 

Technical Approach 

ZnTe films
. 

were deposited from an aqueous solution by �alv�ic deposit� The 
s tructural , optical and electrical properties of the ZnTe films were 
characterized using established techniques of x- ray diffraction, four -point 
probe , and optical reflection and transmiss ion measurements . CdS/CdTe/ZnTe solar 
cells were fabricated to characterize the contact properties of the ZnTe films 
on working devices . Properties of devices using the ZnTe contact were compared 
to devices us ing Au or Cu/ITO as the CdTe contact . 

Z.nSe films were deposited from aqueous solutions by e lectrochemical deposition . 
The structural and optical properties were characterized using established x- ray 
diffraction , SEM/EDS and optical reflection and transmission measurements . 
CuinSe2/ZnSe solar cells were fabricated to characterize the CuinSe2/ZnSe 
heteroj unction . Properties of the devices were compared to s tandard CuinSe2/CdS 
devices . 

S ignificant Results 

ZnTe 

ZnTe films were depos ited galvanically , a special case of electrochemical 
deposition, from an unstirred aqueous bath containing 0 . 1  M/1 ZnC12 and about 
10-4 M/1 Te02 ( 1 , 2 ) . Controlling the bath pH between 3 and 4 and temperature 
between so · c  and so · c  was necessary to deposit uniform , adherent , single phase 
ZnTe films . The ZnTe films were doped by adding a cu+2 complex to the bath . 
The galvanic cell was then constructed by placing a glass/ITO/CdS/CdTe substrate 
externally short -circuited to a zinc counter electrode in the bath . The 
electrochemical reaction is driven by the potential difference between the 
subs trate and z inc electrode which acts as both a source of electrons for the 
cathodic reac tion and a source of zn+2 ions . The mos t  likely reactions leading 
to the formation of ZnTe : Cu are : 

226 

• 



Anode Reaction 

Cathode Reaction 

n-1 , 2 ,  . . •  

Figure 1 shows a plot of ZnTe deposition current dens ity with time , having : 1 )  
no Cu ; 2 )  10-5M/l cu+2 ; and 3 )  10-4 M/1 cu+2 ions in solution. A nearly constant 
current dens ity is obtained after about 4 minutes and is proportional to the 
growth rate . The growth rate gradually decreases with the depletion of Te ions 
in solution . The current and thus growth rate were found to be higher when cu+2 
was present in solution . 

ZnTe films were depos ited on CdTe/CdS/ITO/glass substrates suitable for solar 
cells which were prepared as follows : 1)  CdS and CdTe were thermally evaporated 
onto ITO/glass substrates ; 2 )  the samples were coated with CdC12 and heat treated 
at 4oo · c  for 3 0  minutes in air ; and 3) the surface of the CdTe was etched for 5 
sec in a Br2-CH30H solution.  _ The ZnTe : Cu was then deposited as a contact to 
CdTe . To complete the solar cell , a metal contact ,  either Cu/Au , Ni or ITO , was 
depos ited on the ZnTe : Cu and the cell performance optimized with air heat 
treatment . Figure 2 shows the AM 1 .  5 characteristics of· a CdS/CdTe/ZnTe : Cu solar 
cell with a Cu/Au contact ,  with 8 . 7% efficiency and a 65 . 7% fill factor . Us ing 
ZnTe : Cu contact s , devices have been fabricated with V0c>750 mV , J5c>20 mA/cm2 , and 
FF>74% , comparable to results obtained with the Cu/Au contact .  

ZnSe 

Depositions of ZnSe films were carried out by electrodepos ition using either a 
Na2SeS03 bath o r  a Na2Se03 bath . Preliminary depositions were made on glass/Me 
subs trates to characterize the process .  Deposition of uniform thin films was 
self-limiting , yielding films less than 50 nm thick , which limited the extent of 
phys ical characterization possible . EDS analysis indicated that the Zn : Se 
content was 1 :  1. Beyond thi� , characterization was limited to analysis of 
devices made with glassfMo/CuinSe2 substrates .  CuinSe2fZnSe devices were 
fabricated us ing a ZnO transparent contact .  Although the devices were of poor 
quality (efficiency less than 2%) , the window layer band edge , estimated from 
spectral response measurements , was -2 . 7  eV indicating the formation of ZnSe . 
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Conclus ions 

Cu- doped ZnTe films , 50- 300 nm thick , were deposited directly by an 
electrochemical method for the first time . S ingle phase films were obtained for 
bath pH from 3 to 4 ,  [Te02] from 10-5 to 10-4 M/1 ,  and temperature from 50 to 
ao · c. A copper complex added to the bath allowed controllable p - type d�ping of 
the ZnTe films . A CdTe/CdS solar cell using the ZnTe : Cu as the primary contact 
to the CdTe achieved an efficiency of 8 .  7!t with a FF>65% . The optical 
transmis sion of cells us ing ZnTe : Cu made in this manner is higher than for cells 
us ing evaporated ZnTe : Cu ( 3 ) , making this an attractive cont.acting method for 
tandem cells . 

Based on EDS analys is and spectral response measurements of devices , we conclude 
that ZnSe films were electrodepos ited onto both glass/Mo and glass/Mo/CulnSe2 
substrates . Due to the self- limiting nature of the deposition, the films were 
very thin, <50 nm. On CuinSe2 substrates ,  conformal coverage was probably not 
achieved due to the faceted nature of the CuinSe2 surface . Future work should 
addres s  thes e  issues and investigate alternative bath chemistries . 
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Figure 1 .  ZnTe deposition current density and growth rate versus deposition 
time , a) [ cu+2 ] -lo-• M/1 , b) [ cu+2 ] -lo-s M/1 , c) [ cu+2 ] - 0 .  

Figure 2 .  I -V c�aracteristics at AMl . 5 for an ITO/CdS/CdTe/ZnTe : Cu cell measured 
at SERI. The deposition bath contained ZnC12-lo-1 M/1 , Te02 - 10-4 M/1 , Cu(TEA) n+2 
- 10-4 M/1 . The depos ited ZnTe : Cu film was 50- 100 nm thick . 
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Title: 

Organization: 

Contributors: 

An Inverted AIGaAs/GaAs Patterned �unnel 

Junction Cascade Concentrator Solar Cell 

Research Triangle Institute, RTP, NC 27709 

R. Venkatasubramanian (Principal Investigator) 
M.L. Timmons, T.S. Colpitts, J.S. Hills, 
J. Hancock, and J.A. Hutchby. 

TECHNICAL APPROACH 

Inverted growth of III-V solar cells and the development of associated cell process
ing, including substrate-re·moval, will offer a significant degree of freedom for improv
ing the performance of many multijunction cascades. This is especially true of the 
development of high-efficiency Al0.37Ga0.63As/GaAs cascades where the high growth 
temperatures required for the AlGaAs top cell growth can cause the deterioration of 
the tunnel junction interconnect . Here, we present an approach for inverted-grown 
AlGaAs/GaAs cascade cells, where the AlGaAs top ceU will be grown first at high tem
peratures, placing the surface to be illuminated nearest to the substrate. Following the 
growth of the top cell, the GaAs tunnel interconnect . and the bottom cell are grown at 
lower temperatures. Mter the inverted growth,  the AlGaAs/GaAs cascade structure is 
selectively removed from the parent substrate, Ge in this work. 

The development of such a cascade cell has reached these milestones. First, the 
growth of the top A10.37Ga0.63As cell was optimized to obtain active-area efficiencies of 
13.7% and 14.7% at 1-sun and lO�suns AM1.5D,  respectively. Second, a planar GaAs 
tunnel junction interconnect with a specific resistivity of 3.3 x 10-3 ohm-cm2 has been 
developed that is suitable for the AlGaAs/GaAs cascade operating at about 500 AM1.5 
suns. Third, a highly selective plasma etching of Ge has been developed to produce 
. thin, free-standing GaAs-AlGaAs structures grown on the Ge. Fourth, a technique 
called eutectic-metal-bonding (E.lvffi) has been developed for strain-free mounting of 
thin GaAs-AlGaAs films onto Si carrier substrates. Measured minority-carrier lifetimes 
in E.lvffi GaAs thin films are as high as 103 ns. Finally, a thin film, inverted-grown, 
GaAs cell with a 1-sun AM1.5 efficiency of 19 .2%, has been demonstrated. These 
developments suggest that the inverted-growth approach holds considerable promise 
for obtaining high efficiency AlGaAs/GaAs cascades in the near-term. 

Al0 .33Gao . 67As TOP CELL DEVEL OPMENT 

A key to the development of high-efficiency A10.37Gao.63As cells is the reduction of 
moisture and oxygen from source gases and growth ambient . The procedures employed 
to achieve this are discussed elsewhere [1 ] .  Cell optimization also needs to take into 
account the increasing near-band-edge absorption in AlGaAs materials with aluminum 
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content; the absorption coefficient increases from about 1 x 10-4 cm-1 in GaAs to 
about 2.3 x 10-4 cm�1 in A10.37Gao.63As. This increased optical absorption plus the 
reduced valence-band offset between A10.33Gao.67As and A10.85Gao. 15As, compared to 
GaAs and Al0.85Gao.15As in a GaAs cell, make emitter-surface passivation nontrivial . 
Hence, the role of thin emitters, optimization of the interface between the n
A10.37Gao.63As emitter and the n-A10.85Gao. 15As window, and the use of a multi-layer 
buffer that acts as a getter[! ] ,  can substantially affect the cell performance as indi
cated by the data of Table 1 .  

We have measured an efficiency of 13.7% (active-area) at 1-sun AM1.5G on our 
best Al0.37Gao.63As cell. The open-circuit voltage of the cell needs to be improved to 
1 .35 V by developing an optimum technique to dope the emitter region to � 2 x 1018 

cm-
3 

without degradation of Jsc and by improved passivation. The efficiency of the cell 
improves to 14.7% at 100 AM1.5D suns. The use of an Entech coverglass has resulted 
in Jsc improvements of at least 10.5% for the emitter grids [1] employed in the cells. 

HIGH C ONDUCTANCE GaAs TUNNEL JUNC TIONS 

Development of a suitable · high-conductance GaAs tunnel interconnect for the 
AlGaAs/GaAs cascade (indicated in Fig.l) is necessary to reduce the ohmic losses. 
GaAs p++_n++ tunnel diodes have been grown by atmospheric-pressure organometal
lic vapor phase epitaxy (OMVPE) using zinc as the dopant for the p++_regions and 
either Se or Si as the dopant for the n++_regions. Growth temperatures between 600-
700 o C have been investigated and are compatible with the inverted-growth scheme. 

At a :growth temperature of 700 o C using a "cycled" growth for the Zn doped 
p++_GaAs layer, both the conductance and the peak-current of the tunnel diode has 
been increased by a factor of � 65 compared to a tunnel junction with continuous 
growth for the Zn-doped layer [2] .  The conductance of the tunnel diode with cycled · 

growth is apparently maximized at a growth temperature of 650 o C as shown in Table 
2. The conductance of the best GaAs tunnel diode is comparable to the reported best 
values obtained by :MBE. Cycled growths for the regions doped heavily with Se are 
found detrimental for the tunnel-diode performance, manifested by a reduction in con
ductance of more than two orders of magnitude. However, cycled growth for the n+
GaAs region with Si-doping does not lower the conductance. The OMVPE. .cycled
growth process and the reasons for the improvement in conductance of the cycled
grown GaAs tunnel junctions are discussed elsewhere [6] . 

EUTECTIC METAL BONDING AND Ge SUBSTRATE REMOVAL 

The inverted growth of Al0.37Gao.63As/GaAs cascade obviously requires the �erne
val of the parent substrate for front-side illumination; Therefore, bonding the thin-film 
cascade onto a secondary carrier substrate is necessary . The secondary substrate, 
ideally, should be cheap ,  rugged, and have good thermal and electrical conduction (if 
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necessary). Also, the AlGaA.s-GaA.s thin films should be bonded onto these carrier sub
strates with very little stress. The stress can interfere with subsequent cell processing. 

We have been �ble to obtain photovoltaic-device-quality GaA.s:-AlGaA.s thin films 
bonded onto Si substrates, using an approach denoted as· eutectic-metal-bonding 
(EJviB). The Si substrate effectively meets the above discussed requirements for the 
carrier-substrate. EJviB involves the growth of GaA.s-AlGaA.s films (device structures) 
on lattice-matched Ge substrates. Following this, a film of gold is evaporated onto the 
face of the epitaxial structure , and a clean Si substrate. The two metal-coated samples 
are stacked face-to-face in an alloying furnace in intimate physical contact and bonded 
�t ,...._, 430 o C. The bonding of the GaAs-AlGaA.s structure to Si substrate occurs by 
the formation of low-temperature ·eutectics of Au-Si and Au-GaA.s, as indicated 
schematically in Fig. 1. The wafer after this step is ready for Ge substrate removal [3] . 

The material quality of the EJviB GaA.s-AlGaA.s thin films on Si substrates were 
studied by 300K photoluminescence (PL), transient PL decay for minority carrier life
time and Raman spectroscopy for the amount of strain in layers. The high quality of 
the EJviB GaA.s thin films, using a buffer to control Ge autodoping and subsequently 
removing the buffer, is evidenced by the demonstration of a minority-carrier lifetime of 
103 ns on a EJviB GaA.s-AlGaA.s DH structure (Fig. 2). This is the highest reported life
time for any freestanding GaA.s thin film. Also, the determination of residual elastic 
strain from Raman spectroscopy indicates that the EJviB thin films on Si are strain-free 
[4] . 

INVERTED-GROWN GaAs THIN FILM SOLAR CELLS 

To demonstrate the feasibility of inverted growth and the associated cell emitter
grid processing in EJviB GaA.s-AlGaA.s thin films on Si (after Ge su.bstrate removal), we 
present here results on thin film GaA.s solar cells. Similar development of inverted
grown AlGaA.s/Ga.As cascade cells is under investigation. 

The use of a 3.5 ttm-thick GaA.s buffer to reduce Ge autodoping was found to 
increase the V0c values of thin film GaA.s cells from 0.84 V to about 0.94 V under AMO 
illumination. Also, the use of buffers was found to be important for improving cell fill 
factors. The Au-coating (for EJviB) on the backside of the thin-film cell has been shown 
to be a good reflector for incorporating photon-recycling effects. This was evident in 
the excellent Jsc values in the GaA.s thin film cells, which are by no means optimized. 
I-V data for 1-sun AMO and AM1.5D spectra on our best thin-film GaA.s cells are 
shown in Figure 3a and 3b. The efficiency of these cells are limited by series resistance 
associated with the non-alloyed contact to the n+-emitter. The emitter contacts are 
not alloyed because of the thin-film structure. It is worth noting that Ti/ Au metalliza
tion has been shown to form low-specific-resistivity non-alloyed ohmic contacts to p +
GaA.s, and therefore , we are investigating the possibility of p+-n GaA.s thin film solar 
cell structures. 
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SUMMARY AND C ONCLUSIONS 

In summary, we have provided the first demonstration of an inverted-grown, thin 
film, fully processed GaAs solar cell� AM1 .5 cell. efficiency of .......- 19 .2% and AMO effi
ciency of r-.J 18% for a thin film GaAs cell have been obtained. This suggests that the 
inverted-growth approach to high-efficiency Al0_37Gao_63As/GaA.s cascades is realisti
cally feasible in the near-term. Also, the inverted growth can offer a significant degree 
of freedom for the complete optimization of many multijunction cascade solar cells. 
The E:MB of GaAs-AlGaAs thin films onto Si substrates, followed by rapid, selective 
plasma-etch of Ge parent-substrates, was described. This thin-film approach has 
allowed us to demonstrate a minority-carrier lifetime of- 103 ns, the highest for a free
standing GaAs thin film. The development of high-quality Al0_37Gao_63As top cells and 
high-conductance GaAs tunnel junctions, discussed here, should enable us to demon
strate resonably high-efficiency inverted-grown AlGaA.s/GaA.s cascade cells. 

In conclusion, the inverted-growth approach also offers other advantages. The Ge 
substrate removal from the AlGaA.s/GaA.s cascades, which is a highly production
compatible process, as part of the device fabrication sequence enables a high transmis
sion of photons with energies below the GaA.s bandgap. This IR transmission can be 
used to mechanically stack a moderately high-efficiency Si cell. The E:MB scheme 
described in this effort, can be modified to produce a 3-junction, 2-terminal, current
matched (at AM1 .5), monolithic Al0_37Gao_63As/GaA.s/Si cascade. Efficiency under con- . 
centration for such a cascade, is projected to approach near 40%. Notably, this 
approach will involve rather inexpensive Si cells, and the OMVPE growth of III-V cas
cades on potentially cheaper, large-area Ge substrates. 
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Sample 
Number 

1 
2 
3 
4 
5 
6 
7 

Table 1 .  Effect of surface-passivation and emitter parameters on 
efficiency ofA10_37Gao.63As cells. 

Emmiter Doping Level Multi-Layer H2Se on 
Thickness in Emitter Buffer During Ramp to 

(J.tm) ( cm-
3
) Window-Growth 

0.4 7 X 101.7 No No 
0.2 7 X 1017 No No 
0.2 7 X 1017 No Yes 
0.2 7 X 1017 No Yes 
0.2 7 X 1017 No Yes 
0.2 7 X 1017 Yes Yes 
0.2 4 X 1017 Yes Yes 

1-Sun 
AM1.5G 

17(%) 
4.2 
6.2 
8.7 
9 .3 
10.0 
10.8 
13.7 

Table 2 .  Peak tunnel current density of GaAs tunnel junctions at different 
growth temperatures using continuous and cycled growths for GaAs:Zn. 

Growth Jp of Tunnel Diode 
(mA/cm2) 

Temperature Se:GaAs Continuous 

( " c) Zn: Continuous Zn: Cycled 
700 47 3000 
650 256 12800* 

* Specific resistivity of 3.3 X 10-3 ohm - cm2 
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Fig. 1 S chematic of an inverted 
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Fig. 3 a) 1-sun AMO and b ) AM1.5D* solar cell data on a thin film GaAs cell . *Dr. 
Keith Emery, NREL, Golden, CO, has measured total-area .J5� of 20.4 tnA/cm2 in simi
lar, but unop.timized, thin-film GaAs solar cell. 
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7.0 UNIVERSITY PARTICIPATION PROGRAM 

John Beriner (Manager) 

The objective of this program is to maximize the contribution of universities to the future of 
photovoltaic (PV) technology by focusing on the traditional needs and strengths of the PV 
community. Thus, it provides a forum in which the university researchers identify research topics 
critical to the advancement of PV technology with minimal influence from current programmatic 
interests. The selected participants are then permitted to pursue the proposed basic and applied 
research ideas in an environment designed to foster creativity by limiting requirements for 
delivery of reports, samples and achievement of specific goals. Reporting is limited to annual 
reports and journal publications. Research Symposia organized by the participants, are held 
periodically and are open to all students, program participants, and outside researchers. The 
intent of the initiative is to provide continuity of funding over a minimum three-year period 
which will allow universities to build and support interdisciplinary teams with specialized 
expertise which can be applied to furthering the technology base of PV. Such a program is 
expected to attract the most highly qualified university research teams to the DOE National 
Photovoltaics Program. The University Participation Program also supports PV industry through 
the technology transfer which occurs not only by publication of research· results in the technical 
literature, but also through enhanced student awareness of PV technology and education of future 
professionals. 
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Title : New Approaches for High Efficiency Solar Cell 

organization : Electrical and Computer Engineering Department 
North Carolina State University 
Raleigh ,  North Carol ina 

Contributors : S .  M .  Bedair and N .  A .  El-Masry 

obj ective 

The obj ective of this research program is to address current 
problems that · are hindering progress toward achieving high 
efficiency cascade solar cell . During the last year our efforts 
were directed �owards the construction of new ALE reactor 
( production type) that can handle 3 ,  two inch wafers and its use to 
grow device qual ity GaAs and AlGaAs . We have also used the ALE 
approach to achieve carbon doping up to 10201 cm3 resulting from the 
cracking of the TMGa precursors . 

A )  Atomic layer epitaxy reactor des ign 

A reactor was constructed and was special ly designed for ALE 
growth . The des ign of this reactor includes two key features : the 
rapid changing of gases over the substrate and minimal heating of 
the thermal boundary layer . These two attributes are· critical 
s ince they determine the maximum temperature at which the ALE 
process can be effectively used . Rapid switching is necessary 
because the self-·limi ting reaction is not stable for long exposure 
times at high growth temperatures . Rapid alternating gas exposure 
has been eas ier to achieve by moving the substrate rather than 
switching the gas streams as in the vent-run approach . The present 
reactor design takes advantage of these two concepts , gases are 
inj ected with a fairly high speed and the substrate is moved 
between streams of AsH3 and trimethylgallium ( TMG) . The increased 
gas velocity is achieved by using a small inj ector aperture and a 
low reactor pressure . The· reactor used is an in house modified 
Emcore 3 2 0 0  system operating at 3 0  Torr . It is des igned to operate 
with the sequential exposure of the substrate to the TMG , H2 , AsH3 , 
and H2 gas streams for one complete ALE rotation cycle . The 
modification necessary to permit this mode of operation , consists 
of extra inj ector tubes to purge hydrogen between the TMG and AsH3 
exposures . Also , the reactor chamber is partitioned into six 
compartments to separate further the reactive gases and also to 
ass ist in shearing off the boundary layer . The chamber is divided 
by 0 . 010 inch molybdenum sheets ( baffles ) . A topview schematic 
diagram of the chamber is shown in Fig . 1 .  Since the surface 
saturates at one monolayer in ALE conditions , the care needed in 
ta i l oring the gas f low dynamics in the conventional metal-organic 
CVD mode of operation is not necessary . The reactor is capable of 
growing up to three 2 inch diameter wafers , with a growth rate as 
high as 0 .  6 ,um h-1 • The des ign does not impose any limitations on 
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the number and s i z e  of wafers · and can thus be scaled up to meet 
large-scale production requirements . 

B .  Atomic layer epitaxy of GaAs and AlGaAs 

The ALE reactor was used for the growth of GaAs with 
control led background carbon concentrations in the range 1015-1019 
cm·3 � This was achieved by varying the growth conditions -such as 
the growth temperature , exposure time and reactant f lux . ·SiH4 was 
used as the n-type dopant , and carrier concentrations in the range 
1016-1018 cm·3 was achieved . 

. ALE of AlxGa1.xAs ( O<x<O . 4 )  was achieved in the temperature range 
55 0-7 0 0°C . A monolayer of AlGaAs was grown per cycle over .a fairly 
narrow range of total column III f lux ( trimethylaluminum ( (TMAI ) + 
TMG) . The compos ition of the AlGaAs films is c.haracterized by 7 7  
K photoluminescence and the background carrier concentration was 
obtained from Hal l  measurements .  One of the problems we faced in 
the ALE growth of AlGaAs was the high carbon background doping , 
probably due to the strong Al-C bond . The background carbon can be 
reduced by increasing the growth temperature and the V : III ratio . 
Table 1 summarizes the dependence of the background carbon in ALE 
growth of Al0.3Ga0.7As on the growth conditions . An order of 
magnitude reduction in carbon concentration was observed by 
increasing the growth temperature from 6 5 0  to 7 0 0°C . Also , a 
reduction in the value of the total column III f lux ( TMAI + TMG 
while maintaining an ALE monolayer growth , resulted in a 
substantial reduction in carbon doping . The best n-type f i lm had 
a carrier concentration of n = 1 .  6 .  X 1016 cm·3 and a room temperature 
mobi lity of 2 5 0 0  cm2v-1s·1 for a f i lm about 1 J.l.m thick . The AlGaAs 
film could then be doped n-type us ing silane which was introduced 
with the AsH3 flux . N-type films with carrier concentrations in the 
range 1017 - 1018 cm·3 were achieved . These f i lms showed good optical 
properties as indicated from photoluminescence measurements and are 
at least comparable with metal-organic CVD films . Thus , ALE is a 
suitable candidate for low temperature growth of the top cell in 
the AlGaAsfGaAs multij unction solar cel l structure with s i licon and 
carbon as the n- and p-type dopants respectively . 

C )  carbon doping 

Carbon is an attractive alternative to the p-type impurities 
used conventional ly in metal-organic cvo such as magnesium and z inc 
and those used in MBE such as beryl lium when high concentrations 
are desirable . Carbon is a relatively sha llow dopant in GaAs and 
AlGaAs , with ionization energy levels of about 2 6  meV and 4 0  meV 
respectively . Also , carbon has a lower diffusion coeff icient in 
GaAs than the other potential p-type dopants and thus carbon 
represents the ideal dopant for the heavily doped p+ layer o f  the 
interconnecting -j unction in the multij unction structures . Also , 
carbon can be used as a dopant for the contracting layers , thus 
reducing parasitic and contract resistance . Several approaches 
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have been employed to achieve high levels of carbon doping in GaAs . 
They include the use of TMG in metal-organic MBE , trimethylarsenide 
in metal-organic MOCVD and CC14 as an intentional dopant . Recent ly ,  
CC14 has also been used for carbon doping of AlGaAs . 

We have found that carbon incorporation in GaAs can be 
increased by the following : ( 1 ) increas ing the TMG f lux and its 
exposure time ; ( 2 )  decreasing the AsH3 flux and its exposure time ; 
( 3 )  reducing the growth temperature . The same trends are also true 
for· the growth of AlGaAs and here a - carrier concentration of about 
1 020 cm-3 was achieved . This very high level of p-type doping of 
GaAs and AlGaAs . is attractive for the interconnecting tunnel 
j unction achieved by controlling the above parameters .  The 
mechanism of carbon incorporation can be outl ined according to the 
fo�lowing process .  

Carbon doping o f  GaAs and AlGaAs by ALE is a direct result of 
the exposure to TMG or {TMG + TMAl ) in the absence of AsH3 during 
the ALE cycle . Thus , reaction products such as CH3 radicals 
resulting from the cracking of metal-organic molecules are assumed 
to be adsorbed on the GaAs surface . These CH3 radicals originating 
from the gas phase are products of TMG heterogeneous decomposition 
onto the GaAs surface or homogeneous decomposition in the gas 
phase . These hydrocarbons are also present in the metal-organic 
CVD growth of GaAs but the simultaneous presence of atomic hydrogen 
due to the decompos ition of AsH3 allows the formation of CH4 and 
subsequent desorption . In ALE the same process may take place , but 
with reduced efficiency owing to the time delay between TMG and AsH3 
exposures . The background carbon levels in ALE GaAs f i lm are 
a lways higher than those achieved by metal-organic CVD . This may 
be due to an exchange interaction between the carbon atoms on the 
surface and the arsenic atoms in the - lattice . Once the carbon 
atoms occupy s ites · in the bulk lattice , they cannot be easily 
removed .. The probability of such exchange interaction wil l  be 
enhanced by the time delay between TMG and AsH3 exposures . Also , 
the strong Al-C bond for the A�E growth of AlGaAs can impede the 
desorption of CH3 and the formation of CH4 during AsH3 exposure . 
These effects can be compensated for by increasing the AsH3 f lux as 
shown in Fig . 2 . . More work is needed to optimiz e  the growth 
conditions of AlGaAs . 

D .  Conclusion 

ALE is a potentially useful technique for the growth of 
multij unction solar cells . ALE was used to grow device quality 
GaAs and AlGaAs in a newly designed reactor . Carbon as a p-type 
dopant can be effectively used for high level doping using the ALE 
approach . Device quality GaAs and AlxGa1_xAs f i lms were grown with 
p-type background carbon doping in the ranges 1015-1020 cm-3 and 1016-
1020 cm-3 respectively . The potential appl ications of the ALE 
technique in the photovoltaic field was discussed . 

241 



Table 1 :  Dependence of background doping of Alo.JGa0.7As o n  growth conditions 

--·-· -

Run # Growth V/ID AsH3 TMG n/p I' cm2/V ML/ 
Temp.c· exposure. exposure per cm3 sec Cycle 

(sec/cycle) (sec/cycle) 

E-72 580 1 6 1  0.4 0.4 P=4. 6 8*1018 77 1 . 6  
-

E-105 5 80 227 0.4 0.4 P = 1 . 5*1 018 9 1  1 . 4  

� E- 197 650 232 0.53 0.26 P = 3* 1016 200 0.6 

E-203 650 95 0.53 0.26 P= 1 . 2* 1 019 105 1 . 8  

E-222 700 300 0.6  0 .26 N = l .6* 1016 2500 1 

E-223 700 150 0.6 0.26 P= 8 . 3 *1 016 109 . 1 

I E-223 650 300 0.6 0.26 high - 1 

resistivity 
I 

E-233 650 150 0.53 0.26 P = 9.9* 1 017 103 1 

E-262 650 9 0.53 0 .26 P = 0.8 X lOW 47 1 



Molyb denum S ep arators 

· TM G  

Figure 1 :  Schematic of the growth chamber 
243 



c 
0 

· -

ta ·  l
� c 
Q) (.) 

� c 
� 0 

0 
l-
ID 

·c l... 
C\1 

0 
. 1 E+ 1 6  

\ 
• 

. \'\ 
\ .  

\ 550 ·c 
· ... , ..... 

·., .. .. .. 
· . .. .. .. 

·-. 

·
·
.
, 

.•. , ............ 
·· ........ , 
........................ II ...................

...... ....... 
'······· ... ·········� 

................. 

-----

-

·

------------
580 °C D 

1 E+ 1 5��--�------�------�----�----�� 0 1 00 200 300 400 500 
Arsine Flow Rate (seem) 

Figure 2: Carbon incorporation vs AsH3 flux. High resistivity films were 
obtained at 580°C for an Asll3 flow of 500 seem. 



Title: Photon and Ion Assisted Doping and Growth of II-VI Compound 
Thin Films 

Ore;aniza.tion: Department of Materials Science and Engineering, 
Stanford University, Stanford, CA 94305-2205 

Contributors: R.H.Bube (Principal Investigator), A. L. Fahrenbruch, G. Jensen 
D. Kim, J. MoBlein, and A. Lopez-Otero 

This is an investigation of the doping and growth of IT-VI compound films, especially p-CdTe, by 
physical vapor deposition with co-evaporation of the dopant Dopant incorporation by (a) photon
assisted doping (PAD) and (b) ion-assisted doping (lAD), are compared with respect to the 
growth, structural, and photoelectronic properties of the deposited films. 

Methods of Approach 
Control of p-type doping in polycrystalline CdTe solar cells is a promising tool for minimizing 
series resistance loss and maximizing Voc [1] .  Our previous work, using lAD [2-7], focused on 
incorporation of the dopants and yielded carrier densities up to 2 x 10l"T cm-3 in homoepitaxial 
films with P as a dopant, but gave films with low minority carrier diffusion length (Ld) (Fig. 1). 
We have investigated PAD as a gentler alternative that would enable doping, and also yield good � 
[8] . 

Schetzina et al. [9- 10] and his students (some of whom have continued to study PAD at other 
research groups) [ 1 1, 12, 13, 14] reported PAD doping of CdTe epitaxial films deposited by MBE 
to levels up to p = 6 x 1018 cm-3 with As. These films also had good crystalline quality, as 
evidenced by photoluminescence (PL), double-crystal rocking curves (DCRC), and carrier 
mobility data. Although their data suggest long �. it was not measured. 

Other workers [ 15, 16, 17, 18], including ourselves, have not been able to reproduce the PAD 
results of Schetzina et al. However, there is consensus among most, if not all researchers, that 
illumination during deposition enhances Cljstalline quality. And, there is also a consensus that 
using excess Cd flux during deposition increases both doping and crystalline quality. For 
example, Arias et al. [15] found that illumination had little or no effect on doping, but that a Cdffe 
flux ratio = 1 . 1-1.3 was necessary to incorporate and electrically activate As during the MBE 
growth of p-CdTe-regardless of whether the sample was.illuminated or not. 

Fig. 1 is is a schematic of our deposition system; Characterization methods include measurements 
of resistivity, carrier density (by 1/C2 vs V), and analysis of In Schottky barriers on the films. 
SIMS, x ray diffraction rocking curves, and photoluminescence measurements have also been 
made. 

Significant Results 
We have grown more than 200 homoepitaxial films using various combinations of illumination (0-
100 mW/cm2), Cd{fe flux ratio (1 .0-2.2), dopants (Sb, P, As with PAs = 6 x 10-6 to 0.2 Torr, 
and un-doped), and substrate temperature (140-180°C). (In some cases these parameters were the 
same as those of Schetzina et al. and Arias et al., except for vacuum level.) Using these 
parameters, we have been unable to reproduce the reported PAD results of Schetzina et al. [9-12] .  
Most of our PAD fllms appear to be semi-insulating, and, although some films showed measurable 
conductivity, the effect is modest, and there appears to be little or no correlation between 
illumination and doping. 

However, the use of a Cd{fe flux ratio > 1 · shows a strong effect on the electrical properties of 
ln/p-CdTe Schottky diodes (Table 1 and Figs. 3), whether light and/or the dopant (As) are/is 
present or not. Data are presented in Fig. 4 showing the effects of variation of the growth 

245 



parameters on the characteristics of In Schottky barriers on the films. The values of the reverse 
bias current J(-3V) are assumed to correlate inversely with the crystalline quality (in this case 
through the density of recombination centers) since the reverse bias current transport is due to 
recombination in the depletion layer for these devices. The high forward bias voltage current 
J( +2V) is a measure of the resistivity of the layers. 

Proceeding on the assumption that a chemically active As monomer is needed to dope the CdTe we 
also tried Cd3As2 as a dopant source. Preliminary results are very promising, showing hole 
densities up to 2.5 x 1016 cm-3. 

Conclusions and Future Work 
We conclude that illumination does not enhance co-evaporation doping, " at least under our 
deposition conditions. However the use of Cdffe flux ratios > 1 is promising, judging from the 
large increase in the rectification ratio we obsetved for In Schottky barriers on the films, and the 
consensus of results of other workers. The lAD approach remains a fertile ground for research, 
particularly using Cdffe flux ratios >1.  

We are refocusing our research on two areas. The first is a continuation of the lAD work to 
include: 
(i) The effects of Cdffe flux ratios > 1 during lAD film growth on doping, self-compensation, 

crystalline quality, and, especially, 1-d. 
(ii) N as a dopant. 
(iii) Use of un-ionized Cd3As2 as a dopant source. 
(iv) Post-growth annealing the films in Cd vapor to anneal out ion damage, if present, and to 

drive the stoichiometry to Cd-rich to determine whether the Ld of lAD samples can be 
improved. 

(v) Extension to polycrystalline thin films. 

The second area is the investigation of single-crystal and polycrystalline ZnTe films, grown by 
CSVT, for low-resistance Ohmic contacts to p-CdTe and as an active component in tandem cells. 

Our ultimate goal is to test the most promising technique(s) from the studies above on 
CdS/CdTe((ZnTe) heterojunction solar cells based on these lAD doped single-crystal and 
polycrystalline CdTe fllms. 
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of P that would be in the layer if all the incident ions were incorporated. Ion energy = · 
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Fig. 2. The experimental setup is capable of deposition in both the lAD and/or PAD modes. Laser beam 
intensity (blue-green) at substrate is typically 50-100 mW/cm2 .. Depositions are typically 
homoepitaxial films � 10 J.liD thick on (100) single crystal p-CdTe substrates. 

Table 1. A set of samples showing the effect of illumination, extra Cd flux, and doping on the current 
densities of In Schottky barriers, used to plot Fig. 3. The table also lists the current denSities on 
these samples after � 2 months storage in the dark at room temperature, as discussed below. 
Generally, the current densities changed with time so as to reduce the rectification ratio, J+2V I J-3V· 
T - 180°C , � -

BEFORE and AF1ER DARK STCRAGE 

SAMPLE VAR IABLI J (+2V) J (-3V) J (+2V) J (-3V) 

Ph- CCDE lo-5 Ale� l o-5 Ale� 1 o-5 Alerri- l o-s Ale� 

1 D O O 6. 1 9.70 5 .2 7.50 

2 D O L 2.6 4.00 2.5 3.40 

13 D C L  22 0.07 0.9 0.46 

16 D C O  1200 0.34 1 50 0. 17  

17 0 0 0  1 10 2. 1 0  1 00 2.00 

18 o c o  6 10 1 3.0 12 0. 1 4  

19 O O L  2.5 1 .90 2.6 1 .70 

20 O C L  1 90 0.34 7.1  1 .70 

14  D O L l 16000 67 16000 67 

22 D O L l 1 90 0.3 700 2 

1 S a m ple s  1 4  and 2 2  were grown with incident Cd3P2. 
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BEFCRE AFTER AFTER/BEFCRE 

ROCTIFICATICN J (•2V) J (-3V) 

RATIO 

0.63 0.69 0.85 0.77 

0.65 0.74 0.96 0.85 

3 14 1 .93 0.04 6.57 

3529 882 0. 1 3  0.50 

52 so 0.9 1 0.95 

47 86 0.02 0.0 1 

1 .32 1 .53 1 .04 0.89 

559 - 4. 1 8  0.04 5.00 

250 250 1 .0 1 .0 

667 350 3.5 6.7 
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Fig. 4. In Schottky diode current densities I+2V and I-3V for different deposition variables, as 
abbreviated: D Dopant 

C Excess Cd flux 
L illumination 
0 Without the variable in that position. 

E.g., DLC means the dopant was present, illumination on, and with excess Cd, while 
DOC means the same conditions but without illumination. T s = 180°C for all these 
depositions. The growth conditions of these samples are listed in Table 2 and the current 
density data and sample codes are listed in Table 3. The ratio 1 .0 means that there is no 
effect of the particular growth parameter on current density. 
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Organization: 

Contributors: 

Electronic Processes in Thin F:alm PV Materials 

Department of Physics, University of Utah, Salt Lake 
City, Utah 

P.C. Taylor, principal investigator; G.A. Williams, 
W.D. Ohlsen, S. Gu, J.M. Viner, K. Gaughan, 
S. Hershgold, D. Chen, P. Hari 

One important class of materials for PV conversion of solar energy is the group of thin film 
amorphous semiconductors based on hydrogenated amorphous silicon (a-Si:H). Important alloys 
include a-Si,.Ge,.x:H, a-Si,.C,.x:H and a-Si,.N,.x:H which are used to produce narrower gaps for 
tandem cells, and wider band gaps for top-surface p-layers, respectively. Also of interest are 
artificially layered structures, such as a-Si:H/a-Si,.C,.x:H, where the individual layers may be only 
10-1000 A thick. 

Defects and impurities in these films create enhanced densities of electronic states in the gap 
which are deleterious to the performance of PV devices. In addition, both the alloy systems and 
a-Si:H itself are plagued by electronically- and optically-induced metastabilities (Staebler
Wronski effect) and by metastable departures from equilibrium below a "freezing in" 
temperature. These metastabilities adversely affect device performance and make projections 
of useful device lifetimes difficult. 

Objectives 

The major objectives of this subcontract are (1) to grow and characterize high quality of 
a-Si:H and related alloys and multilayers using the glow discharge technique, (2) to characterize 
by optical and magnetic resonance techniques the roles of defects and impurities in amorphous 
tetrahedrally-coordinated thin films, (3) to determine the quality of the interfaces and junctions 
which occur in PV devices by employing surface-sensitive optical .  and magnetic resonance 
techniques, and (4) to understand the recombination-induced metastabilities (Staebler-Wronski 
effect) and the frozen-in departures from equilibrium (as mediated by hydrogen diffusion or 
defect motion) in amorphous tetrahedrally-coordinated thin films. Reviews of these major areas 
are available elsewhere. 1•2 

Discussion 

Several techniques have been employed to accomplish these objectives. Samples are grown in 
a state-of-the-art glow discharge deposition system and characterized using infrared and Raman 
spectroscopy, electrical conductivity, electron microprobe, and photothermal deflection 
spectroscopy (PDS). Other important experimental techniques include nuclear magnetic 
resonance (NMR), electron spin resonance (ESR), various optical spectroscopies, and double 
spectroscopies such as optically detected magnetic resonance (ODMR). The subcontract is 
divided into seven tasks. The frrst task is the growth and characterization of doped and undoped 
a-Si:H and related alloys. We have continued our investigations of the use of a liquid organic 
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source, tertiarybutylphosphine or TBP, to produce n-type doping in a-Si:H. 3'4 The opti.cal and 
electronic properties of TBP-doped a-Si:H are, in general, very similar to those obtained in 
phosphine-doped films. 4 Recently we have grown a-SLC,_x:H alloys using two liquid organic 
sources, ditertiarybutylsilane (DTBS) and n-butylsilane (NBS). The band gaps and localized 
electronic states in the. gap have been measured using photothermal deflection spectroscopy 
(PDS). Figure 1 shows typical data for the absorption coefficient a as a function of photon 
energy for a-SLC,_x:H films produced from mixtures of DTBS and silane. The energy at 
a = 04 em·' can be varied from 1 .9 to 3.0 with the incorporation of DTBS during the deposition, 
but with small amounts of DTBS in the gas mixture the below gap absorption increases by about 
an order of magnitude over that which occurs in device quality a-Si:H. 

Doping is also possible for films made with small admixtures of DTBS in silane3, but the 
efficiencies fall rapidiy with C incorporation in the films. This situation is demonstrated in Fig. 
2 which shows the dark conductivity at 300 K as a function of the gaseous impurity ratio of 
TBP/SiH4 with and without the incorporation of DTBS. Undoped samples employing 
concentrations of 10% DTBS in silane have conductivities on the order of 10"10 n·' em·' ; however, 
doping with 1 %  TBP in the 10% DTBS +90% silane mixture increases the conductivity to 
3 x 10-6 n·' em·'. The circles in Fig. 2 correspond to the same composition as the undoped 
sample designated as curve (c) in Fig.· 1 .  

The second task concerns non-equilibrium phenomena in a-Si:H and related alloys. As part of 
the TBP doping studies we have examined the thermal stability of n-doped samples of a-Si:H 
by measuring the temperature dependence of the electrical conductivity as a function of the rates 
at which the samples are quenched from elevated temperatures (150 oC). A "kink" occurs in the 
semi-logarithmic plots of the conductivity at a "freeze-in" temperature where at least some of 
the electronic states in the system fall out of thermal equilibrium. Our measurements on P- . 
doped samples of a-Si:H using both TBP and phosphine have shown that there are differences 
in the freeze-in temperatures depending on the dopant gas which is used. In particular, samples 
made with TBP appear to have lower freeze-in temperatures than comparable samples made with 
phosphine. 4 Recently, we have initiated studies of local diffusion of hydrogen in a-Si:H using 
NMR techniques. Initial studies are being performed on heavily B-doped a-Si:H where the 
macroscopic diffusion constants are known to be the greatest. 

The third task involves the study of recombination-induced metastabilities in a-Si:H and related 
alloys. For some time we have used light-induced electron spin resonance (LESR) and below
gap optical absorption as measured by PDS to measure changes in the silicon "dangling bond" 
densities as a function of optical excitation. Recently we have employed photoluminescence 
absorption spectroscopy (PLAS) to measure light traveling down the length of a film in a 
waveguide mode. Details of the PLAS technique are available elsewhere. s;6 As will be 
discussed below, the PLAS technique is sensitive to surface effects, so it is important to separate 
out the surface and bulk contributions. Changes in the below gap absorption have been 
examined for films of a-Si:H sandwiched between layers of SiOx or SiNx. In both cases the 
metastable increases in . below gap absorption are found to be bulk, and not surface, effects. s 

The investigation of interfacial effects in a-Si: H and related alloys constitutes the fourth task. 
In PLAS measurements of a-Si:H/SiNx interfaces we have found a shoulder in the absorption 
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around 1 .2 eV that is probably due to interface states.6 A detailed interpretation of this feature 
in the absorption spectrum awaits further measurements. 

Previous comparative studies of low-temperature (T .. 30 K) optically induced ESR using above 
gap red (633 nm) and below gap i.r .. (1060 nm) light on a-Si:H have shown a suppression of 
transient optically produced holes with respect to electrons and neutral silicon dangling bonds. 7 

These results have suggested the presence of a large density of filled o- states near the substrate 
interface perhaps due to band bending. Recently, we have performed experiments as a function 
of film thickness confirm this interpretation. 8 Using films of 5, 10 and 15 JJ.m thicknesses we 
have shown unambiguously that the asymmetries in the LESR signals scale with the number of 
interfaces to within + 15 % ,  but when considered as a bulk effect the ·results vary by more than 
a factor of three. 

The fifth task concerns investigations of defects and impurities in a-Si:H and related alloys. We 
have been using excitation spectroscopy of PL (PLE), time resolved PL, and PLAS techniques 
to probe defects which produce absorption below the gap in a-Si:H. 5•9•10 Recently PLE and time 
resolved PL spectra at 77 K have been measured over the range 1 . 1  - 1 .7  e V using the Ti 
sapphire cw tunable laser as the excitation source. 9 The PLE spectra for PL measured at 1 .  0 
eV and 0.9 eV follow the Urbach tail portion of the absorption. The below gap absorption 
contributes little to these PLE spectra. This fact means that the contribution to the PL at high 
energies may be primarily due to an excitation from a bandtail to a band edge followed by 
recombination between the band tails. On the other hand, the below-gap absorption does 
contribute to the PLE spectrum when the PL is measured at 0.8 eV. This behavior is consistent 
with a recombination of carriers through the defect states. 

In addition, we have found that the lifetime of the PL decay becomes shorter when the excitation 
energy is below about 1 .66 eV. We have measured the time resolved PL (TRPL) spectra for 
PL at energies at 1 .3  eV, 1 .2  eV, 1 . 1  eV, 1 .0 eV, 0.9 eV and 0.8 eV excited at 1 .657 eV. 
When the PL energy is decreased from 1 .3 eV down to 0.9 eV, the decay of TRPL spectra 
becomes monotonically slower. This behavior is consistent with the well known fact that the 
peak of the PL spectra at high energies shifts to lower energies with time. At 0.8 eV the TRPL 
spectrum is close to TRPL at 1 .3  eV at short times, but close to TRPL at 0.9 eV for longer 
times. The most reasonable explanation for this behavior is that the PL at 0.8 eV is composed 
of two recombination processes, i.e. , (1) bandtail to bandtail and (2) bandtail to defect states. 

We have also measured the PL spectra as a function of excitation energy from above the gap 
( 1 .  96 e V) down to well below the gap ( 1 .19 e V). In these spectra the peak of the high energy 
PL band shifts to lower energy when the excitation photon energy decreases. When the 
excitation energy falls below about 1 .45 eV the defect-related PL at 0.8 eV becomes dominant. 

In addition to these PLE studies, 1H NMR has been employed to study the local environments 
of bonded hydrogen and trapped molecular hydrogen (H:z) in a-Si:H films deposited by rf 
sputtering. 1 1  All spectra exhibited both broad and narrow components in the 1H NMR free 
induction decays, that are indicative of clustered and randomly distributed (dilute) hydrogen, 
respectively. The T1 of both samples that exhibit long range H diffusion and those that do not 
exhibits a clear minimum at .. 30 K, indicative of relaxation by H2 trapped in microvoids. After 
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annealing for 24 hours at 294 °C, the ratio of broad-to-narrow components increases to > 10 
in all samples, and the magnitudes of the T1 minima increase to about 1 sec in all samples. This 
last fact is consistent with the diffusion of molecular hydrogen out of the sample on annealing. 
Studies of states in the gap constitute the sixth task of this subcontract. We have recently used 
several sub-gap �pectroscopies to study the states in the gap in doped and undoped films of a-

. Si: H. 5•9 These measurements indicate a sharp rise in the absorption attributed to deep defects 
(silicon dangling bonds) near 1.3 eV at 77 K. This value is about 0.6 eV less than the value of 
the optical band gap, and the analog of this behavior has been observed in alloys by other 
workers. 12 

Task seven is the training of graduate students and postdoctoral research associates. Three 
students are currently being trained under partial support of this subcontract. In addition, one 
postdoctoral research associate is benefiting from training received under this program. We 
currently have active collaborative efforts with Solarex Corp. , Xerox P ARC, North Carolina 
State University, University of Delaware, Iowa State University, Gifu University, Kanazawa 
University and the University of Marburg. All of these institutions have provided well 
characterized samples to use for various research purposes. 

Although they do not fall directly under any of the tasks of the present subcontract, we are 
continuing to pursue measurements of optical bistability in a-Si:H because of the potential of this 
material as a bistable optical switch. 13•14 

Conclusions 

Major accomplishments of the previous year include (1) the growth of a-SixC1.x:H alloys using 
liquid organic sources (DTBS and NBS) mixed with silane, (2) preliminary doping experiments 
on a-SixC1_x:H films, (3) measurements of the freeze-in temperature in TBP-doped films of a
Si: H, ( 4) initial feasibility measurements of local diffusion of hydrogen in B-doped a-Si: H using 
NMR techniques, (5) measurement of optically induced absorption in a-Si:H using PLAS, (6) 
measurement of a distinct feature in the below-gap optical absorption that is attributable to 
Si/SiNx interfaces, (7) confirmation of the role of interfacial regions in below-gap LESR 
experiments, and (8) the extension of PLE and time-resolved PL spectra in a-Si:H down to 1 . 1  
eV. Future directions· for the research include (1) growth of a-Si:H and related alloys using 
other less toxic, liquid organic sources, (2) continuation of below-gap spectroscopy of a-Si:H 
using PLE, time resolved PL and PLAS, (3) continuation of the measurements of local hydrogen 
diffusion in boron-doped a-Si:H using NMR techniques, (4) investigations of the optical 
properties of a-SixGe1_x:H and a-SixN1_x:H alloys, and (5) an examination of the correlations 
between optically induced metastabilities observed in PL, ESR and optical absorption 
experiments in a-Si:H. 
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8.0 PHOTOVOLTAIC MANUFACTURING TECHNOLOGY 
(PVMaT) PROJECT 

Ed Witt, (Manager), Rick Mitchell, Dave Mooney 

The PVMaT Project is a government{mdustry photovoltaic (PV) manufacturing research and 
development (R&D) project composed of partnerships between the federal government (through 
the U.S. Department of Energy) and members of the U.S. PV industry. It is designed to assist 
the U.S. PV industry in· improving manufacturing processes, accelerating manufacturing cost 
reductions for PV modules, increasing commercial product performance, and generally laying the 
groundwork for a substantial scale-up of U.S.-based PV manufacturing plant capabilities. 

The project is being carried out in 3 separate phases, each focused on a specific approach to 
· solving the problems identified by the industrial participants. These participants are selected 

through competitive procurements. Furthermore, the PVMaT project has been specifically 
structured to ensure that these PV manufacturing R&D subcontract awards are selected with no 
intention to either direct funding toward specific PV technologies (e.g., amorphous silicon, 
polycrystalline thin films, etc.), or spread the awards among a number of technologies (e.g., only 
one subcontract in each area). Each associated subcontract under any phase of this project is, 
and will continue to be, selected for funding on its own technical and cost merits. 

The Phase 1 portion of the PVMaT project, the problem identification phase, was completed early 
in 1991.  This effort involved competitive bidding open to any U.S. firm with existing 
manufacturing capabilities, regardless of material or module design. Early in 1991, .  the 
competitive selection process for this phase was completed with the award of 22 subcontracts. 
Each of these subcontracted efforts was funded at a level of up to $50,000 and involved a 
duration of 3 months. The problems identified by the research in this phase of the project were 
process-specific in nature and represented opportunities for individual industrial participants to 
improve their manufacturing processes, reduce manufacturing costs, increase product 
performance, and/or support a scale-up of U.S.-based manufacturing plant capabilities. These 
opportunities have since been detailed in the approaches suggested by these organizations for 
Phase 2 research. It is not anticipated that another solicitation like Phase 1 will occur. The 
procurement under this phase was only meant to precede and support the Phase 2A solicitation. 

Phase 2 of the PVMaT project is now under way. This is the solution phase of the project and 
addresses problems of specific manufacturers. The final selection of successful bidders under 
the first Phase 2 solicitation, called Phase 2A, has been completed. Subcontract negotiations are 
under way at this time, and the award of research subcontracts is expected in early Fiscal Year 
1992. This Phase 2A solicitation was open only to participants in the Phase 1 effort. It is 
anticipated that as many as six subcontracts will be awarded under this phase, in which successful 
bidders will be supported for as long as three years as they realize improvements to their 
manufacturing processes. The envisioned subcontracts under Phase 2 may be up to three years 
in duration and will be highly cost-shared between the u.s� government and u.s. industrial 
participants. A second overlapping and similar process-specific solicitation (Phase 2B) is planned 
to follow soon and will be open to all U.S. PV manufacturing companies. 

There are "general" R&D problems in the PV industry that are relatively common problems to 
the industry as a whole, to a number of companies, or to the design and deployment of PV 
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systems. Phase 3 of the PVMaT project will address these generic problem areas through a team 
research approach. A Request for Proposals on this generic manufacturing technology was 
released in October 1991 (RR-2- 11 219: Teamed Research and Development on Photovoltaic 
Manufacturing Technology, Phase 3A - Shared Process Issues), with proposals due in January 
1992. Participants for these generic research activities may come from a consortia of industrial 
companies, individual companies, a university or group of universities, combinations of company 
and university groups, or other. groups with special capabilities for solving a particular problem. 
These. proposed research organizations will focus on module-related R&D problems found to be 
common to several industrial PV manufacturers. They will also work in tandem with material 
and component manufacturers to help strengthen the PV industry. 
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Title: Photovoltaic Manufacturing Technology Phase - I 

Organization: AstroPower, Inc. Solar Park, Newark, DE 1971 1  

Contributors: W.R. Bottenberg, Principal Investigator; A.M. Barnett, R.H. Hall 

The objective of this work was to identify process specific module fabrication problems 
for the Silicon Film™ manufacturing technology and to identify approaches to solving these 
problems and the costs to solve these problems. This objective was met by following a four step 
process: 1) description of the module manufacturing procedure, 2) identification of processes that 
could lead to improvement, . 3) identification of specific problems and 4) description of 
approaches to �hieve the cost reduction and performance goals. 

The Silicon-Film™ process is being qeveloped with the objective of achieving a high
performance, low-cost solar cell for terrestrial power applications. The approach is guided by 
device modeling. A high performance device structure has been designed which can be 
fabricated from imperfect materials. The technical approach involves development of a technique 
for preparing crystalline silicon on a low cost substrate. The commercial feasibility of this 
approach has been demonstrated by the achievement of a 100 cm2, 10.9% commercial-size solar 
cell. 

There are three primary stages in the manufacture of a module using Silicon-Film™ 
wafers: wafer formation, solar cell fabrication and module fabrication. The process steps after 
wafer fabrication are almost identical to those found in the conventional single crystal or 
polycrystalline silicon technologies. 

A three year plan was defmed to achieve the following objectives: 

1) Improve the productivity of the Silicon-Film™ machine which will lead to reduced 
wafer costs. 

2) Reduce the materials consumption and increase the materials yield in the Silicon
Film™ wafer leading to further reductions in cost. 

3) Improve the performance of the solar cells. 
4) Decrease the materials consumption in the solar cell fabrication process and 

increase the mechanization leading to reduced cost. 
5) Decrease module cost by integrating and mechanizing the fabrication of modules 

from solar cells. 
6) Increase the size of the solar cell and module to reduce cost. 

The ultimate benefit of long-term research on improvement of the Silicon-Film™ wafer 
manufacturing process and the reduction of manufacturing costs will be the penetration into the 
utility power markets by these advanced products. 
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Title: Manufacturing Technology Development for CulnGaS� 
Solar Cell Modules 

Organization: Boeing Defense and Space Group, Seattle, W A 

Contributors: B.J. Stanbery, program manager and principal investigator; 
R.M Burgess, W.S. Chen, W.E. Devaney, R.A. Mickelsen, 
and J.M. Stewart 

Lower-Tier Subcontractors: Glasstech Solar Inc, Golden, CO; S. Brown and N.T. Heeke 
Advanced Technology Materials,. Danbury CT; D.C. Gordon 

The objective of this study is to identify our current capabilities in manufacturing and process 
development, and the obstacles to the advancement of manufacturing technology for CIGS solar 
cell modules; and to develop a plan describing the cot and other requirements to reduce CIGS 
module production costs, improve their performance, and establish a significant domestic 
production capacity to enable their cost-effective application to the utility power generation 
market. 

We have developed a two-stage strategy to advance CIGs module manufacturing technology. 
The Prototype Inline CIGS Production Plant analyzed in the course of this contract is the next 
logical step in the further development of CIGS module manufacturing technology . 

We have developed a preliminary plan to design, build and test a Prototype Inline CIGs Module 
Production Plant. Our development program scheduling has led us to conclude that this effort 
can be concluded in three years, and at an estimated expense of about $14M. Completely 
detailed program cost estimation has not been performed, hence it is important to remember that 
this cost estimate is tentative. Our determination that this program can be completed in three 
years is based on our estimates of the time required to complete each task and an analysis of the 
development activities interrelationships. We assume that this program begins in 1992, and that 
the second stage project to build the full Scale Inline CIGs module Production Plant begins in 
1995 and begins production in 1997. 

Calculated direct manufacturing costs have been combined with a technology development plan 
schedule to project the module peak power production cost in $/W P ahead the output capacity 
in MW P as a function of time between the years 1994 when the prototype production plant is 
expected to be frrst operational and the year 2000 when the frrst refined, fully developed full
scale production plant achieves its full capacity. 

Conclusions: 

We have used the method developed by the Electric Power Research Institute (EPRI) for the 
analysis of the cost of electricity from module cost, BOS cost, technology-specific physical 
properties, and financial parameters (as updated in the DOE Interlaboratory White Paper of 1991) 

. to calculate the cost of electricity and thereby judge the applicability of CIGS module technology 
to central utility power generation. The results shown in figure 4 clearly indicate that the further 
advancement of CIGS module manufacturing technology and scale-up of production has the 
potential to enable photovoltaics to penetrate this huge market and become a major industry in 
the United States by the beginning of the 21st century. 
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Title : Development of Fixed Abras ive Slicing Technique (FAST) for 
Reduc ing Slicing and S il icon Material Costs of Photovoltaic Wafers 

Organization : Crys.tal Systems , Inc . 
27 Congress S treet , Salem , MA 01970 

Contributors : Frederick Schmid ,  Principal Investigator ; Chandra P .  Khattak , 
Program Manager ;  Maynard B .  Smith , Senior Engineer 

Obj ective 

S ilicon wafers are a large portion of module cost , and slicing represents nearly · 

half the wafer cos t .  Current emphas is on production of high- effic iency 
crystalline s ilicon photovoltaic modules requires development of effective low
cost slicing technique . The Fixed Abras ive Slicing Technique (FAST) has been 
proven effective for s licing s ilicon wafers . Design and fabrication of a htgh 
throughput double -headed FAST slicer has been demonstrated as a production 
technology . Further cost reductions can be achieved by reducing the expendable 
materials cos ts , mainly the bladepack . The program addressed degradation 
mechanism of bladepacks and development to slice multiple bars of silicon . 

Results 

In FAST a multi -wire bladepack is reciprocated across the silicon workpiece . 
Slicing is achieved by us ing fixed diamond on wires as abras ive and water as 
coolant . Wires equally spaced and tensioned , have diamonds plated on the cutting 
edge only . Kerf is reduced and diamonds decreased . After slicing through one 
10 em x 10 em s ilicon block , the cutting rates degrade . The wire blade 
development program was in:l.tiated to understand the degradation mechanism of the 
wire packs . Experiments showed a very small number of diamonds on the wire 
contact the workpiece during FAST slicing and effective feed forces on each 
diamond tip is high .  Under these conditions the diamond tip may form a "wear 
flat " or - � may be moved in the nickel setting to a less favorable cutting 
orientation during the reciprocation action . S ince the effec tive pressure on 
the diamond tip decreases as the flat increases , diamonds cannot be removed to 
allow diamonds at lower elevations to surface and res tore effective slicing . 
By choice of diamond type , diamond s ize and dress ing operation , slicing 
effectiveness of bladepacks is - restored. An order of magnitude increase in 
slicing rates was observed with a three - fold increase in feed force . Under these 
conditions more diamonds ceintact the workpiece so that the effective pressure 
at the diamond tip is not increased and surface damage in the wafer can be kept 
low . .. 

The results of this investigation show the expendable materials costs can be 
reduced by minimiz ing diamond degradation on bladepacks during FAST slicing , 
maximiz ing diamond contact on the workpiece , and improving retention of diamonds 
in the plating matrix . 

Future Direction 

The expendable materials costs can be reduced by slicing ten silicon bars - us ing 
the same bladepack . Higher slicing rates with high yields will result in further 
economies . The material utilization can also be improved by us ing shaped wires 
so that the kerf can be reduced significantly . 
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Photovoltaic Manufacturing Technology Phase I 

Organization: Energy Conversion Devices, Inc. Troy, MI. 

Contributors: Masat Izu, Principal Investigator, Wolodmyr Czubatyj, Herbert Ovshinsky 

Objective/ Approach -- The object of the program was to identify and describe: 
1. capabilities in manufacturing and process development, 2. potential for significantly increased 
production capacities and reduced manufacturing costs, 3. problems impeding the achievement 
of those potentials, and 4. cost and other requirements involved in overcoming the problems. 

Background and Program Results -- During the past ten years, ECD, has made 
important progress in the development of PV materials, device design, and manufacturing 
processes� Among these accomplishme�ts, ECD has pioneered and continues to develop three 
key proprietary technologies: 1 .  a low cost, roll-to-roll continuous substrate thin film solar cell 
manufacturing process, 2. a high efficiency, monolithic, multiple-junction, spectrum splitting thin 
film amorphous silicon alloy device structure and 3. a high deposition rate, microwave plasma 
CVD process. 

Advantages ofECD's technology include relatively low manufacturing process cost, and 
lightweight, rugged and flexible modules which result in lowered installed costs. Commercial 
production of multiple-junction amorphous silicon alloy modules has been underway at ECD for 
a number of years using the proprietary roll-to-roll process (typically 2,500 ft. long, 14" wide and 
5 mil thick stainless steel rolls are processed at approximately 1 ft. per minute). ECD's joint 
venture United Solar Systems Corp. ("USSC") has a 2MW production plant located in Troy, MI. 
and modules are currently being m�nufactured. ECD's ongoing research has produced increases 
in energy conversion efficiency and manufacturing process throughput. As a result, ECD 
currently holds the world's record for energy conversion efficiency of an amorphous silicon alloy 
solar cell device and ECD has also reported on development of a proprietary process for plasma 
CVD deposition of high quality amorphous silicon alloy f:tlms at deposition rates 5 to 10 times 
greater than those currently employed in the photovoltaic industry. During the program ECD 
identified recent technological achievements in device design, advanced deposition and module 
fabrication processes which can bring about substantial cost reductions in future PV module 
manufacturing. 

Conclusions and Future Plans -- In a proposed follow on program (Phase 2A), ECD 
will develop advanced manufacturing technology with the capability of producing modules with 
stable 10- 1 1 % efficiency at a cost of approximately $1 .00 per peak watt. To achieve these goals, 
we propose a program composed of three tasks: 1. improve module efficiency by developing and 
demonstrating manufacturing scale technology which can incorporate earlier ECD research 
advances in device efficiency through the use of multi-junction spectrum splitting and high 
performance back reflector cell designs, 2. explore opportunities to significantly increase 
manufacturing throughput by developing and demonstrating high deposipon rate silicon alloy 
solar cell fabrication utilizing proprietary microwave plasma CVD deposition technology and 3. 
further reduce costs by exploring technologies which lead to reductions in materials and labor 
cost for mass production. All of these achievements will be transferred to USSC for 
manufacturing of PV products in the U.S. 
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Title : Photovoltaic Manufacturing Technology ( PVMaT) 
Improvements for ENTECH ' s  Concentrator Module 

Organization : ENTECH � Inc . , Dallas-Ft . Worth Airpor t , Texas 

Contributors :  M . J .  O ' Neill , Program Manager , 
A . J .  McDanal and J . L .  Perry 

Ob j ective : The objective of the Phase 1 program , completed in FY- 1991 , was to 
formulate a plan to improve the key manufacturing processes for mass-producing 
ENTECH ' s  linear Fresnel lens photovoltaic concentrator module . The improved 
manufacturing processes should simultaneously increase module production rates , 
enhance module quality , and substantially reduce module costs . 

Approach ; Our basic approach has been to build on our successful concentrator 
module technology base , developed over the past dozen years , while evaluating all 
of our present module manufacturing processes for potential improvements in 
quality , performance ,  and cost . Our existing concentrator module manufacturing 
processes fall into four major categories : ( i )  photovoltaic cell assembly 
fabr ication ; ( i i )  photovoltaic receiver assembly ; ( ii i )  lens lamination ; and 
( iv )  module assembly.  Working with outside automation experts , we have 
re-designed the photovoltaic cell assembly .for automated soldering , prism 
covering , and encapsulation , thereby eliminating the bulk of our current module 
manufacturing labor content . The new cell assembly approach also dramatically 
simplifies the receiver assembly process , improving yields and quality . Working 
with 3M , we have re-designed the Fresnel lens for automated in-line lamination at 
3M ' s  plant , eliminating labor , yield , and facility costs associated with our 
previous in-house lamination process . Working with our metal parts suppliers , we 
have enlarged our module and expanded allowable tolerances to facilitate rapid 
field assembly at low cost . 

Key Results : We have defined a significantly improved manufacturing approach for 
our concentrator modules . We have assembled a team of organizations ( including 
3M , Texas Instruments ,  Integrated Production Systems , and Consumers ,  Inc . ) and 
prepared a detailed plan to design and implement a modern factory capable of 
producing more than 10 MW/year of our concentrator modules at prices meeting the 
near-term goal of the U� S .  Department of Energ y .  We are currently negotiating a 
Phase 2A contract with the Department of Energy , National Renewable Energy 
Laboratory , and Sandia National Laboratories team to develop and install this new 
factory at our present facility . 

Conclusion : The key conclusion drawn from the Phase 1 program is that our 
simp l e , efficient , error-tolerant 21X linear Fresnel lens concentrator module can 
realistically meet the near-term Department of Energy goal of 1 2  cents/kWh 
levelized electricity cost with the new production approach discussed above , 
without further breakthroughs in materials , efficiency levels ,  device stability , 
or basic manufacturing approaches . Thus , our concentrator approach represents a 
very low-risk path to meet the near-term Department of Energy goal . 

Reference 

1 .  M . J .  O ' Neill et al , "Photovoltaic Manufacturing Technology Improvements for 
ENTECH '·s Concentrator Module , "  Phase 1 Final Report for NREL Subcontract No . 
XC-1- 10057- 1 3 , DFW Airport , TX , June 199 1 . 
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Title : Monolithic Amorphous Silicon Modules on Continuous Polymer 
Substrate 

Organization : Iowa Thin Film Technologies ,  Inc . 
Suite 607 , ISIS 
I SU Research Park 
Ames , IA 50010 

Contributor : D . P . Grimmer , principal investigator ; F . R. Jef frey ; 
S . A .  Martens ; L .  Geier ; J .  Jackman 

Obj ective : 
T h e  o b j e c t ive o f  t h i s  PVMat Phase I study was to e x amine v a r i o u s  

compet ing processes for the manufacture of monol ithic amorphous s i l icon PV 
modu l e s  on c ont inuous po lymer sub s t r at e s . From t h i s  study , ·  the modu l e  
manuf acturing process with the lowest cost per watt was t o  b e  determined . 

Approaches : 
The basic approach was to identify process bottlenecks and large capital 

equipment cost s . A thorough search was conducted for vendors of neces s ary 
manuf acturing equipment applicable to the proposed processes . In addition to 
the vendo r / equ ipment s e ar c h , s ome expe r iment a l  work w a s  done to i n s u r e  
feas i b i l ity o f  cert ain proce s s  improvement s .  A manu f acturing s imu l at io n  
program ran cont inuing validation studies o n  the manufacturing processes used 
in the a-S i  PV module pilot-plant . Economic models were used in tandem with 
the manu f actur ing s imu l ation mode l ,  to obt ain the l owes t  c o st per watt . 
Hence ,  another use o f  these models is to decide where t o  a l l o c ate future 
capital resources in the production process . 

Result s : 
Three s c enar i o s  were examined : a b asel ine , rol l -to-ro l l  pro ce s s ing 

wit h o u t  p r i n t - e t c hing step s ; r o l l-to-r o l l  depo s it io n  with s heet modu l e  
pro c e s s ing u� ing •utomat ic f eed and a print-et ch step ; and ro l l-to-ro l l  
dep o s it io n  with r o l l -t o - r o l l  modu l e  pro c e s s ing and a p r int-et c h  step . 
As suming a 6 Wp one ft 2 modu l e , the cases for the b a s e l ine roll-to-ro l l , 
pr i nt - e t c h / sheet , and pr int - et c h / r o l l -to-r o l l  c o n f igurat i o n s  y i e l d e d  a 
manufacturing cost of $0 . 9 5 /Wp , $0 . 9 7 /Wp' and $0 . 94/Wp , respectively . 

Conclusions : 
F rom a n  i n d u s t r i a l  e n g i ne e r ing p e r s p e c t i v e , met h o d s  that d o  a l l  

depo s it ion pro c e s s e s  f irst w i l l  be f avored , _  b ec ause the proce s s  s t ation 
scheduling will be easier . Because the a-Si and ZnO depos it ion appear to be· 
the bottleneck steps , adding one each additional a-Si and ZnO machines could 
double production output without increasing labor costs . 

References : 
1 .  " M o n o l it h i c  Amorphou s S i l i c o n  Modu l e s  o n  C o n t i n u ou s P o lymer 

Substrate , "  Final Technical Report (March 199 1 )  for NREL PVMat , Phase I ,  under 
sub c o nt r ac t  S E R I / XC - 1 - 1 0 0 5 7 - 1 8 . Av a i l ab l e f r om NRE L : D o cument N o . 
SERI /TP-214-4488 . 
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Title : 

Organization : 

Contributors : 

Obj ectives -

Manufacturing of Ultra-high Effic iency Thin-film 
Concentrator Cells 

Kopin Corporation 
Taunton , Massachusetts 

R . P .  Gale , principal investigator ; J . C . C . Fan , 
M .  Spitzer , R . W .  McClelland . 

This proj ect was part of the Photovoltaic Manufacturing Technology Phase I 
Program . The program purposes were to advance photovoltaic manufacturing 
technologies , reduce module production costs , increase module performance , 
and expand U . S .  production capab ility .  We have investigated the application 
of advanced concentrator cell and module technology for these purposes . 

Approach 

The use of a concentrator approach has the potential to satisfy DOE cos t 
requirements , provided that the module is highly efficient and that the cost 
of the solar cell is low . We found that these goals can be met ,  provided the 
following improvements and advances are made : ( 1 )  use of CLEFT I I I -V multi 
j unction cells for lowest cost and highest possible efficiency , ( 2 )  us.e of 
low- loss optics for up to 1000 sun concentration , ( 3 )  s implified module 
design for automated assembly , (4) superior environmental endurance for 30 
year lifetime , and ( 5 )  multi-megawatt manufacturing capacity for necessary 
economies of scale . The pass ively cooled VS 1000 sun module is the ideal 
baseline module for this effort , s ince it has been proven to work well with 
highly efficient cells . Phase 1 cons isted of an examination of the 
development required to expedite the commercialization of the above 
technology . 

Phase 1 Results 

The plan developed is as follows . We baseline the GaAs concentrator cell and 
lOOOX module design into pilot operation at Kopin . In order to attain the 
above improvements , we will use Kopin ' s  existing pilot line for production of 
CLEFT GaAs solar cells ; these cells already exhibit efficiency of about 24% 
AM1 . 5 .  We will modify the CLEFT cell to form concentrators that perform well 
at 500 to 1000 suns . The know-how for this modification will derive from an 
integration of Kopin and VS technologies . The pilot line will be broadened 
to include cell rece iver and module assembly , using VS technology obtained 
from Varian as a baseline . A second generation design will be formulated to 
address improvements in the module and these will be incorporated into the 
p ilot line , along with the CLEFT concentrator cell . In parallel , we 
integrate Kopin ' s  CLEFT GaAs cell technology with the advanced AlGaAs and 
InGaAs material technology obtained by VS from Varian to develop a near - term 
two-junction mechanical stack with an efficiency of 35% . The receiver thus 
developed will be compatible with a three -junction approach . 
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Title : Thin EFG Octagons 

Organization: Mobil Solar Energy Corporation 
4 Suburban Park Drive , Billerica MA 01821 

Contributor :  Juris P .  Kalej s ,  Principal Investigator 

Obj ective : 

The obj ective was to identify and characterize as part of Phase 1 of 
the US DOE PVMaT Initiative : 1) current capabilities in Mob il Solar octagon 
manufacturing techno logy for 10 em X 10 em crystall ine s i l icon wafers , 
produced us ing the Edge-defined Film-fed Growth ( EFG) technique , and for 
l a s e r  cutt ing o f  o c t agons into wafe r s ; 2 )  p o t ent i a l  manufac turing 
improvements P.ue to the decrease of the thicknes s  and to the increase in 
laser cut edge quality and in cutting speed that lead to s ignificantly 
reduced manufacturing costs , improved performance and increased production 
capacities ; 3 )  problems impeding the achievement of these potentials ; and 4) 
costs and other requirements involved in overcoming the problems . 

Results 

A pro gram was fo rmulated and time and c o s t  e s t imates made for 
commercial development of an EFG technology for produc t ion ( growth and 
cutting) of 200 micron thick 10 em x 10 em area crystalline silicon wafers . 
The EFG process would produce hollow octagonal polygons of sheet silicon , 
with each octagonal face having a 10 em width , grown to a length of 5 m with 
continuous melt replenishment . Octagons are cut into wafers using high speed 
lasers . The program obj ectives targeted for crystal growth and cutting , when 
implemented , clearly advance Mobil Solar ' s  competitive pos ition by reducing 
the cost of the wafer . The PV industry at large . will benefit from an 
additional source of high quality polycrystalline s ilicon wafers . 

The technical obj ectives that were set required programs to : reduce 
EFG wafer thickness from the current 400 microns to a target of 200 microns , 
and improve thickness uniformity and flatness ( i. e . , reduce s tress acting 
dur ing growth) _; decrease the laser cutting damage and increase the edge 
s trength o f  the thinner wafers by a factor o f  three to improve the 
mechanical yield , while at the same time increas ing wafering rates by a 
fac t o r  o f  thr e e ; imp r ove p r o c e s s  c ontrol and wafer produc tivity by 
implementing advanced intelligent processing strategies and on-line material 
property monitoring techniques during crystal growth . 

The main prob lems to be solved in achieving these obj ectives were 
identified as : improvement in thickness uniformity acros s  the octagon face 
(wafer) through implementation of new process control concepts and furnace 
des igns ; improved control of thermoelastic stresses in order to increase 
flatness and reduce res idual wafer stress ; and reduction in edge damage and 
pos s ibly elimination of edge microcracks produced in laser cutting with a 
new generation of lasers capable of cutting silicon at much higher rates . 

I f  the s e  technical obj e c tive s were to be me t in EFG technology 
development , this would result in lower costs in three integral parts of the 
Mob il Solar s ilicon wafer and module production - silicon material cost 
( direct materials ) ,  wafer mechanical integrity (yield) and laser cutting 
( throughput) - and lead to reductions in wafer production costs to more than 
a factor of two below existing polycrystalline wafer costs . 

Details appear in the Phase 1 Final Report submitted to NREL . 
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Title : Photovoltaic Manufacturing Technology: Phase I 

Organization : Photon Energy, Inc . ,  El Paso, Texas 

Contr ibutors : S . P .  Albr ight , R . R .  Chamberl in, J . F .  Jordan 

Introduction a00 Objectives 

Photon Energy Inc . ( PEI ) has been involved with the development of CdS/CdTe 
devices and modules since 1984 . PEI is presently under subcontract to NREL to 
further the technological developments already existing at PEI . The PVMAT 
concept was designed to aid in the solution of manufactur ing-related issues . 
PEI was awarded a Phase I subcontract . 

Specific Goals For The PVMAT SUlx::ontract 

The Photovoltaic ·Manufactur ing Technology Initiative is des igned to help 
accelerate the early stages of this sizable engineer ing proj ect . Phase I of 
the PVMAT subcontract was des igned to smooth the Phase 2 proposal-wr iting 
requirements by providing a means for problem ident i f ication regarding 
manufactur ing . The objectives under this Phase I subcontract were four-fold : .  

* Identi f ication of the current capabilities in manufactur ing and process 
development, 

* Ident i f icat ion 
signi ficantly 
costs, 

of manufactur ing potentials envis ioned 
increased production capacit ies and reduced 

to lead to 
manufactur ing 

* Ident i f icat i on of problems l ikely to impede the achievement of those 
potentials, 

* Cost and other requirements involved in overcoming the problems in 
manufactur ing technology . 

Each of the above objectives under this Phase I subcontract have been explored 
and studied .  

Results 

The process steps Which can result in the largest labor cost reducti on through 
automation, have been ident i f i ed .  Technological advancements, engineer ing and 
automation efforts , and improved step-to-step mater ial and module handl ing can 
result in large labor reduct ions . Effort relating to improvement of the safe 
handling and recycling of indqstr ial mater ials is important to PEI ' s  
corrnUtrnent to remain an environmentally fr iendly industry. 

Sunmary 

The abi l ity to subsidize the engineer ing efforts required for lo�cost 
process ing through the Photovoltaic Manufactur ing Initiat ive could allow a 
s i gn i f icant accelerati on toward the achievement of lo�cost, high-performance 
photovoltaic products at PEI . 
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Cost Effective Manufacturing 
of the SEA lOX Concentrator Array 

Or�aniza tion: SEA Corporation 
2010 Fortune Drive, Suite 102 
San Jose, California 95131 

Contributors: Neil Kaminar, principal investigator 
John McEntee and Don Curchod · 

David G. Vanecek and Mick Fitzgerald · 
of Automation & Robotics Research Institute 

SEA is developing commercial PV systems with the goal of reducing non
polluting electricity costs to below polluting sources of energy. Under the effort 
describe d here , we identified changes to our SEA lOX concentrator 
manufacturing techniques that will allow production at a selling price of 7 1  ¢/W 
and that will produce AC bus bar electricity at 4 ¢1KW-hr.1 

The SEA PV concentrator system differs from other PV concentrator systems in a 
number of important ways: It was designed from the inception as a commercial 
product using cost-effective, currently available components and manufacturing 
processes. It uses "one-sun" solar cells in conjunction with an inexpensive 
extruded plastic lens. Production costs have been minimized through the use of a 
simple design with a minimum number of parts and manufacturing steps. 

The SEA lOX concentrator consists of an extruded, linear-focus Fresnel lens 
which focuses on a string of one-sun cells. The cells are bonded to a sheet 
aluminum heat sink with an electrically insulating adhesive. The anodization 
and adhesive provide the necessary electrical standoff. The module sides are 
planned to be molded along with the lens. They are made reflective over their 
entire internal surface by a thin 
aluminum film which acts as a 
secondary optical element, providing 
impro v e d  on- and off-track 
performance .  End caps with 
molded-in bearing shafts complete 
the module assembly. Tracking is 
along a single axis in the east-west 
direction. Because of the wide 
acceptance angle, only a simple, low 
precision tracker drive is needed. 
The arrays are shipped completely 
assembled and require only setting 
on a flat surface, installating four 
fasteners, and connecting the wires. SEA 1 0X CONCENTRATOR 

1Kaminar, McEntee, Curchod, Cost· Effective Man�facturing of the SEA lOX Concentrator 
�. SERI!TP-214-4479, publication in process. 
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Title :  Research on Advanced Photovoltaic 
Manufacturing Technology 

Organization: S iemens Solar Industries 
Camarillo , Cal ifornia 

Contributors : c. Eberspacher, principal investigator: 
A . J .  Anderson , T. Jest e r ,  K. E .  Knapp , 
R. Prob st , and S .A .  Va squ e z  

Phase 1 focused on identi fying and quanti fying the opportunities 
f o r  s igni fi cant advanc e m ent in the s ca l e  and economy of h i gh 
vo l u m e  m anufacturing o f  h i gh-e f f i c i ency photovo l t a i c  m odul e s .  
C o n c u r r e n t  p r o g r a m s  t o  a dv a n c e  e x i s t i n g  c o mm e rc i a l - s c a l e 
cryst a l l i n e  s i l i con modu l e  manufactu r i ng t echn o l ogy and to 
i m p l e m en t  p i l o t - s c a l e  t h i n  f i l m  C u i n s e 2 ( C I S )  m o d u l e  
manufacturing were defined. 

The program f.o r  advancing crysta l l ine s il i co n  technol ogy i s  
t a rgeted a t  expanding U . s .  commerc i a l  produc t i on capa c i ty ,  
i n c r e a s i n g  m o du l e  p e r f o rm a n c e , a nd d e c re a s i n g  m o du l e  
m an u f a c t u r i n g  c o s t s .  U . S .  m o du l e  m an u f a c t u r i ng c ap a c i ty 
expans i o n  requ i res the i mp rovement of s i l icon c rystal ingot 
yields and growth rates , and the development of thin wafer saw ing 
and thin c e l l proc e s s ing techn o l og i e s .  M odul e performance 
increas e s  requ i re improvements i n  s i l i con cryst a l  qua l ity , in 
i m pu r i ty g et t e r i ng and j un c t i o n  d i f fu s i o n  p r o c e s s e s , i n  
contacting techniques, and i n  antireflection coatings and surface 
pa s s ivat i o n  proces s e s .  Modu l e  m anufactur ing cost reduc t i ons 
require cel l  processing anq module assembly automation, module 
design and materials improvements , and waste reductions. 

The program for implementing thin film CIS module manufacturing 
f o cu s e s  on e s t ab l i sh i n g  U . S .  p i l ot produc t i on cap a c i ty and on 
rea l i z ing the l ow manu fa cturing costs p o s s i b l e  w ith t h i n  f i l m  
processing. u.s.  manufacturing capacity requires the development 
of depos ition and patterning processes suitabl e  for high-volume 
production of large-area modules , and the integration of module 
processing ,  handling, and transport to m inim i z e  labor costs and 
m ax i m i z e  p roduc t ivity. Low m anufactu r i ng costs requ i re ful l y  
automated sub strate-to-modu l e  proc e s s i ng ,  h igh m at e r i a l s  u s e  
e f f i c i ency , and a better understanding o f  t h e  s ource m ateri a l s  
speci fications needed for h igh-efficiency module performance. 

The implementation of the improvements identified in crystal l ine 
s i l i c o n  m o du l e s  technol ogy could h al ve modu l e  cost and doub l e  
S iem ens Solar ' s  u.s. manufacturing capacity. The implementation 
o f  t h e  o p p o rtu n i t i e s  i d e n t i f i ed i n  t h i n  f i l m  C I S  m odu l e  
t�chnol ogy c ou l d  create a module t e chnology w ith h i gh-volume 
manufacturing costs substantially bel ow those of any competing 
s o l a r t e c hn o l o gy .  P h a s e  2 w i l l  f o cus o n  e xp l o r i n g  a n d  
implementing the opportunities identified i n  Phase 1 .  
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Organization: 

Contributors: 

High Throughput Manufacturing of · Thin Film CdTe 
Photovoltaic Modules 

Solar Cells, Inc., Toledo, Ohio 

J.F. Nolan, Principal Investigator; S.A. Kaake, P.V. Meyers, and 
R.D. Nicholson 

Objective: The objective of the program was to identify the primary problems standing in the 
way of low cost manufactur� of photovoltaic modules and to propose solutions to these problems. 

Approach: The SCI approach is to construct an automated continuous manufacturing line for 
thin film PV modules with glass substrates fed in the beginning of the line and finished PV 
modules flowing out the end of the line. The thin film approach keeps the materials cost and 
cell interconnection cost low and the automated continuous line keeps the labor cost low. The 
higher the throughput, the lower the capital, labor and overhead cost per unit 

Mter an evaluation of the advantages and limitations of competing thin film 
technologies, SCI chose CdTe as the semiconducting material, primarily to obtain high efficiency, 
good stability and the freedom to choose a deposition technique compatible with a high 
throughput continuous PV manufacturing line. The deposition technique chosen was Close 
Spaced Sublimation (CSS), primarily because it has a very high deposition rate ( 4Jllll/min) 
compared to other thin film deposition processes. This reduces cost further by increasing the 
throughput of the line. 

· 

A feature of the SCI approach is .that tempering of the glass substrate is included 
as an integral part of the PV production line. This reduces the total installed PV system cost 
since it eliminates the need to laminate the modules to a second piece of tempered glass to obtain 
the strength required to withstand hail impact and strong winds in field ins�ations. 

Results: A number of problems were identified which must be solved to achieve low cost 
manufacture of PV modules. These include: 
1 .  Throughput must be increased to reduce capital, labor and overhead cost per unit This 

can be done with CSS deposition of thin film CdTe, but the process must be scaled up 
to large area modules (60cmx120cm) at production speeds. 

2. Equipment for high throughput deposition of large area thin film CdTe modules is not 
available. Equipment to do this must be designed, built, de-bugged and operated to prove 
reliability. 

3. The requirement to laminate the PV module to a second piece of glass must be eliminated 
to obtain low cost modules. This means that the module substrate must be tempered to 
obtain strength and a low cost encapsulant must be found that is both effective and 
compatible with a high throughput continuous PV module manufacturing line. 

Conclusion: It appears feasible to reduce the manufacturing cost of PV modules to $ 1.00 per 
Watt in four years by constructing an automated continuous manufacturing line to produce 
60cmx120cm thin film CdTe modules using the CSS deposition process. ·· · 
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Or�anization: 

Contributors: 

OBJECTIVES 

Photovoltaic Manufacturing Technology - Phase 1 
Solarex Corporation 
Crystalline Division 
Frederick, MD 

& Solarex Corporation 
Thin Film Division 
Newtown, PA 

J. H. Wohlgemuth, Principle Investigator; D. Whitehouse, 
S. Wiedeman, A. W. Catalano and R. Oswald 

In this frrst phase of the Photovoltaic ManufacturingTechriology Program, the objectives were: 
1 )  to prepare a description of the processes and procedures involved in Solarex's manufacture of 
crystalline silicon cells and modules and in Solarex's manufacture of amorphous silicon modules, 
2) to identify the potential changes in module and cell manufacturing processes that can lead to 
improved performance, reduced manufacturing costs and significantly increased production 
volume, 3) to identify potential problems that might impede the achievement of the expected 
benefits from the identified changes to the process sequences and 4) to describe how Solarex 
would attempt to solve these problems. 

RESULTS 
A detailed description was prepared for the two Solarex process sequences used to manufacture PV 
modules, cast polycrystalline silicon and amorphous silicon. These two processes were analyzed 
using an IPEG based costing model [ 1] to determine what the major cost drivers are in the present 
process sequences and to serve as a baseline for determining what changes can lead to lower cost. 
The second step was to evaluate the potential cost savings of a large number of possible changes to 
the baseline sequences. The cost modelling lead to selection of specific changes for each of the 
two process sequences. For cast polycrystalline silicon the proposed changes included use of the 
advanced casting system, wire saw wafering, automated cell manufacture, lower cost backsheet 
and frameless mounting designs. The proposed thin fllm technology utilizes a triple junction 
amorphous silicon based process and frameless mounting designs. 

Process specific problems identified during the program included the economic use of wire saws, 
achievement of higher cell efficiencies, implementation of a triple junction amorphous silicon 
process and more efficient use of materials during the thin film deposition processes. Generic· 
issues included handling of cells and glass plates, frameless mounting of modules and 
scale-up/automation of processes. 

CONCLUSIONS 
Both of the process sequences evaluated, cast polycrystalline silicon and amorphous silicon triple . 
junctions, have potential for significant cost reduction if a number of specifically defmed technical 
problems can be solved. 

REFERENCES 
[1]  R.G. Chamberlain, Proceedings of 13th IEEE PV Specialist Conf. p. 904, 1978. 
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!We.: 

Organization: 

Contributors: 

Low-Cost Manufacturing of Point-Focus Concentrating 
Modules and Its Key Component, the Fresnel Lens. 

Solar Kinetics, Inc. 
1 0635 King William Dr. 
Dallas, TX 75220 

Shabbar T. Saifee, Principal Investigator and Andrew Konnerth Ill .  

The objective of this work was to review the current status of ph�tovoltaic module 
fabrication at Solar Kinetics, Inc. (SKI) and specify the approach required to achieve 
high- volume manufacturing capability. Low-cost m�ufacturing of a key component, 
the Fresnel lens was also reviewed. 

We have developed a 300 sun concentrating point-focus photovoltaic module. Current
ly, we are packaging these modules for independent 2 kW systems. These modules 
are being fabricated by a combination of manual and semi-automated processes. One 
of the key factors that is incorporated in the design of the modules is lowering the 
component and module fabrication costs. This effort also reviews the major manufac
turing costs and identifies components anc;i processes whose improvements would 
significantly reduce manufacturing cost. The Fresnel lens is one key component. 
Investigation of specific alternative manufacturing methods and sources has substan
tially' reduced the lens costs and can exceed the DOE cost reduction goals. 

The approach that SKI proposes is to injection mold small lens parquets (1 411x1 411) to 
minimize the cumulative distortions due to humidity and temperature effects as seen in 
all acrylic lens. Injection molding seems to be the lowest cost approach for fabrication 
of such high-efficiency acrylic lenses. 

During this investigation, the importance of two philosophies became clear. One is the 
concept of concurrent engineering. The second is flexible manufacturing. All com
ponents and assemblies must be designed for automation. To ensure this, the 
developers of the manufacturing and automation processes must constantly work with 
the component designers to achieve the most cost-effective final design. The concept 
of flexible manufacturing is important for this product because it is an immature 
technology; it will require high investment in fixed tooling; it will aid in the prototype stage 
and during production. 

References 

1 .  Saifee, S. T., and A. Konnerth Ill .  11Low-Cost Manufacturing of Point-Focus Con
centrating Modules and Its Key Component, the Fresnel Lens. • SERI Subcontract 
No. XC-1-1 0057-1 5. Golden: Solar Energy Research Institute, 1 99'1 . 
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Title: 

Organization: 

Contributors: 

Objective 

Photovoltaic Manufacturing Technology, Phase I 
Dendritic Web Photovoltaics 

Solar Web, Inc. 
Pittsburgh, P A 
(Subcontractor to Westinghouse Electric Corp.) 

J. Easoz .• Principal Investigator; R. Herlocher, D. Kulik, 
R. Rosey, R. Sprecace, C. Quinter 

The objective of this program was to identify current manufacturing capabilities, and potentials 
for significantly increasing production capacities and reduced manufacturing costs for singl� 
crystal silicon dendritic web based photovoltaic modules. In addition, the work scope included 
identification of problems impeding the achievement of the those potentials, and an assessment 
of cost and other requirements involved in overcoming those problems. 

Approach 

The approach for this program started. with the documentation of. the current manufacturing 
process on a step by step basis. Each process step was then evaluated for potentials improvements 
which could reduce labor, and increase module efficiency, production yield, silicon utilization, 
and capital expenditures. The capital savings, labor savings and production yield improvements 
were calculated based on a constant 4. 1 MW /yr plant output. The cost of product was then 
generated based on the resulting lower cost of production for a constant factory capacity. Once 
these potential improvement areas had been identified, key problem areas were defmed and 
development programs were formulated, costed, and scheduled. 

Results and Conclusions 

The program efforts resulted in a documenr which describes in detail the process, potential 
process improvements, impact of the improvements on product cost and production levels, and 
recommends a program designed to effect these process improvements. A total of thirteen major 
task elements were identified. Each of the individual tasks were detailed in terms of content, 
cost, and schedule over a three year period. Four of these task elements deal with crystal growth 
throughput improvements (full width seedings, oxide control, high velocity growth, and web 
width development), while most of the others deal with cell efficiency, process yield, and silicon 
utilization. Other task areas address process control, automation, and module efficiency. The 
report concludes that there is a potential to reduce product costs by a factor of between 4.5 and 
7.5 within 4 years depending on whether additional line capacity is installed, and bifacial 
modules are produced. 

References 

1 .  Final Technical Report, Photovoltaic Manufacturing Technology Program - Phase I. J.R. 
Easoz, R.H. Herlocher, April 1991,  SERIJTP-214-4487. 
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Photovoltaic: Manufacturing Technology - Phase I 

Spectrolab Inc., Sylmar, CA 9 1 342 

D.R. Lillington, program manager; A.V. Mason, principal investigator 

The objective of Spectrolab's work under Phase I of the PVMat contract was to 
describe current capabilities and to identify key ·approaches to reduce the cost 
and improve the performance of photovoltaic modules and cells. 

The approach was to determine needed improvements in cell design and material 
quality for Si, GaAs anq GaAs/Ge cells and receivers to obtain the desired cost 
and p e rfo rmance o b j e c tives . The s i m p le s t  · c e ll d i s c u s s e d  w as a s i l i c o n · 
concentrator cell; modeled at 22% 200X AM1.5, this cell can be fabricated for 
less _ then $ . 1 2/kWh. Another candidate solar cell is the GaAs/Ge concentrator 
c e l l ,  w h i ch is anticipated to have a 2 8% 400X AM 1 . 5 e fficiency. The 
introduction of large area germanium wafers, uniform MOCVD growths and batch 
processing should make this cell cost effective. A new planer MOCVD reactor, 
anticipated on line in 1 992, will reduce costs by improving uniformity, cycle 
time and material utilization. Two specific multijunction concentrator designs 
were also discussed, they are based on discrete GaAs and Ge cells and are 
capable of achieving over 30% AM 1 .5D efficiency at 300X. 

A technology r oadmap was developed to achieve the performance and cost 
o bj ectives for candidate cells and receivers. Of the cell designs considered, 
t h e  s i I i c o n  c o n c e n t r a t o r  c e l l  r e q u i r e s t he le as t d e v e l o p m e n t .  T h e  
manufac t u r i n g  capa b i l i t y  e xits  t o day t o  meet  the short term cost goa l s ,  
additional work will bring the cost down to $.06/kWh. Modules that utilize 
GaAs solar cells require an extensive development program to meet cost goals. 
Both process development and cells design would be part of this plan. Cost 
goals would be obtained through the use of large area germanium substrates and 
uniform MOCVD GaAs growths. The programs specified on the roadmap will bring 
us c lo s e r  to mak i n g  p h o t o v o l taic co ncentrator  power  ge neration a viable 
economic energy source. 
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T i t l e : Phase 1 - PV Manufacturing Techno logy P ro j e c t  

O rgan i z at i o n : Ut i l i t y  Powe r Group , Chatswo r t h , C A  

C o n t r i but o r s : M . J .  S t e rn , p r i nc ipal i nv e s t i g at o r ; G .  Duran , 
K . K .  Mac kamu l , and D . D . M e t c a l f 

OBJECT I VE 

The - o b j e c t ive o f  t h i s Pha s e  1 subc ontract w a s  t o  i d ent i f y t e c hn i 
c a l  o b s t ac l e s  t o  reduc i n g  the manu f ac t u r i ng c o s t  o f  PV modu l e s . 

APPROACH 

UPG anal y z e d  i t s  c u r r e n t  manu f ac t u r i n g  p ro c e s s  f o r  s pe c i f i c  a r e a s  
i n  wh i c h  i mproveme n t  w o u l d  y i e l d  s u b s t ant i a l  b e ne f i t s . A s sum i ng a 
s p e c i f i c  d e g r e e  o f  i mp r o v e ment i n  the i dent i f i e d  a r e a s , a f u t u r e  
manu f a c t u r i n g  p r o c e s s  was d e s c r i bed and e v a l u a t e d . 

RE SULTS 

The p r i mary o b s t ac l e s  to manu f ac t u r i n g  c o s t  r e duc t i o n  were t h e  
l a c k  o f  a r e l i ab l e  a n d  l ow c o s t  sub s t i tu t e  mat e r i a l  f o r  g l a s s  a s  
a r e a r  s u r f a c e  i n  t h e  e n c ap s u l a t i o n p r o c e s s , and t h e  l ac k  o f  c o m
me r c i a l l y  ava i l ab l e  h i g h  v o l ume t e rm i nat i o n  and mo d u l e  p a c kag i n g  
e qu i pm e n t . Al though r aw mat e r i a l s  ut i l i z at i o n  was f o und t o  be a 
c r i t i c a l  ar e a , r e duc t i o n  i n  l ab o r  was by f a r  the c o nt r o l l i ng 
fac t o r .  

CONCLUS I ON S  

E l i m i na t i on o f  t h e  i dent i f i e d o b s tac l e s  w i l l  re s u l t  i n  a 2 6% 
redu c t i o n  i n  t he p e r  wat t manu f ac t u r i n g  c o s t  o f  PV modu l e s  p r o 
duc e d  i n  UPG ' s  e x i s t i n g p r o duc t i o n fac i l i t y ,  and a n  8 1 % r e du c t i o n 
t o  $ 1 . 2 4 p e r  watt f o r  PV modu l e s  p r o duc e d  i n  a f u t u r e  p r o duc t i o n  
fac i l i t y  opt i m i z e d i n  t e rm s  o f  p r o duc t i o n  e c o no m i e s - o f - s c a l e . 
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9.0 PHOTOVOLT AIC (PV) MODULE AND SYSTEM PERFORMANCE 
AND ENGINEERING PROJECT 

Richard DeBlasio (Manager) 

The PV Module and System Performance and Engineering Project is structured to conduct state
of-the-art PV module, system, and application research, engineering, testing, evaluation, and 
analysis tasks, to provide technical results and solutions to technical issues, and to develop PV 
applications and application opportunities� The project is also designed to maintain and enhance 
supporting facilities and capabilities that are consistent with DOE's new Photovoltaics Program 
Plan FY 1991-FY 1995, are complementary to other DOE PV projects, and will ensure that 
project capabilities and facilities are available resources for cooperative research and utilization 
by the PV research and development community. 

Project activities are managed through the module and systems performance and engineering 
project management task and organized to address project objectives through the following five 
primary tasks: (1) Cell and Module Standardized Characterization Performance; (2) Module and 
System Performance Testing; (3) Module Reliability Research: (4) Solar Radiation Research; and 
(5) System and Utility Applications. 

The following subcontract activities represent suppOrt for industry/utility PV power projects, 
domestic and international standards development, PV systems applications including demand
side management, assessment of and effects on roof-mounted modules, and solar resource utility 
load matching assessment. 
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Evaluation of Roof-Integrated PV Module Designs and Systems 

Organization: Florida Solar Energy Center 

Contributors: Kirk Collier 

Objectives 

• To evaluate the present state-of-the-art of roof-integrated PV modules, 

• To identify the pros and cons of roof-integrated thin film and crystalline silicon PV 
modules, 

• To provide recommendations for further development of roof-integrated concepts 
including building changes and module changes (if any) required to facilitate 
implementation of roof-integrated concepts, and 

• To outline a research plan for proof-of-concept implementation. 

Approach 

The subcontractor will perform a technology assessment of the present state-of-the-art of roof
integrated PV modules. This assessment will include a literature review of past work in PV and 
low temperature solar thermal collectors, telephone discussions with manufacturers of residential 
skylights and commercial architectural glass, and a visit to the (former) Southwest RES and the 
Los Alamos National Laboratory to discuss and learn from their roof-integrated projects. 

The subcontractor will evaluate the information gathered and provide a detailed list of the pros 
and cons of roof-integrating PV modules. To the extent that inconsistencies are identified 
regarding the advisability of roof-integration between thin film and crystalline silicon modules, 
these variations will be highlighted and discussed. Through the discussions with the residential 
skylight and commercial architectural glass manufacturers, opportunities for synergistic use of 
existing building technologies will be identified and discussed. 

The subcontractor will outline a research and development program based on the information and 
insights developed. This R&D program should be designe'd to resolve PV module and building 
system uncertainties, and provide proof-of-concept validations. To the maximum extent possible 
the R&D program outline should include the participation of representatives from the building, 
skylight, and architectural glass industries, as well as the PV industry. 

Results 

This 6 month project was started in November 1991 and is expected to be completed in May 
1992. As of December 199 1 ,  the initial literature review efforts had begun. 
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Organization: 

Contributors: 

Management and Administration of the IEC/PV /TC-82 
Secretariat and U.S. Participation in International 
Standards Development 

Solar Energy Industries Association (SEIA), 777 North 
Capitol Street, N.E., Suite 805, Washington, 
D.C. 20002-4226 

R. Klein, Principal Investigator 

This contract is· for Management and Administration · of the International Electrotechnical 
Commission (IEC) PV {Technical Committee (TC)82, Solar Photovoltaic Energy Systems, 
Secretariat and U.S. Industrial Participation 'in both domestic and international PV standards 
development. 

The contract also provides some supporting funds for the Photovoltaic standards development 
activities for IEEE Standards Coordinating Committee 21 .  TC82 has 4 functioning working 
groups: WGl, Glossary; WG2, Modules; WG3, Systems; and WG4, Storage. The Secretariat 
coordinates all TC-82 meetings and IEEE SCC21 PV Standards meetings. 

FY '91 Accomplishments: 

International PV Standards: 

Nine (9) Secretariat documents for circulation as Draft International Standards (DIS) were 
prepared during FY'91 .  Each of these documents comprise one segment of a comprehensive 
International Standard that will be incorporated in the "Design Qualification and Type Approval 
of Terrestrial Photo voltaic (PV) Modules" document. 

Final manuscripts are being readied for printing of: ( 1) Salt mist corrosion of PV modules, 
(2) General classification and description of terrestrial photovoltaic (PV) modules. (3) Rating of 
direct coupled photovoltaic pumping systems, and (4) .Design qualification and type approval of 
terrestrial photovoltaic modules. A Strategic Policy Statement was prepared to define the mission 
of the IEC Photovoltaic Standards Technical Committee 82. 

U.S. (Domestic) PV Standards: 

Three ffiEE/SCC 21  meetings were held during the year to deliberate on various PV standards 
being discussed by the committee. IEEE PV Standards 928 "ffiEE Recommended Criteria for 
Terrestrial Photovoltaic Power Systems" and IEEE PV Standard 929 "IEEE Recommended 
Practice for Utility Interface of Residential and Intermediate Photovoltaic (PV) Systems" were 
reaffllllled. 

IEEE approved a "Project Authorization Request (PAR)" to commence work on development of 
a comprehensive Module Qualification Test document. The objective of the Qualification Test 
document is to develop a comprehensive procedure for testing thin-film and crystalline silicon 
flat-plate PV modules. 
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Organization: 
Contributors: 

Objectives 

Long Term Environmental Effects on RoofeMounted 
Photovoltaic Modules 

Southwest Technology Development Institute 
Robert Hammond 

The long term degradation of modules fabricated with EVA has become a concern to the DOE 
PV Program and to PV manufacturers. Evidence indicates that the rate of EVA degradation is 
related to module operating temperature, which raises concerns about roof-mounted modules since 
they operate hotter than ground- or rack-mounted modules. 

The objectives of this effort are: to conduct a methodical evaluation of module degradation, and 
to document module operating temperatures as a function of roof-mount design. 

Approach 

In coordination with NREL staff, the Southwest Technology Development Institute (SWTDI) will 
select 12 modules of a specific design from each 'of 4 to 6 manufacturers that will be dedicated 
to this long term evaluation effort. Modules with a significant exposure history (installed prior 
to 1985) will be selected where available. Both crystalline and thin film modules will be 
evaluated. For the modules selected, SWTDI records will be reviewed to retrieve available dat_!i 
on the "as delivered" module efficiencies. Manufacturers will also be contacted to determine if 
records of individual module IV curves are available. If individual module efficiencies cannot 
be obtained, measured array efficiencies will be used to estimate individual module efficiencies. 

All of the modules available for this project are currently mounted on the rooftops of prototype 
buildings at the SWTDI. Selected modules on each prototype building will be rewired so that 
each module is electrically terminated at a terminal strip to facilitate taking individual module 
IV curves. Each of these modules will have a thermocouple bonded to its back surface and 
terminated at .the terminal strip. For the selected modules, SWTDI will measure the present 
individual module efficiencies, and obtain both light and dark IV curves at a measured module 
temperature. SWTDI will develop a detailed measurement protocol that will be reviewed and 
approved by NREL prior to beginning the measurements. SWTDI will take these measurements 
according to the approved protocol at 3-month intervals for two full years. Following baseline 
efficiency measurements, one module of each type will be packaged and shipped to NREL for 
destructive analysis. The remaining modules will continue exposure testing with quarterly 
performance measurements. At 6-month intervals, one module of each type will be removed, 
packaged, and shipped to NREL for analysis (a total of 4 shipments). 

SWTDI will prepare a summary report documenting all module mounting designs installed at 
SWTDI along with an evaluation of module operating temperatures. The summary report will 
include a commentary on the various mounting methods that discusses the design tradeoffs such 
as ease of installation, ease of maintenance, water tightness, and the design impact on module 
operating temperature. Results of a 1985 SWRES study of module temperature vs. module 
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spacing above the roof will also be included. 

Results 
This 24 month effort is scheduled to start in January 1992 and will run through December 1993. 
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Organization: 

Contributors: 

Objectives 

Solar Resource, Utility Load Matching Assessment 

Atmospheric Sciences Research Center, State University of New 
York at Albany 
Richard Perez 

The objective of this study is to apply the techniques demonstrated in New York to a broad cross 
section of utilities located in various regions of the U.S. Participating utilities will receive a 
preliminary evaluation of PV' s potential for contributing to meeting their load requirements and 
will be better informed about how to pursue an interest in PV development Future activities 
could include deployment of solar resource measuring equipment, high value systems, and/or 
demonstration systems. 

Approach 

The subcontractor will work with NREL and EPRI personn�l to establish a working relationship 
with up to 25 utilities. NREL and EPRI will have the primary responsibility for utility 
identification and coordination. The subcontractor will prepare a formal presentation to be given 
at a kickoff meeting at NREL on a mutually agreeable date. The presentation will include a 
thorough review of the work conducted for the NYP A and plans for this project 

The subcontractor will perform selected satellite/ground truth correlations for the years 1987 
and/or 1988 depending upon the availability and quality of ground measurement records available 
from the utilities and NREL. The subcontractor will work with NREL personnel to identify when 
satellite/ground measurements are well correlated and when they are not. The contractor will 
provide each participating utility with an estimate of the quantity and quality of the available 
solar resource for its service territory. For utilities with large service territories covering many 
climatic zones, the contractor will attempt to provide an indication of areas of high and low 
resource potential. 

The subcontractor will perform PV output versus utility load correlations for the utility loads 
provided by NREL (up to 25 loads). These loads will include a variety of actual utility system 
load profiles, distribution system load profiles, power pool load profiles and artificial system load 
profiles. The criteria used to quantify the load matching will include: PV effective load carrying 
capability, PV energy versus load distributions, and minimum buffer storage requirements. 

Results 

This 18  month subcontact was started in September 1991 and runs through March 1993. A 
project kickoff meeting was held in October where the outline of the project was reviewed and 
support from the utilities attending the meeting was solicited. As of December 1991,  the satellite 
data base has been assembled and data are being collected from the participating utilities. 
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Title: Amorphous Silicon Utility/Industry Photovoltaic Power Project 

Subcontractor: to be determined 

On March 29, 1991 ,  the solicitation RF-1-1 1061 entitled " Amorphous Silicon Utility/Industry 
Photovoltaic Power Project" was released to the general public. The objectives of the project 
are 1) to assist in the development and qualification of utility-scale monolithic multijunction 
amorphous silicon photovoltaic modules, 2) to improve the reliability of utility-scale amorphous 
silicon mondules and utility grid-connected systems, 3) to demonstrate potential markets for 
amorphous silicon photovoltaic ID.9d_!ll�s al!cl sy�tems, �d 4) to form utility/manufacturer/user 
teams to promote photovoltaics within the utility sector. Responses were received on June 3 ,  
1991  and currently are under evaluation. 
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Organization: 

Contributors: 

Objectives 

Evaluation of DSM Incentive Opportunities for Photovoltaics 

Center for Energy and Urban Policy Research, University of 
Delaware 

John Byrne 

• To evaluate existing residential, commercial and industrial DSM incentive· programs with 
regard to incentive levels and utility avoided costs, 

• To analyze the interactions between incentive programs, avoided costs, and regulatory 
influences, and 

• To describe the role PV could play in residential and commercial DSM programs 
including the likely incentive levels and the leading utilities and states that could be 
approached for implementation. 

Approach 

Task 1 of the project is directed at identifying existing DSM incentive programs. In this task 
the subcontractor will develop a data base of electric utility DSM incentive programs. The data 
base will include incentive programs offered to all customer sectors including residential, 
commercial, industrial and agricultural. The data collected will include a description of the 
incentive program, the associated rates and rate structures, and avoided cost information if 
available. The contractor will also characterize the regulatory environment in the states where 
incentive programs are identified. 

In Task 2 the subcontractor will analyze the data collected in Task 1 to understand the 
interactions and relationships between incentive programs, rate structures, avoided costs, and the 
local regulatory climate. Both quantitative (statistical) and qualitative analysis techniques will 
be used to interpret and summarize the data. 

In Task 3 the subcontractor will evaluate the opportunities and limitations of photovoltaics as a 
demand-side management option; Incentives and policies that could promote PV as a DSM 
option will be identified. Any technical obstacles identified during the project that would hinder 
realizing the PV -DSM opportunity will be identified. Based on existing DSM incentive 
programs, likely incentive levels for PV-DSM will be determined for key states. For these key 
states, pilot programs for PV-DSM will be designed that are consistent with the structure of 
existing DSM incentive programs. These program designs will be discussed with the relevant 
utilities and feedback will be sought that further fme-tunes the designs. 
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Results 

This 14 month subcontact was started in October 1991 and runs through December 1992. A 
project kickoff meeting was held in October where the outline of the project was reviewed and 
support from the utilities attending the meeting was solicited. As of December 1991 ,  data 
collection is well underway from secondary and primary data sources. Analysis will begin during 
the first quarter of CY 1992. 
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10.0 LIST OF ACTIVE SUBCONTRACTS 
Active Contract List 

Total FY 1991 Start/ 
Contractor, Principal Work Title Contract Funding Funding End 
Investigator, Address (Research Activity) Number ($K) ($K) Dates 

AMORPHOUS Sll.JCON FY1991 

APS Stable Hi-Eff. Large Area 06003-1 1000.0 1000.0 1191 
C. Sherring a-Si Based Submodules 2/94 
Princeton, NJ 08542 

Harvard Optimization of Transparent 1912101 300.0 100.0 5/91 
R. Gordon & Reflecting Films for· 2/92 
Cambridge, MA 02138 a-Si Solar Cells 

Harvard Structural & Electronic 81813101 504.5 130.0 5/9 1 
W. Paul a-SiGe:H Alloys 4/92 
1350 Mass. Ave. 
Cambridge, MA 02138 

NASNJPL Electron Cyclotron Reson- 1 1 100101 325.0 325.0 1/9 1 . 
Y. Shing ance Deposition of a-Si:H 1/94 
Pasadena, CA 9 1 109 and its Alloys 

National Institute of Diagnostics/Glow Discharges 404078 63 1 .7 99.9 4/88 
Standards & Tech. Used for a-SiGe:H Alloy 
1 1/90 
A. Gallagher Deposition 
Boulder, CO 80303 

Solarex Corp. Stable Hi-Eff. a-Si 01903301 1099.5 2099.4 5/90 
A. Catalano Multijunction Modules 6/93 

' Newtown, PA 1 8940 

Univ. of Delaware Photo-CVD of a-Si Alloy 8 1809201 1046.9 32.0 5/88 
J. Meaken Materials & Devices 3/9 1 
Newark, DE 197 1 6  

North Carolina Univ. Recombination & Metasta- 1 10063-5 9 1 .7 91 .7 2/91 
M. Silver bility in a-Si & Si 1/92 . 
Chapel Hill, NC 27 599 Ge Alloys 

Univ. of Oregon Origin of Metastable 1 10063 106.3 106.3 4/89 
J. Cohen Light-Induced Changes 5/9 1 
Eugene, OR 97403 in a-Si:H 
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Total FY 1991 Start/ 
Contractor, Principal Work Title Contract Funding Funding End 
Investigator, Address (Research Activity) Number ($K) ($K) Dates 

AMORPHOUS SILICON FY1991 

usss Hi-Eff. Mu1tigap 1 19033 1000.0 1000.0 1/91 
S. Guha Multijunction a-Si Based 2/94 
Troy, MI 48084 Submodules 

Washington University Research into the Structures 06055-1 224.8 60.0 1/87 
R. Norberg of a-Si Alloy Films 3/91 
St. Lo:uis, MO 63130 

Xerox Corporation · Research on Electronic 1 1006309 200.0 200.0 1 1/86 
R. Street & Structural Properties 8/90 
3333 Coyote Hill Rd. of a-Si Silicon Alloys 
Palo Alto, CA 94304 

POL YCRYST ALLINE THIN FILMS FY1991 

Astropower, Inc. Dev. of Large-Area Mono- 1 106401 485.7 485.7 . 5/91 
J. Rand lithically Integrated Si- 2/94 
Newark, DE 197 1 1  Film PV Devices 

Boeing Defense Poly CuGalnSe2 Thin Films 1 1901906 150.0 150.0 5/91 
A. Witzel Solar Cells 5/92 
Seattle, WA 98124 

CA Inst of Technology Stable Contacts to a-Si 80713301 149.0 45.0 9/87 
M. Nicolet Thin Film Contacts 1/91 . 
Pasadena, CA 91025 CulnSe2 Thin , Film Contacts 

Colorado State Univ. Role of Polycrystallinity 01004601 160.0 80.0 4/90 
J. Sites in CdTe & CulnSe2 5/93 
Fort Collins, CO 80523 

Georgia Tech. ·ffi-Eff. CdTe & ZnTe 70603101 757.6 149.9 6/87 
A. Rohatgi Thin Film Cells 3/93 
Atlanta, GA 30332 

ISET Hi-Eff. CulnSe2 & 01901902 623.4 623.4 7/90 
V. Kapur CuinSerAlloy Films 9/93 
Inglewood, CA 90301 



Total FY 1991  Start/ 
Contractor, Principal Work Title Contract Funding Funding End 
Investigator, Address (Research Activity) Number ($K) ($K) Dates 

POL YCRYSTALLINE THIN FILMS FY1991 

Martin Marietta Sputtering Techniques 1 1 107001 395.6 395.6 9/91 
M. Misra for CIS and CdTe 1 1/93 
Denver, CO 80201 Modules 

Photon Energy Hi-Eff. Large Area 01901901 1360.3 . ·699.9 6/90 
s. Albright CdTe & CdHgTe 8/93 
El Paso, TX 79924 Panels 

Univ. Colorado Novel Thin Film 01001201 50.4 14.9 3/90 
A. Hermann CulnSe2 Fabrication 4/91 
Boulder, CO 80309 

Univ. Delaware Fundamentals Polycrystalline 01002301 601.4 601.4 1/90 
R. Birkmire Thin Film Materials & 3/93 
Newark, DE 19716 Devices 

Univ. of Illinois Alternate Fabrication Tech- 01001701 99.5 40.0 3/90 
A. Rockett niques for Hi-Eff. CulnSe2 5/92 
809 S. Wright St. & CulnSe2 
Champaign, IL 61820 

Univ. of S. Florida Thin Film CdTe, ZnTe, & 8 1809101 824.6 199.9 7/88 
T. & S. Chu Hg1_xznx Te Solar Cells 5/92 
Tampa, FL 33620 

Purdue Univ. Dev. of Computer Model 01001301 50.0 50.0 1/90 
R. Schwartz For Poly Thin-Film CulnSe2 10/90 
W. Lafayette, IN 47907 & CdTe Solar Cells 

Siemens Solar CuinSe2 Modules 1 1901905 700.0 700.0 5/91 
K. Mitchell 5/92 
Camarillo, CA 90301 1  

Solarex Poly Submodules Based 1 1901904 600.0 600.0 1 1/90 
R. Arya on CulnSe2 Materials 12/93 
Newtown, PA 1 8940 

Univ. cif Toledo CdTe PV Cells and 01901903 285.4 285.4 7/90 
A. Compaan Module Fabrication 9/93 
Toledo, OH 43606 
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Total FY 1991 Start/ 
Contractor, Principal Work Title Contract Funding . Funding End 
Investigator, Address (Research Activity) Number ($K) ($K) Dates 

CRYSTALLINE SILICON MATERIALS RESEARCH FY1991 

Duke Univ. Point Defects & Their 8 1809701 288.6 44.9 7/88 
U. Goesele Influence on Solar Cell 9190 
Dept. of Mech. Engin. Related Elec. Properties 
Durham, NC 27706 of Crystalline Silicon 

Georgia Tech Impurity Characterization 01914501 174.8 30.0 10/89 
A. Rohatgi Support for Silicon 10/91 · 
Atlanta, GA 30332 

N. Carolina St. Univ. Effectiveness & Stability 8 1809702 420.0 70.0 6/88 
G. Rozgonyi of Impurity/Defect 7/91 
Box 7214 Interactions & Their Impact 
Raleigh, NC 27695 on Minority Carrier Lifetime 

Suny/ Albany Passivation & Gettering in 8 189703 363.3 57.4 7/88 
J. Corbett Solar Cell Silicon 10/91 
Albany, NY 12201 

Univ. of Southern CA Electric Characterization 8 1 815401 45.3 19.6 10/88 
S. Forrest Support for Crystalline 1 1/91 
University Park Silicon 
Los Angeles, CA 90089 

ADVANCED IDGH EFFICIENCY FY1991 
Boeing Aerospace New Plasma Source of 1 1914208 138. 1 138. 1 4/91 
B: Stanberry Hydrides for Epitaxial 10/92 
Seattle, WA 98124 Growth 

Colo. State Univ. Arsine & Hydride Radical 01914209 145.5 78.0 7/90 
G. Collins Generation for MOCVD 2/93 
Ft. Collins, CO 80523 Growth 

Kopin Corp. Hi-Eff. Thin-Film GaAs 01914204 597.5 298.9 7/90 
J. Fan & Ternary ill-V Solar 8/93 
Taunton, MA 02980 Cells 

Purdue Res found New ill-V Cell Design 01914201 398.7 199.9 8/90 
M: Lundstrom Approaches for Very 9/93 
W. Lafayette, IN 47907 High Eff. Cells 
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Total FY 1991 Start/ 
Contractor, Principal Work Title Contract Funding Funding End 
Investigator, Address (Research Activity) Number ($K) ($K) Dates 

ADVANCED HIGH EFFICIENCY FY1991 

Rensselaer MOCVD Crystal Growth 01914210 150.8 100. 1 6/90 
Ghandhi/Borrego . 8/93 
Troy, NY 12180 

R.T.I Materials & Structure 01914203 198.5 99. 1  7/90 . 
S. Ghandhi for Ultra-High-Efficiency 2/93 
Troy, NY 12180 Solar Cells 

Spire Corp. GaAs Based Ternary Com- 01914207 5.6 5.6 8/90 
S. Vernon pounds & Multibandgap 10/93 
Bedford, MA 01730 Solar Cell Research 

Univ. So. Cal Atomic Layer Epitaxy for 01914206 306.7 207.0 6/90 
P. Dapkus Low Temperature Growth 7/93 
Los Angeles, CA of PV Materials 

VS Corp. Metalorganic Vapor Phase 196393 196.3 196.3 5/91 
J. Werthan Epitaxial Growth of 6/93 
Palo Alto, CA 94303 AlCaAs/CaAs CaSCa 

NEW IDEAS FY199 1  

Res. Triangle Instit An Inverted AlGaAs/GaAs 0181 1002 198. 1 98. 1 . 1/90 
M. Timmons Patterned Tunnel Junction 2/92 . 
R.T.I. Cascade Concentrator Cell 

Univ. of Delaware Novel Ways of Depositing 1 8 1 10-1 100.0 100.0 1/90 
R. Birkmire ZnTe Films by a Solution 1191 
Newark, DE 19716 Growth Technique 

Univ. of S. California High Efficiency Epitaxial 0181 1003 92.8 92.8 1/90 
D. Dapkus Optical Reflector Cells 2/91 
Los Angeles, CA 90089 
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Total FY 1991 Start/ 
Contractor, Principal Work Title Contract Funding Funding End 
Investigator, Address (Research Activity) Number ($K) ($K) Dates 

UNIVERSITY PARTICIPATION PROGRAM FY1991 

No. Carolina St. Univ. New Approaches to Hi-Eff. 91814101 318.4 79.5 7/89 
S. Bedair Solar Cells by MOCVD 8/92 
Box 7003 
Raleigh, NC 27695 

No. Carolina St. Univ. Fundamental Studies of 91814102 " 252.0 63 . .7 7/89 
G. Lucovsky Defect Generation in a-Si 8/92 
Raleigh, NC 27695 Alloy Grown by Remote 

Plasma Enhanced CVD 

Stanford University Ion Beam & Photo-Assisted 91814104 341.9 86.9 7/89 
R. Bube -Growth & Doping of II-VI 8/92 
660 Arguello Way Compounds 
Stanford, CA 94305 

Univ. of Utah Electronic Processes in 91814103 338.3 83.9 7/89 
C. Taylor Thin Film PV Materials 8/92 
309 Park Bldg. 
Salt Lake City, UT 841 12 

PHOTOVOLTAIC MANUFACTURING TECHNOLOGY 1991 

Spire Corp PV Manfg. Technology 10057-1 49.8 49.8 1/91 
Patriots Park Phase I 3/91 
Bedford, MD 

Astropower, Inc. PV Manfg. Technology 10057-2 50.0 50.0 1/91 
30 Lovette Ave. Phase I 3/91 

. Newark, DE 197 1 1  

Solarex Corp. PV Manfg. Technology 10057-3 49.9 49.9 1/91 
1335 Piccard Dr. · Phase I 3/91 
Rockville, MD 20850 

Siemens Solar lndust. PV Manfg. Technology 10057-4 46.2 46.2 3/91 
P.O. Box 6032 Phase I 5/91 
Camarillo, CA 93601 1  

Westinghouse Elec. PV Manfg. Technology 10057-5 49.9 49.9 1/91 
P.O. Box 10864 Phase I 3/91 
Pittsburgh, PA 15236 
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Total FY 1991 Start/ 
Contractor, Principal Work Title Contract Funding Funding End 
Investigator, Address (Research Activity) Number ($K) ($K) Dates 

PHOTOVOLTAIC MANUFACTURING TECHNOLOGY 1991  

Utility Power Group PV Manfg. Technology 10057-6 49.6 49.6 1/91 
9410 DeSoto Ave. Phase I 3/91 
Chatsworth, CA 913 1 1  

GlassTech Solar PV Manfg. Technology 10057-7 49.9 49.9 1/91 . 
6900 Joyce St. Phase I 3/91 
Golden, CO 80403 

Global PV Specialist PV Manfg. Technology 10057-8 47.8 47.8 1/91 
21525 Parthenia St. Phase I 3/91 
Conoga Park, CA 91304 

Alpha Solarco Inc. PV Manfg. Technology 10057-9 48.4 48.4 1/91 
1 1534 Gondola Dr. Phase I 3/91 
Cincinnati, OH 45241 

Photon Energy, Inc. PV Manfg. Technology 10057-10 49.5 49.5 1/91 
9650A Railroad Dr. Phase I 3/91 
El Paso, TX 79924 

E.C.D. PV Manfg. Technology 10057-1 1  50.0 50.0 1/91 
1675 West Maple Rd. Phase I 3/91 
Troy, MI 48084 

Mobil Solar PV Manfg. Technology 10057-12 50.0 50.0 1/91 
4 Suburban Park Dr. Phase I 3/91 
Billerica, MA 01821 

Entech Inc. PV Manfg. Technology 10057-13 49.9 49.9 1/91 
1015 Royal Lane Phase I 3/91 
Dallas/Ft. Worth 
Airport, TX 75261 

Boeing Co. PV Manfg. Technology 10057-14 49.8 49.8 1/91 
P.O. Box 3999 Phase I 3/91 
Seattle, WA 98124 

Solar Kinetics PV Manfg. Technology 10057-15 48.3 48.3 1191 
10635 King Wilms Dr. Phase I 3/91 
Dallas, TX 75220 
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Total FY 1991 Start/ 
Contractor, Principal Work Title Contract Funding Funding End 
Investigator, Address (Research Activity) Number ($K) ($K) Dates 

PHOTOVOLTAIC MANUFACTURING TECHNOLOGY 1991  

Chronar Corp. PV Manfg. Technology 10057-16 49.0 49.0 1/91 
195 Clarksville Rd. Phase I 3/91 
Lawrenceville, NJ 08648 

Crystal Systems PV Manfg. Technology 10057-17 50.0 50.0 1191 
27 Congress St. Phase I 3/91 
Salem, MA 01970 

Iowa TF Tech. Inc. · PV Manfg. Technology 10057-18  47.8 47.8 1191 
Suite 607, ISU Phase I 3/91 
Ames, IA 50010 

Solar Cells Inc. PV Manfg. Technology 10057-19 38.0 38.0 1/91 
2650 N. Reynold Rd. Phase I 3/91 
Toledo, OH 43615 

Kopin Corp. PV Manfg. Technology 10057-20 50.0 50.0 1/91 
695 Myles Stndish Blvd Phase I 3/91 
Taunton, MA 02780 

Solar Energy App. PV Manfg. Technology 10057-21 50.0 50.0 1191 
2010 Fortune Dr. Phase I 3/91 
San Jose, CA 95131 

Spectrolab, Inc. PV Manfg. Technology 10057-22 35.1 35. 1 1/91 
12500 Gladstone Ave. Phase I 3/91 
Sylmar, CA 91342 

MODULE AND SYSTEM PERFORMANCE TESTING AND ENGINEERING 

Univ. of Delaware Eval of DSM Incentive XR21 1248-1 96.9 96.9 10/91 
J. Byrne · Opportunities for PV 12/92 
Newark, DE 19716 

Atmos. Sci. Rsch. Cntr Solar Resource, Utility XR1 1 1 168-1 106.3 106.3 9/91 
Richard Perez Load Matching Assessment 9/93 
State Univ. of NY 
Albany, NY 12222 
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Contractor, Principal 
Investigator, Address 

Work Title 
(Research Activity) 

Contract 
Number 

Total 
Funding 
($K) 

MODULE AND SYSTEM PERFORMANCE TESTING AND ENGINEERING 

Florida Solar Energy 
Kirk Collier 
Univ./Central FL 

· Orlando, FL 328 16 

Solar Energy · 

Industries (SEIA) 
P. Klein 
Washington, DC 20002 

Evaluation of Roof
Integrated PV Module 

HR21202-1 

Management & Administration 1C010083-1 
Secretariat & U.S. Parti./ 
International Standards Dev. 
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49.9 

. 70.0 

FY 1991 
Funding 
($K) 

49.9 

26.8 

Start/ 
End 

Dates 

1 1/91 
5/92 

5190 
. 4/30 



11.0 PV SUBCONTRACTED RESEARCH 
FY 1991 BIBLIOGRAPHY 

Subcontractor Reports and Publications · 

Abou-Elfotouh, F. A.; Kazmerski, L. L.; Bakry, A. .M.; Al-DoUri, A. (1990). "Correlations of Single
Crystal CulnS� Surface Processing with Defect Levels and Cell Performance." Conference 
Record of the Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; 
May 21-25, 1990. New York: The Institute of Electrical and Electronics Engineers, Inc.; pp. 541-
545. 

Ahrenkiel, R. K.; Keyes, B. M.; Shen, "I:. C.; Ch�, J. I.; Morkoc, H. (1 March, 1991). "Minority-Carrier 
Ufetime in AlxGa1.xAs Grown by Molecular-Beam Epitaxy." Journal of Applied Physics (69:5); 
pp. 3094-3096. Work performed by Solar Energy Research Institute, Golden, Colorado, and 
Coordinated Science Laboratory, University of Illinois at Urbana-Champaign, Urbana, lllinois. 

Ahrenkiel, R. K.; Dunlavy, D. J.; Keyes, B.; Vernon, S. M.; Tobin, S. P.; Dixon, T. M. (1990). "Design 
of High Efficiency Solar Cells by Photoluminescence Studies." Conference Record of the Twenty 
First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; May 21-25, 1990. 
New York: The Institute of Electrical and Electronics Engineers, Inc. ; pp. 432-436. Work 
performed by Solar Energy Research Institute, Golden, Colorado, and Spire Corporation, Bedford, 
Massachusetts. 

Albright, S. P.; Chamberlin, R. R.; Jordan, J. F. (November 1990). High-Efficiency Large-Area CdTe 
Panels, Final Subcontract Report, June 1887 -. July 1990. SERI!I'P-21 1-4034. 46 pp. Work 
performed by Photon Energy, Inc., El Paso, Texas. Available NTIS: Order No. DE910021 17. 

Baron, B. N.; Birkmire, R. W.; Phillips, J. E.; Shafarman, W. N.; Hegedus, S. S.; McCandless, B. E. 
(January 1991). Fundamentals of Polycrystalline Thin Film Materials and Devices, Final 
Subcontract Report, 16 January 1989 - 15 January 1990. SERI!I'P-211-4133. 97 pp . .  Work 
performed by the Institute of Energy Conversion, University of Delaware, Newark, Delaware. 
Available NTIS: Order No. DE91002130. 

Baron, B. N.; Birkmire� R. W.; Phillips, J. E.; Shafarman, W. N.; Hegedus, S. S.; McCandless, B. E. 
(1991). Fundamentals of Polycrystalline Thin Film Materials and Devices, Final Subcontract 
Report, 16 January 1989 - 15 January 1990. SERI!I'P-21 1-4133. 97 pp. Work performed by 
the Institute ofEnergy Conversion, University of Delaware, Newark, Delaware. Available NTIS: 
Order No. DE91002130. 

Baron, B. H.; Birkmire, R. W.; McCandless, B. E.; Roy, M.; Phillips, J. E.; Shafarman, W. N. (July 
1990). Materials Analysis and Device Optimization of CuinSe2 Solar Cells, Final Subcontract 
Report, 16 January 1987 - 15 January 1989. SERI!I'P-211-3896. 56 pp. Work performed by 
Institute of Energy Conversion, University of Delaware, Newark, Delaware. Available NTIS: 
Order No. DE90000365. 

Baron, B. N.; Birkmire, R. W.; McCandless, B. E.; Phillips, J. E. (July 1990). Two Terminal CuinSe2 
Based Cascade Cel.ls, Final Subcontract Report, 16 January 1987 - 15 January 1989. SERI!I'P-
211-3914. 32 pp. Work performed by Institute of Energy Conversion, University of Delaware, 
Newark, Delaware. Available NTIS: Order No. DE90000363. 
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FY 1991 BIBLIOGRAPHY (continued) 

Basol, B. M.; Kapur, V. K.; Mitchell, R. L. (1990). "Cd1.xZI1xTe Films Obtained by the Solid-State 
Reaction of Elemental Layers." Conference Record of the Twenty First IEEE Photovoltaic 
Specialists Conference - 1990; Kissimmee, Florida; May 21-25, 1990. New York: The Institute 
of Electrical and Electronics Engineers, Inc.; pp. 509-513. Work performed by International 
Solar Electric Technology, Inglewood, California, and Solar Energy Research Institute, Golden, 
Colorado. 

Basol, B. M.; Kapur, V. K. (1990). "CulnS� Thin Films and High-Efficiency Solar Cells Obtained by 
Selenization of Metallic Layers." Conference Record of the Twenty First IEEE Photovoltaic 
Specialists Conference - 1990; Kissimmee, Florida; May 21-25, 1990. New York: The Institute 
of Electrical and Electronics Engineers, Inc. ; pp. 546-549. Work performed by International Solar 
Electric Technology, Inglewood, California. 

Basol, B. M.; Kapur, V. K. (November 1990). Low-Cost CdZnTe Devices for Cascade Cell Application, 
Final Subcontract Report, 15 May 1989 - 15 May 1990. SERIIIP-21 1-4033. 27 pp. Work 
performed by International Solar Electric Technology, Inglewood, California. Available NTIS: 
Order No. 910021 16. 

Bennett, M.; Podlesny, R. (1990). "Two Source Simulator for Improved Solar Simulation." Conference 
Record of the Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; 
May 21-25, 1990. New York: The Institute of Electrical and Electronics Engineers, Inc.; pp. 
1438-1442. Work performed by Solarex Corporation, Thin Film Division, Newtown, 
Pennsylvania. 

Bennett, M. S.; Catalano, A.; Rajan, K.; Arya, R. R. (1990). "Improved Stability in Amorphous Silicon 
Germanium Solar Cells Made from Hydrogen-Diluted Silane and Germane." Conference Record 
of the Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; May 
21-25, 1990. New York: The Institute of Electrical and Electronics Engineers, Inc.; pp. 1653-
1655. Work performed by Solarex Corporation, Thin Film Division, Newtown, Pennsylvania. 

Bhimnathwala, H. G.; Tyagi, S. D.; Bothra, S.; Ghandhi, S. K.; Borrego, J. ' M  (19901. "Lifetime 
Measurements by Open Circuit Voltage Decay in GaAs and InP Diodes." Conference Record of 
the Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; May 21-
25, 1990. New York: The Institute of Electrical and Electronics Engineers, Inc. ; pp. 394-398. 
Work performed by Electrical, Computer and Systems Engineering Department, Rensselaer 
Polytechnic Institute, Troy, New York. 

Birkmire, R. W.; Shafarman, W. N.; Varrin, Jr., R. D. (1990). "Options for Fabrication and Design of 
CulnS� Based Solar Cells." Conference Record of the Twenty First IEEE Photovoltaic Specialists 
Conference - 1990; Kissimmee, Florida; May 21-25, 1990. New York: The Institute of Electrical 
and Electronics Engineers, Inc.; pp. 550-555. Work performed by Institute of Energy Conversion, 
University of Delaware, Newark, Delaware. 

Book of Abstracts; SERf Workshop in the Role of Point Defects/Defect Complexes in Silicon Device 
Fabrication, (August 1990). SERI/CP-21 1-3976. 67 pp. Conference held 30-31 August 1990, 
Keystone, Colorado. Available NTIS: Order No. DE90000377. 
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FY 1991 BIBLIOGRAPHY (continued) 

Bothra, S.; Tyagi, S. D.; Ghandhi, S. K. ;  Borrego, J. M. (1990). "Surface Recombination Velocity and 
Lifetime in InP· Measured by Transient Microwave Reflectance." Conference Record of the 
Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; May 21-25, 
1990. New York: The Institute of Electrical and Electronics Engineers, Inc.; pp. 404-408. Work 
performed by Electrical, Computer and Systems Engineering Department, Rensselaer Polytechnic 
Institute,. Troy, New York. 

Branz, H. M.; Silver, M. (15 October 1990). "Potential Fluctuations Due to Inhomogeneity in 
Hydrogenated Amorphous Silicon and the Resulting Charged Dangling-Bond Defects." Physical 
Review. B, Condensed Matter ( 42: 12); pp. 7420-7428. Work performed by Solar Energy Research 
Institute, Golden, Colorado, and University of North Carolina, Chapel Hill, North Carolina. 

· 

Bube, R. H.; Fahrenbruch, A. L.; Lopez-Otero, A.; Chien, K.-F.; Grimbergen, M.; Kim, . D.; Sharps, P. 
(July 1990) . . Ion-Assisted Doping of II-VI Compounds During Physical Vapor Deposition, Final 
Subcontract Report, 1 September 1985 - 30 August 1989. SERI!IP-21 1-3907. 89 pp. Work 
performed by Department of Materials Science and Engineering, Stanford 'University, Stanford, 
California. Available NTIS: Order No. DE90000358. 

Burdick, J.; Glatfelter, T. (1990). "Outdoor Performance Studies of a-Si Alloy Multi-Junction Solar Cells 
Using Simulated Solar lllumination." Conference Record of the Twenty First IEEE Photovoltaic 
Specialists Conference - 1990; Kissimmee, Florida; May 21-25, 1990. New York: The Institute 
of Electrical and Electronics Engineers, Inc.; pp. 1403-1408. Work performed by Energy 
Conversion Devices, Inc., Troy, Michigan. 

Catalano, A.; Arya, R. R.; Bennett, M.; Fieselmann, B.; Morris, J.; Newtown, J.; Podlesny, R.; Tawseme, 
E.; Wiedeman, S.; Yang, L.; Rothwarf, A.; Shapiro, F. (September 1990). Research on High
Efficiency, Large-Area, Amorphous Silicon Based Solar Cells, Final Subcontract Report, 
1 February 1989 - 28 February 1990. SERI!IP-21 1-3906. 82 pp. Work performed by Solarex 
Thin Film Division, Newtown, Pennsylvania and Drexel University, Philadelphia, Pennsylvania. 
Available NTIS: Order No. DE90000356. 

Catalano, A. (1990). "Advances in a-Si:H Alloys for High Efficiency Devices." Conference Record of 
the Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; May 21-
25, 1990. New York: The Institute of Electrical and Electronics Engineers, Inc.; pp. 36-40. Work 
performed by Solarex Thin Film Division, Newtown, Pennsylvania. 

Catalano, A.; Arya, R. R.; Bennett, M.; Fieselmann, B.; Goldstein, B.;  Morris, J.; Newton, J.; O'Dowd, 
J. ; Oswald, R. S.; Podlesny, R.; Wiedeman, S.; Yang, L. (July 1990). Research on Stable, Large
Area Amorphous Silicon Based Submodules, Phase Ill, Semi-Annual Subcontract Report, 
1 February 1989 - 31 July 1989. SER.I/IP-21 1-3805. 94 pp. Work performed by Solarex Thin 
Film Division, Newtown, Pennsylvania. Available NTIS: Order No. DE90000339. 
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FY 1991 BIBLIOGRAPHY (continued) 

Crandall, R. S.; Balberg, I. (4 February 1991). "Mobility-Lifetime Products in Hydrogenated Amorphous 
Silicon." Applied Physics Letters (58:5); pp. 508-510. Work performed by Solar Energy Research 
Institute, Golden, Colorado, and The Racah Institute of Physics, The Hebrew University, 
Jerusalem, Israel. 

D' Aiello, R; Czanderna, A. W. "PV Modules-Reliability, Qualification Testing, Materials Durability, 
Structure, and Life Prediction." Prepared for a tutorial offering at the 22nd IEEE PV Specialist 
Conference (October 7-1 1 ,  .1991). 

Delong, M. C.; Taylor, P. C.; Olson, J. M. (6 August 1990). "Excitation Intensity Dependence of 
Photoluminescence in Gao52Ino.48P." Applied Physics Letters (57:6); pp. 620-622. Work 
performed by Department of Physics, University of Utah, Salt Lake City, Utah; and Solar Energy 
Research Institute, Golden, Colorado. 

DeLong, M. C.; Viohl, I.; Ohlsen, W. D.; Taylor, P. C.; Olson, J. M. (15 January 1991). "Microwave 
Thermal Modulation of Photoluminescence in ill-V Semiconductors." Physical Review. B, 
Condensed Matter (43:2); pp. 1510-1519. Work performed by Department of Physics, University 
of Utah, Salt Lake City, Utah, and Solar Energy Research Institute, Golden, Colorado. 

DeLong, M. C.; Taylor, P. C.; Olson, J. M. (July/August 1990). "Growth Temperature and Substrate 
Orientation Dependences of Moving Emission and Ordering in Gao52Ino.48P." Journal of Vacuum 
Science and Technology. B, Microelectronics, Processing and Phenomena (8:4); pp. 948-954. 
Work performed by Department of Physics, University of Utah, Salt Lake City, Utah; and Solar 
Energy Research Institute, Golden, Colorado. 

Deng, X. J.; Tsuo, Y. S.; Trefny, J. U. (1990). "Ion-Beam Hydrogenation of Sputter-Deposited 
Amorphous Silicon and Amorphous Silicon-Germanium Alloys." Conference Record of the 
Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; May 21-25, 
1990. New York: The Institute of Electrical and Electronics Engineers, Inc.; pp. 1591-1594. 
Work performed by Colorado School of Mines, Golden, Colorado and Solar Energy Research 
Institute, Golden, Colorado. 

Devaney, W. E.; Chen, W. S.; Stewart, J. M.; Gillette, R. B. (July 1990). High Efficiency CuinSe2 and 
CulnGaS� Cells and Materials Research, Final Subcontract Report, 1 November 1987 - 31  
October 1989. SERI/TP-21 1-3909. 73  pp. Work performed by Boeing Electronics High 
Technology Center, Seattle, Washington. Available NTIS: Order No. DE90000362. 

Doolittle, W. A.; Rohatgi, A.; Brenneman, R. (1990). "Correlation Between Impurities, Defects and Cell 
Performance in Semicrystalline Silicon." Conference Record of the Twenty First IEEE 
Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; May 21-25, 1990. New York: 
The Institute of Electrical and Electronics Engineers, Inc.; pp. 681-686. Work performed by 
School of Electrical Engineering, Georgia Institute of Technology, Atlanta, Georgia, and Solarex 
Corporation, Frederick, Maryland. 
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FY 1991 BffiLIOGRAfHY (continued) 

Fortmann, C. M. (1990). "a-SiGe:H Alloy Material Limitations and Device Considerations." Conference 
Record of the Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; 
May 21-25, 1990. New York: The Institute of Electrical and Electronics Engineers, Inc. ; pp. 
1493-1500. Work performed by Institute of Energy Conversion, University of Delaware, Newark, 
Delaware. 

Fortmann, C. M.; Zhou, T.; Malone, C.; Gunes, M.; Wronski, C. R. (1990). "Deposition Conditions, 
Hydrogen Content, and the Staebler-Wronski Effect in Amorphous Silicon." Conference Record 
of the Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; May 
21-25, 1990. New York: The Institute of Electrical and Electronics Engineers, Inc.; pp. 1648-
1652. Work performed at Institute of Energy Conversion, University of Delaware, Newark, 
Delaware and Center for Materials and Processing, Pennsylvania State University, University Park, 
Pennsylvania. 

Fraas, L. M.; Avery, J. E.; Sundaram, V. S.; Dinh, V. T.; Davenport, T. M.; Yerkes, J. W.; Gee, J. M.; 
Emery, K. A. (1990). "Over 35% Efficient GaAs/GaSb Stacked Concentrator Cell Assemblies for 
Terrestrial Applications." Conference Record of the Twenty First IEEE Photovoltaic Specialists 
Conference - 1990; Kissimmee, Florida; May 21-25, 1990. New York: The Institute of Electrical 
and Electronics Engineers, Inc.; pp. 190-195. Work performed by Boeing High Technology 
Center, Seattle, Washington; Sandia National Laboratories, Albuquerque, New Mexico; and Solar 
Energy Research Institute, Golden, Colorado. 

Gillette, R. B.; Devaney, W. E.; Chen, W. S.; Stewart, J. M. (July 1990). High Efficiency CuinSe2 and 
CuinGaSe2 Cells and Materials Research, Final Subcontract Report, 1 November 1987 -
31 October 1989. Work performed by Boeing Electronics High Technology Center, Seattle, 
Washington. Available NTIS: Order No. DE90000362. 

Gordon, R. G.; Hu, J.; Musher, J.; Giunta, C. (February 1991). Optimization of Transparent and 
Reflecting Electrodes for Amorphous Silicon Solar Cells, Annual Subcontract Report, 1 October 
1989 - 30 September 1990. SERI!IP-214-4141. 43 pp. Work performed by Department of 
Chemistry, H31Vard University, Cambridge, Massachusetts. Available NTIS: Order No. 
DE91002132. 

Guha, S. (August 1990). Research on High-Efficiency, Multiple-Gap, Multi-Junction Amorphous Silicon
Based Alloy Thin-Film Solar Cells, Final Subcontract Report, 1 March 1987 - 28 February 1990. 
SERI/IP-211-3918. 157 pp. Work performed by Energy Conversion Devices, Inc., Troy, 
Michigan. Available NTIS: Order No. DE90000364. 

Hahn, M. J.; Berry, W. B.; Mrig, L. (1990). "Comparative Short Term/Long Term Field Test 
Performance and Stability of Tandem and Single Junction a-Si Modules."  Conference Record of 
the Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; May 21-
25, 1990. New York: The Institute of Electrical and Electronics Engineers, Inc.; pp. 1057-1061.  
Work performed at University of Notre Dame, Noire Dame, Indiana and Solar Energy Research 
Institute, Golden, Colorado. 

· 
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FY 1991 BIBLIOGRAPHY (continued) 

Hanak, T. R.; Bakry, A. M.; Ahrenkiel, R. K.; Timmons, M. L. (1990). "OX-Center in Se-Doped 
Alx_Ga1_xAs." Impurities, Defects and Diffusion in Semiconductors: Bulk and Layered Structur_es, 
Materials Research Society Symposium Proceedings, Volume 163, Wolford, D. J. ; Bernholc, J.; 
and Haller, E. E. Pittsburgh, PA: Materials Research Society; pp. 781-784. Presented at the MSR 
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