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PREFACE

This report summarizes the fiscal year (FY) 1991 (October 1, 1990, through September 30, 1991)
progress of tiae subcontracted photovoltaic (PV) research and development (R&D) performed
under the Photovoltaic Advanced Research and Development Project at the National Renewable
Energy Laboratory (NREL)--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 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 FY 1991 continued to be implemented based on
DOE's new Photovoltaics Program Plan FY 1991---FF 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 least 1000 MW of electrical capacity by the
year 2000. The NREL PV subcontracts arc managed under the following areas: Amorphous
Silicon, PolycrystaUine 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 d_rections. This document assists technology transfer of
research results into commercial products and applications.

Approved for the NATIONAL RENEWABLE ENERGY LABORATORY

Thomas Surek, Manager
Photovoltaic Program

Robert Stokes, Acting Director
Photovoltaics Division

Notice: This publication was reproducedfrom camera-ready copy submittedby the individual rabcvmractors. The efficiency values _-ported
by the subcontractorsmay not have been in&'pendcmflycoafinm_ by NREL oi"
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SUMMARY

The National Renewable Energy Laboratory (NREL)--formerly 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
report 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 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 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 _tllapproved FY 1991 subcontract procurements, and
we awarded approximately 75% of the plammd $19 million. Procurement highlights included
awards under the amorphous silicon government/industry and fundamental studies programs, the
polycrystalline thin films government/industry 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/industry PV
power project, and the DOE collegiate Sunrayce 93 PV powered car competition.



Amorphous Silicon Research Project (ASRP)

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 multijunction 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 analysis. 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 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 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 em 2 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, fiat-plate
modules that meet DOE's long-term goals of reasonable effieiencies (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 CuInSe2, 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-ft2 module.

Polycrystalline devices require continued development to achieve 15%-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 rem'fins the major focus
of the task. Potentially achievable module efficiencies exceed 15% at costs under $50/m 2.

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 include various selenization methods (for
CulnSe2), sputtering, close-spaced sublimation, evaporation, electrodeposition, metal-organic
chemical vapor deposition, and spraying for CdTe.
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Crystalline Silicon Materials Research

The emphasis of theNREL 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 defects 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 siliconsolarcellsfabricatedon low-costsubstrateshave alreadydemonstrated
efficienciesexceeding15%,thetechnologytocommerciallyproducecellsofsuchhighefficiency
on low-costsubstratesdoesnotexist.Some ofthemasonsforthelackofsucha technologyarc

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 thermal processes; this lack of information makes it
difficult to design cell fabrication processes that can ameliorate the deleterious effects of
defects/impur.i."ties.

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 fiat-plate
configurations and 30% for concentrator systems. Because of the demonstrated performance of
crystalline 1TI-V semiconductors, the task has become synonymous with III-V compound
semiconductor research.

NREL's program of research in High-Efficiency Concepts has approached the terrestrial PV goals
from the direction of fn_st demonstrating the feasibility of exceeding these efficiency targets to
ensure that production engineering trade-offs between performance and cost can bc
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 in 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
summa_dzed. Clearly, the technology for deposition of III-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 significant potential is
transferred into the appropriate major task area within the DOE PV program for continued
support.

University Participation Proeram

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 creativ/W both by limiting the requirements for delivering reporr,.,_
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 arc 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 Participation
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 Manufacturine and Technology (PVMaT) Project

The objective of the Photovoltaic Manufacturing Technology (PVMaT) Project is to assist the
U.S. PV industry in improving manufactming 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/industry PV manufacturing R&D effort composed of parmerships
between the federal government (through the U.S. Department of Energy) and members of the
U.S. PV industry.

Phase I ofthisproject,theproblemidentificationphase,was completedearlyin1991.Phase1
competitivebiddingwas open to any U.S. firm with existingmanufacturingcapabilities,
regardlessofmaterialormodule design.Twenty-twosubcontractsofup to$50,000eachwere
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awarded. Phase 2 is now under way. Tlds is the solution phase of the project and addresses
problems of specific manufacturers. Subcontracts under the first Phase 2 solicitation, called
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. indusu'ial
participants. A second, overlapping, and similar process-specific solicitation (Phase 2B) is
planned to follow soon and will be open to ali 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 Proieet

The PV module and system performanceand engineeringproject is structured to conductstate-of-
the-art PV module, system, and applicationresearch; to performengineering, 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 activities 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
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R&D, industry sponsored R&D, user facilities (at NREL), technology liccnsc_, 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 Back_round

The National Renewable Energy Laboratory (NREL) m formerly the Solar Energy Research
Institute (SERI) a subcontracted photovoltaic (PV) R&D represents most of the subcontracted
work funded by the U.S. Department of Energy (DOE) National Photovolteics 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 1991mFY 1995. The mission of the National Photovoltaics
Program is to develop photovoltaic 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 the installation of at least 1000 MW of electrical
capacity by the year 2000.

Under the DOE PV program, the NREL Photovolt_c 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 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
progrmn. 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 manufactan'ers 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 researchactivities areconducted 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, andthe PV industrycan 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 armualized funding of better than $19 million. Cost-sharing by
seven industry 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 the PV subcontracts.

Fiscal Year

1978-1988 1989 1990 1991

Task Area (SM) (SM) (SM) (SM)

Research and Development

Amorphous Silicon Thin Ftlms 59.2 7.7 6.0 3.3

Polycrystalline Thin F'tlms 37.1 3.7 4.6 4.5

High-Efficiency Concepts 30.6 2.0 1.9 1.3

Crystalline Silicon 22.1 0.6 0.5 0.9

New Ideas 17.6 b 0.4 0.4 0.4

University Participation 4.8 0.9 0.4 0.8

Subtotal 171.4 15.3 13.8 11.2

Manufacturing Technology, and, System and Market Development

PV Manufacturing Technology Project N/A N/A 1.7 6.7

Module and System Performance and Engineering Project" N/A N/A N/A 2.0

Subtotal N/A N/A 1.7 8.7

Total 171.4 15.3 15.5 19.9

Table 1-1. Subcontract Budget History of the NREL Photovoltaic Program a

Notes: (a) Includes approximately 10-15% for program management, fees, etc.
(b) Includes $9 million for photoelectrochemical cell research.
(c) Significant effort initiated in FT 1991.
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Figure 1-1. Business category distribution of FY 1991 subcontract funds

Task Area Contact Name Telephone"

PV Pro_im Thomas Sumk, Manager 231-1371
Kathy Summers, Admin. Assist. 231-1395
Thomas Basso 231-7035

Amorphous Silicon We_aer Luft, Manager 23 1_1452
Research Project Byron Stafford 23 1-7126

Bolko vonRoodern 231-1380

High-Efficiency Concepts, John Benner, Manager 231-1396
Crystalline Silicon Matedals, Bhnshan Sopori 231-1383
and University Project

Polycrystalline Kenneth Zweibel, Manager 231-7141
Thin Fdms Harin Ullal 231-1486

New Ideas Project Thomas Basso 231-7035

PV Manufacturing Technology Ed Witt, Manager 23 1-1402
Rick Mitchell 231-1379
Dave Mooney 231-7074

Module and System
Performance and Engineering RichardDeBlasio, Manager 231-1286

Table 1.2. NREL Photovoltaic Program Subcontract Personnel

Notes: (a) Area code (303)° FTS number 327-xxxx.



1.2 Key Accomplishments

1.2.1 Amorphous Silicon Research Project

NREL impiemented 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 Otis procurement are: (1) to conduct research on semiconductor materials and non-
semiconductor materials to enhance two-terminal, multijunction, thin-f'tlm, large-area, all-
amorphous-silicon-aUoy 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-b_dgap 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 cm2 in area and will consist of at least two integrally stacked devices using all-
amorphous-silicon alloy materials.

• The awards under the recompetition for amorphot_ silicon fundamental research were
completed. Awards under the competitive procurement were made to Colorado School of
Mines, Institute of Energy Conversion OEC), 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 S_andards 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 the 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-cm2 aperture area), and
6.3% efficiency for a United Solar Systems Corporation dual-junction module from their



production line (3676-cm 2 apcrmre area). Thcsc stabilized cfficicncics of 6%-7% for
commercial and prototype modules arc a significant improvement from the 3%-5%
cfficiencies of such modules produced 3 or 4 years ago.

• The IEC at the University of Dclaware dcvclopcd, in collaboration with Pennsylvania State
University, a chargc-dcfect cquilibrium model that concludes that thc light-induced dangling
bond defect is formed in an cxothcrmic reaction with ncgativc entropy and frec energy
changes. This model suggests that the annealed state is unstable and can only bc maintained
when there is a lack of frec 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 _he Staebler-Wronski effect include the possibility of mobility changes.

• The University of North Carolina reported that the electrolumincsccncc in thick p-i-n
junctions, when normalized for the eta'rent density, does not degrade upon ligt, :-soaking. The
radiative lifetime does not shorten with photo-degradation at a temperature ,_clow 200°K.
An attempt was made to describe these phenomcna using a hopping transport model that
includes Coulomb interaction.

• The University of Oregon reported drive level photocapacimnc¢ 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
100°K. The conductivities axe 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 terms 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 carricd out in collaboration with R. Braunstein (University of
California-Los Angeles) have now experimentally confu'raed the mobility decreases caused
by light-soaking. We also showed that metastable defects are charge-trapping defects.

• A 1991 R&D-I00 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 for
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 ,._hefilm on 12-ft sheets of glass while the glass is still
molten. 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

5



fluorine-doped zinc oxide coating to be used on the next generation thin-film 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 CuInSe2 solar ceils and modules are listed
below.

• A phased, two-year subcontractwith Martin Marietta of Denver, Colorado, was signed. The
purpose of the subcontract ("Innovative SputteringTechniques 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 use of rotating cylindricalmagnetrons would provide an attractive
opportunityfor 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 contractorof MartinMarietta, for whom they are providing selenization expertise.
ISET is also providing the expertise needed to produce CdTe from a Cd/Te film. (ISET
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 ft2 CdTe module. The module was measured outdoors at
NREL using a specially designed maximum power (P=_) trackingsystem. Pw was 6.82 W
under 1018 W/m2 sunlight at 32°C. The aperture areaof the module is 831 cm2, yielding
an aperture-areaefficiency of 8.1%. This is the highest efficiency for 1-ft2 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 I-ft2 CdTe modules. Photon Energy is
beginning the process of fabricating4-ft2 modules.

,, The judges for the 1991 R&D 100 Awards competition for significant new technology have
selected for recognition the thin-film cadmium telluridePV 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-ft2 module (fully
encapsulated) to NREL. The achievement of this efficiency surpasses the first year milestone
of its new subcontract (9.4%). The final goal of the subcontract is 12.5% at the end of the
thirdyear. The DOE's new Photovoltaics Program Plan FY 1991--FY 1995 key thin-film
goals are for stable, 4-ft2 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 the kickoff meeting
of the EPRJ/NREL 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, MartinMarietta, University of Illinois, IEC, Colorado
State University, University of South Florida (USF), and AT&T. A mission statement for



the CISWG was developed during the meeting. The group's purpose is to accelerate the
availability of thc CIS technology for significant energy contributions. Members will consist
of CIS "stake holders" who are willing to work togethcr on issues that will serve the group' s
purpose. The first two subcommittee topics were chosen: life-cycle cnvironmental
acceptability and modeling. The two chairmen for thcse subcommittees arc K. Zweibel and
J. Sites, respectively.

* We have further confirmation of the outstanding intrinsic stability of CIS modules. After
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, ali the parameters on these 8% efficient
(aperturearea)modules arewithin experimental errorof 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-cre2 CdTe cell (standard conditions). The
cell structure is glass/tin oxide/cadmium sulfide/cadmium telluride/graphite. The device
parameters were 840 mV, 21.9 mA/cre2 , and a 72.6% fill factor (FF). Four one-cre2 cells
were measured, and ali were over 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 mV 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 importantaspect of the USF device is that the record efficiency was
achieved despite very mediocre short-circuitcurrent. We have previously reported currents
over 26 mMcm 2 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 be able to increase their currents substantially, i.e., to in
excess of 25 mA/cre2. Combining the existing parameterswith a 25 mA/cre 2 currentwould
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 partnershipsubcontractwith Siemens Solar Industries has been
awarded by the PolycrystaUine Thin Films Project. The goal of the three-year subcontract
is to develop high efficiency CIS power modules (12.5%, 49 watt, 4-ft2modules). Achieving
this goal is importantto reaching the key thin-film milestones of the Photovoltaics Program
Plan FY 1991--FY 1995. The three-yearaward 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 F'flmsModule
Development request for proposal (RFP). The purpose of the RFP was to bolster the
infrastructurein CIS and CdTe, two very promising thin film materials. With the recent
award of several subcontracts, we are now supportingSolarex, Siemens, ISET and Boeing
in CIS, and Photon Energy and Solar Cells Inc. in CdTe. In addition, we have added support
for Astropower in thin x-Si. The participationof these key companies meets the goals of the

7



RFP. They should provide the progress needed to bring the polycrystallinc thin-films
technologies to comme_ial success.

• Photon Energy, under its subcontract entitled "Module Process Optimization and Device
Efficiency Improvementfor Stable, Low-Cc_t, Large-Area,CdTe-Based Photovoltaic Module
Production," has produced another record cell. Separate from its equally promising work on
solution grown thin-CdS with Chu at the USF, Photon Energy has made additional
advancements in the deposition of its CdS window laycr. This has resulted in a significant
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 have been two
record 0.3-cre2 cells cut from 6" by 12" panels and tested at NREL. The device parameters
of the ceils were as follows: efr - 12.7%, V= - 0.7888 V, J= = 26.18 mA/cre z, and FF =
61.40%; and Efr- 12.7%, V= = 0.7989 V, J= - 26.21 mAcm2, and FF - 60.51%. These
measurements have established recordefficiencies and short-circuitcurrents. When measured

in May 1991, efficiency equaled the highest efficiency polycrystalline thin-fdm cells
measured at NREL.

• AstroPower has been awarded a muitiyear phased subcontract for $2.6M. AstroPower will
be cost sharing the subcontract at about 20%. The period of performance is from May I,
1991, through February28, 1994. The objective of the research is to fabricate, by the end
of the third year, 12%efficient thin silicon-film submodules deposited on ceramic substrates
that are monolithicaUy integrated. The area of the submodule is 1200 cmz. The film
thickness of the silicon-film will be less that 50 microns (AstroPower win be using its
proprietarymethod for depositing the thin silicon-film.)

• We met with G. Coors and B.L. Morain 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/CuInS_Olglass devices under their Polycrystalline
Thin Film subcontract,entitled "Process Development for High Efficiency, Low-Cost, Cu(In,
Ga) Se_ Module Fabrication." The result h_s been a new NREL-measured efficiency record
for ISET. Two devices were measured at NREL with 11.4% and 11.5% efficiencies,
improving ISET devices significantly over the 10.6% ISET record ,set recently. The best of
these l-cmz cells had the foLlowing parameters; TI = 11.5%, V_ = .483 V, J= =
35.60 mA/cm2, 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 ZnOis expected to produceadditional
improvements in the next few months. Otherareas of improvement being addressed at ISET
include control and thinning of the CdS layer (now ranging from 800 A to 1200 A), and the
addition of antireflection costing (MgFz).



• The BP Solar unit has announced several important results in its thin film 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 L,aternational PVSEC, in
Kyoto, Japan, it reported reaching 9.5% efficiency on a 706 cm 2 (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/NREL at Monosolar Monosolar
was purchased by SOHIO and BP in 1983.

1,2.3 CrystalUr:e 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 formation
of a nucleus for a collaborative program.

Major accomplishments of this project arc:

• 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 ali crystal orientations.

• Formation 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 determined for commercial low-cost
silicon.

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

• Influence of dissolved oxygen on minority-carrierlifetime 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.

• Renssc!acr 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 ordy 1 cm away from the 700 ° C susceptor and
still be maintained at less than 1500C temperature. Initial growth runs yielded films with
close to the predicted uniformity.



• Spire developed thin GaAs cells for enhanced 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 nra. 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 attained by using only a 1 micron thick active layer.

• In a collaborative effort with the Massachusetts Institute of Technology and IBM, Spire has
performed 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 surface features.

• Kopin established operating parameters using _iethylgallium chloride needed to attain lateral
overgrowth capability in the MOCVD reactor. GaAs gro_h 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 CLEFT masks. Tests to optimize the overgrowth
will be performed. 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 priorto 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 PrY 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; development of an inverted A1GaAs/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 films, 50-300 nm thick, deposited directly by
an electrochemical method for the first time. A CdTeYCdSsolar 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 7_O.Te:Cu.

• Scientists at RTI have reported the first demonstration of an inverted-grown, thin-f'flm, fully
processed GaAs solar cell. This suggests that the inverted-growth approach to high efficiency
AIGaAs/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 eutcctic-metal-bonding (EMB) for
providing PV-device-quality GaAs-A1GaAs 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=A1GaAs double heterostructure. Also, Raman spectroscopy indicates the
EMB thin films on Si are free of strain.

1.2.6 University Participation Project

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

• North Carolina State University reported results of extended light soaking on "intrinsic"
(lightlydoped withboron)micro=crystallinesiliconmaterial.The measurementsformore
than 40 hours under 100 mW/cm z of white fightcan detectno degradationin the

photoconductivity.

• C. TaylorattheUniversityofUtahhasbeenawardeda patentfordopingamorphoussilicon
usingtertiarybutylphosphineasthephosphorussource.Alternatesourcesmay leadtoa
highratioofelectronicactivitytochemicalconcentration."rbeuniversityhaschosennotto
electtitletothisinvention.DOE may wishtotaketitleon it.

1.2.7 PV Manufacturing Technology (PVMaT) Project

The PVMaT project is a govemmenffindustry PV manufacturing R&D project composed of
parmerships between the federal government (through DOE) and members of the U.S. PV
industry, lt 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 I 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 FT 199 I,
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 and
implement solutions to their manufacturing problems. The f'mal selection of suc_cessful 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. finns, including those who weren't yet
ready for the Phase I call for proposals). AdditionaUy, 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 oat.standing
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 opportunities. 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 complementaryto 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 mid 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.

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 productsor 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: subcor_tractedR&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 subconwactsto 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 subcontractmanagers directand evaluate researchprogress;
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they made numerous site visits to subcontractor facilities in FT 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 their 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 and 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 discussions were conducted on four potential CRADAs.
informal cooperative R&D in FT 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 ali 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 22hd IEEE PV Specialists Conference
and the International Solar Energy Society Conference. Other activities in which NREL
researchers and subcontracted i'esearchers participated include an ad-hoc IEEE Standards
Coordinating Committee and SOLTECH 91. These gatherings provide important opportunities
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
Photovoltaicx 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 the United States. The major challenge in fulfilling the mission is to assist
industry in laying the foundation for the installation of at least I000 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
task 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 Module
and System Performance and Engineering. The sections include a brief overview including the
objectives, approaches, and some key developments. Following the overview are technical
summaries of the subcontract activities in that area. The summary sections were provided by the
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.

14



2.0 AMORPHOUS SILICON RESEARCH PROJECT

Wemer Luft (Manager), Byron Stafford, and Bolko von Roedem

The near-term objective of the Amorphous Silicon Research Project (ASRP) is to achieve 12%
stable prototype module efficiency by 1994 in accordance with the goals in DOE's new
Photovoltaics Program Plan FT"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 1990 from single-junction cell and submodule research to multijunction
module research, and from initial efficiency to stab_ efficiency. NREL implemented the
transition in FY 1991 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-sharedprograms 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 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 having areas of at least 900 cm 2 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-electronie 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 1990 to transfer the small-area
technology developed under previous govemment/'mdustry 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, Glassteeh Solar [GSI]), and United Solar Systems
Corporation). One of these (GSD was subsequently terminated after 6 months of work. The
principal objectives of this research are: (1) to conduct research on semiconductor materials and
non-semiconductor materials to enhance two-terminal, multijunction, thin-film, large-area, all-
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amorphous-silicon-alloydeviceperformance,(2) to develophigh-efficiency, stable,reproducible,
and low-cost multijunction photovoltaic modules basedon aU-amorphousmaterials, (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 cm2 in area and consist
of at least two integrally stacked devices using all-amorphous-silicon alloy materials. The
Govemment/_dustry Program has been highly successful and significant advances have been
madein ccU/submoduleperformance. '

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 Illinois, 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 foUowing 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 f'flms.
More research was done to differentiate between the often subtle aspects and predictions of the
models. More importantly, research was done on photovoltaic devices to correlate fight-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 f'flms. 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, govemment/'mdustry 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.

t,
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fabricating polycrystalline cells include, for CuInS%, sputtering (with selenization) (Siemens
Solar, Martin Marietta, International Solar Electric Technology, and Solarex), a reactive-
sputtering and hybrid sputtering/evaporation method (University of minois 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-H2Se selenization methods at NREL and Institute of Energy Conversion. For CdTe, we plan
work in sputtering and electrodeposition.

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
CuInS% 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 the 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. WiUiamson, 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 nra. 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:ii, 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
towax4s improving the methods used in sample preparation for SAXS measurements and
SAXS data analysis.

Approach

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

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

2) Several device-quality a-Si:II 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 intensifies 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 eases, 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 films produced by rf glow discharge, the smallest void fractions were found for the
7rims 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 nra.

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) The SAXS data for several a-Sil-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 ali but one of these films contain large
ellipsoidal voids which are preferentially oriented parallel to tiae 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.

Staebl¢r-Wr0nski Effect and $AXS

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 t2,e 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.

$AXS Measurementz 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 slit geometries and in an apparently much larger background signal in the
NSLS data.

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 f'flm 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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Titl__.e: Optimization of Transparent and Reflecting Electrodes
for Amorphous Silicon Sola,,- Cells

Or2anization: Department of Chemistry,
Harvard University, Cambridge, MA

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

SUMMARY

OBJECTIVES

Transparent conducting materials are essential components of many kinds of solar cells, in which
they serve as front-surface electrodes. In tandem cells, back surface elecmxtes 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).
In addition to having low electrical resistance and low optical absorption, the structure of a TCO
must minimize reflection losses. The Tee 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 that 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 quantifies in only
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 -,._uc 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 arc found for f'flm,_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 nra/minute.

We d_,scovered that the amount of texture (roughness) of ',he 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[I].

Depositions of zinc oxide films were carried out using aluminum as a dopant instead of 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 mob_li_j for the
aluminum-doped layers, however, also results in higher optical absorption and lower transparency
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.Suchamultilayercoatingcouldbeproducedpracticallyinamulti-chamberCVD furnace.

SolarCellDepositionon ZincOxide Films

Productionoflargearea,uniformfilmshasbeendelayedbecauseofWatldns-Johnson'sinability
todeliverthebeltfurnacewhichitwas contractedtoproduce.Althoughwe stillhope totake

deliveryof thismachine,whichwillproduceuniformcoatingsmore than12-incheswide,we
havereceiveda smaller6-inchfurnacefromBTU Engineering.More work willberequiredto

adaptthismachinetoourpurposes,butwe hopetohaveitoperatingina few months.

Zinc Oxide DepositionforApplicationsasFinalContactforSolarCells

The reactionofdiethylzincand ethylalcoholistooslowtodepositzincoxideattemper_,tures
below 300°C. However,by switchingtotertiary-butylalcohol,we foundthatzincoxidefilms
couldbedepositedattheselow temperatures,rlowever,neitherthealuminumnorthefluorine
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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
films 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 fin oxide.

CONCLUSIONS

• Textured fluorine-doped fin 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 mn per minute).

• Amorphous siliconsolarcellsgrown on thesetexturedfilmsshow veryhighquantum
efficiencieswhichdemonstratesthehighlight-trappingabilityofthistexture,andthehigh

transparencyofthezincoxidefilm.

• Transparent,conductivealuminum-dopedzincoxidefilmswere grown by APCVD at
temperaturesabove 300°C. The electronconcentrationsarchigherforfluorine-doped
films,buttheirtransparencyislower.Theselayersarcsuitableforlow-resistancecontact
top-typeamorphoussiliconon thefrontsurfaceofa solarcell.

• 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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Title: Structural and Electronic Studies of a-SIGe:H Alloys

Organization: Division of Applied Sciences, Harvard University, Cambridge, MA

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. Dawen 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-SizGel-_ of z < 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 ./k 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. Chert 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-SixGel-_:H of high Ge content. The
typical experimental 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

26



conductivity versu._ 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.

Discussion

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-SizGel-z: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-SizGel-_:H.

Sufficient detail on the structural, optical and electronic properties of the optimized
films of a-Ge:H was included in the Branch Annual Report for 1990. During 1991 the
range of parameter-space (substrate temperature Ts, r.f. power, Gell4 flow rate, H2 flow.
rate, total gas pressure) was extended, but without significant improvement in typical _'al-
ues of the r/pr product and photosensitivity ratio Aa/a. 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 will be recalled that
the principal significant contribution leading to better a-Ge:H was the realization of the
efficacy of having a certain mount of ion bombardment of the growing films, a condition
usually minimized for a-Si:H. The effect of ion bombardment was studied by arranging
to prepare a-Ge:H simultaneously at the cathode and anode of r.f. glow discharge sys-
tems with asymmetric electrodes, which leads to higher electric fields and bombardment
of the films growing at the smaller-area cathode, rind probably to different plasma condi-
tions in its vicinity. Anode-deposited films have optical absorption spectra and transport
parameters which appear to be normal, but TEM micrographs show that they possess mi-
crostructural inhomogeneities, and their photoelectronic r/pr and Aa/a are very poor. By
contrast, cathode-deposited films have superior properties, orders-of-magnitude higher r//_r
and Ao'/a, 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 cm to 3.2 cm) 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 hardly changes,
but must be due instead either to an increased ion flux or to a more 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" a-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 r//_r 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-Si_Gel-z:H.

During this year we have extended our studies to the production and characterization
of a-Si_Gel__:H alloys of high Ge content, corresponding to E04 band gaps of 1.4 and
1.6 eV. Guided by our experience with Ge, we have deposited films under appropriate
combinations of substrate temperatures, r.f. powers, gas pressures, gas flows, and electrode
sepa.rations, and have carried out the full series reported above of structural, electrical and
optical measurements. Such studies are painstaking, because every parameter variation is
ap_', to lead to a different composition of alloy. The trends in measured properties with
production conditions have been (not surprisingly, because z 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 Sill4 into the Gell4 plasma does
not automatically lead to a degradation in photoelectronic properties, as has been the
nearly-universal experience in the fabrication of these alloys. As an example of our success
this far. we have been able to produce a-Si_Gel__:H with the following characteristics:
E04 optical gap 1.40; Urbach parameter 46 meV, sub-band gap c_ at 0.8 eV of 2.5 cm-1;
transport activation energy 0.62 eV; r/#r 3.1 × 10-r cm 2/V, and ambipolar diffusion length
630 ._..

Toward the end of this report period, we have concentrated on examining the relative
concentrations of the radicals GeHx, Ge2Hz, SiHx, Si2H_ and SiGeHz (z = 0 to 4) in the
different plasmas responsible for yielding good quality films, and also on examining the
radicals on systematic _-ariation 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 RGA. 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 H x radicals (z > I) 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 condition 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.

rvVehave 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-Si_Gel-z:H alloys with more specificity than in any other investigation of which we
are aware, lt 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 r/#r. lt has also been found that intense
irradiation produces D1kIR-detected changes in the populations of the above-named entities,
which may 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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photomodulation spectroscopy. The spectra of the anode-deposited material were found to
be dominated by transitions between dangling bond states and the conduction and 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-SizGel-z 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 rl#r'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 /-/2
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 found that the relative proportions of GeHz, Ge2H_,
SiH, and Si2H_ radicals _-ary greatly with change in deposition conditions and that better
films emerge from plasmas with fewer higher radicals (z > 1). Our in-house studies have
been supplemented by very useful collaborations on structural determination using D MR
spectroscopy, on optical spectra using photothermal deflection spectroscopy, and on carrier
dynamics using femtosecond pump and probe techniques.
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Objectives

The current project is phase I of research on the development of amorphous
silicon based solar cells that have a stabilized efficiency greater than 12%.

The present objectives are to develop the most stable materials, understand the
nature of the Staebler-Wronski effect in a-Si:H and the transport phenomena in

the Si-Ge alloy system. Results from those studies viii provide the later phases
of this project with the materials and design parameters necessary to develop
solar cells with greater stabilized efficiency.

Technical Approaches

Theoretical studies of multi-Junction a-Si:H solar cells project efficiencies

greater than 20%. This project addresses the material limitations and device
design considerations that until now have limited demonstrated stabilized
efficiencies to values less than 10%. Clearly multi-Junction solar cells offer
the greatest potential for increased solar cell performance with acceptable long
term stability. Research indicates that multi-Junction solar cell stability is

apparently controlled by the stability of the middle solar cell which is
typically 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 multi-Junction solar cell and would also limit the performance of
the degraded cells should more stable second cells be prepared. Low hydrogen
materials address the performance and stability of multi-Junction amorphous
silicon based solar cells. Previously (1) we have reported that reduced hydrogen

content improved the electronic transport properties of the silicon-germanium

alloys while increased hydrogen content clearly reduces the stability of a-Si:H.
Reduced hydrogen content may improve the stability of a-Si:H materials (this
topic is currently being explored at the Institute of Energy Conversion under
EPRI funding). Even if low hydrogen materials do not have increased stability
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 critical middle cell. These thinner i-layers enhance solar cell stability.

Ultimately these elements of research will be combined to demonstrate amorphous
silicon-based solar cells with greater stabilized efficiency.

Significant Results

Task 1 - Stabilized a-Si:H Materials and Devices

In Phase I research we attempted to prepare fiims and devices grown by new
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deposition 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 hlgh substrate temperatures (to be more compatible with solar cell

processing). For example, light attenuation and helium dilution were used to

reduce the possibility 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 flake from most substrates. These films peeled from

glass and single crystal silicon substrates making standard photo conductivity

and IR analysis impossible.

Since the preparation and testing of low hydrogen materlals is integral to our

research project, alternate tests and substrates were developed. Both of these

problems were addressed durin 8 this part of our project. SnO 2 coated glass

substrates did not produce the flaking problem found on the glass substrates.

Therefore, we shifted our primary analysls away from film based measurements to
device based measurements.

Prevlously we have published a number of papers on the use of device analysis for

material and stability characterization (2,3). .narlng Phase I these techniques

were reviewed. The sub-band gap primary photo current technique was found to be

flawed. Solar cells of similar thickness made with different hydrogen contents

(7 and 11%) 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 signal 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 sensitive to bulk
defects. These considerations were discussed in decal1 elsewhere (4).

The change in the short wavelength quantum efficiency (dSVQE) was also reviewed
and no apparent inconsistencies were found. For example, ASWQE tracked with the
relative solar cell conversion efficiency. More recently ins collaboration with

Diego Fischer at IEC (visiting scholar on leave from the University of
Neuchacel), we examined ASWQE by numerical techniques. The preliminary results
of the numerical modeling agree (see Figure 1) 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 thickness and bulk densities of S-W defects shown in Figure 1. The

same results can be applied to Schottky barrier devices, however, a different
interface recombination velocity is required.

The conductive SnO z substrates precluded transverse photo-conductivity

measurement, however it was possible to use the SnO z as a back contact when

Schottky barriers were formed by Ni deposition on the front surface. ASWQE was

used as a measure of relative stability of these Schottky barriers.

During this portion of Phase i research, several methods of reducing hydrogen

content (Cs) were attempted; two interrupted growth schemes and the light

attenuation method. The first interrupted growth scheme involved a short
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deposition cycle of 1 minute (-20-404 growth) followed by exposure to excited
mercury alone for 5 minutes (#34%7) or 2 minutes (#3496). It was hoped that a

surface collision by an excited mercury could abstract a surface hydrogen atom,

thereby reducing the hydrogen content. In the second lnter_upeed growth scheme,

hydrogen radical etch cycles vera used to attempt to abstract surface hydrogen
(sample #3505). Finally, in a non-interrupted growth scheme light attenuation,

low reactor pressure, and hlgh 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 I.

In a collaborative effort with C.E. Wronskl at Penn State University Ni Schottky

barrier devices were formed on our materials deposited under a range of
conditions expected to have lower hydrogen content. Co-deposlted 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 lower than the standard

provided Co us from Solarex. Also, the impurity contents are comparable to the

industrial standard. However, our attempts to lower the hydrogen content by

light attenuation, Hg annealing and H etching seem to have failed with the

possible exception of sample 3492 (light attenuation) for which the SIMS

measurement indicates a low hydrogen content (this value is consistent with a

concentration of -2-3 %). PrevlouslyIRmeasurements indicated that the hydrogen

content of the light attenuated samples to be 5 to 6%. However, sample 3494

grown under similar conditions to 3492 had a larger hydrogen concentration.

There are several possible explanations for this including anunintentlonal 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 using
higher depositlon temperatures.

The relative stability of the Schottky barrier devices can be inferred from

ASWQE (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 material is related to the ASWQE sensitivity to sample

thickness (for example, see Figure I), 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 was used in #3497. The sample prepared

with alternatlng deposition and hydrogen etch cycles (#3505) was too thin

(~20004) for stability analysis.

Several manuscripts were prepared describing a thermodynamic treatment of

dangling bond defect formation at high temperatures (T>ISO°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.
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Task 2 - a-SIGe:H Materlals and Devices

As in Task i our efforts during this phase of the project focused on materlals
and characteri_atlon on _-hlch future devices will be based. In a collaboration

wlch J.Davld Cohen at the University of Oregon a-SIGe:H materials were

investigated usln S 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 density of states was found to be -2xl01ecm "s (amongst the very lowest

reported for an alloy of such a low band gap) and 8x1015cm "3 for an alloy with a

band gap of -1.45 eV. The value of the hole _r is relatively large compared co

that of the electron (_e-3 _rn) as previously found by solar cell analysis (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 collaboratlve 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 hlgh quality a-Si:H. It is

of considerable interest to so_ar cell design that the electron could be

collected prior to thermallzatlol. .n 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 using designs

previously shown to yleld good performance. A 400A thick a-SIGe:H layer was used

in an i-layer which had a total thickness of i000 A. Non-ideal abrupt

transitions 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 transitions the performance of this solar cell (#3520.11-1) was good wlch

an efficiency of 5.961 (Voc-O.605V, Jsc-16.85 mA/cm 2, fill factor-58.54

QEs00nm'251).

Conclusions

In conclusion there is some indication that Cs can be reduced without an increase

in deposition substrate temperature. However, it appears necessary to pursue
higher subsCrate temperatures to guarantee markedly lower Cs values. Lower Cn
materials are necessary for the middle solar cell of a nmltiJunction device where
the smaller band gap would permit the use of a thinner i-layer for enhanced

stability. 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 sillcon-based solar cells wlthimproved end-.of-life

performance.
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Table i - Growth Conditions

Gas Flow

Sample No. Time Cycles T P 31H He H2 d

min "C torr -- (SCCM) -- (_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 0.55
(anneal) 2 78 205 5 0 8.0 0

3492 (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 ou_ standard amorphous silicon recipe from which solar cells with 10%

efficiency have been prepared.

Table 2 - Charles Evans East SIMS

Determined H, C and 0 Concentrations

Sample No. Comments Ce CO Cc
.I021cm-3

3482 Light atten.* 3 0.03 0.015
3491 standard 2.5 0.03 0.005

3492 light atten. 1.0 0.009 0.007
3493 standard 2.6 0.017 0.005

3494 light atten.** 2.2 0.02 0.005
3496 2 min. Hg anneal 3.0 0.02 0.005
3497 5 min. Hg anneal 3.0 0.05 0.010
3505 H anneal 3.0-2 0.2-3 0.05

PB55 glow discharge*** 4.0 0.009 0.01

* possible contamination from substrate cleaning process as C and 0

concentrations are higher near the substrate more 0 & C at back

** possible increase in H concentration due to an unintentional pressure rise

during deposition

_* supplied by Solarex
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Table 3

ASWQEof Sasples as a Function of Deposition Technique
Sample Dep. cond. Td. p QE450_

(°C) (annealed) (degraded 64 hrs. AMI.5)

3497 HK anneal 205 0.4 O. 35

3496 Hg anneal 205 0.55 0.38

3492 72flight 225 0.46 O. 39

3491 standard 205 O.34 O.3

3505 H anneal 230 - -

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

0.5 (_0_o .-,,,

0.45 ....

0.4 _" 1E+15

0.35 <>"3E+15

0.3 -_" 6E+15 _ D8
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0
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Figure 1 The ASWQE of a p-i-n solar cell vs i-layer thickness and
dangling bond concen_ra_lon
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Objective

The objective of this research task is to obtain an understanding of amorphous

silicon and amorphous silicon-germanium film deposition processes using 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-SiGe:H and #c-

SiGe'H films will be developed using the JPL state-of-the-art ECR plasma enhanced

chemical vapor deposition system TM . Thin film material characterization,

photovoltaic device performance and plasma diagnostics will be used to establish

correlations between ECR deposition conditions and the resultant film properties

and device performance. Material properties of ECR-deposited films will be

characterized using light and dark conductivities, photodegradation studies, dark

activation energy, hydrogen content, scanning electron microscopy and Raman

spectroscopy. Additional measurements, such as minority carrier diffusion

length, small-angle x-ray scattering, secondary ion mass spectroscopy, junction

capacitance and constant photocurrent method, will be obtained through
collaborative research. The gas phase species of ECR plasmas will be analyzed

by appropriate plasma diagnostic techniques, such as mass spectrometry, Langmuir

probe measurements, optical emission spectroscopy, and laser induced

fluorescence. Diagnostic 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-Deposited a-Si:H Films Using Hydrogen Plasma Gas

The optimization of the ECR deposition process for photosensitive a-Si'H films

has been systematically investigated in the parameter space of substrate

temperature and mirror magnetic field profile, The material properties of ECR-

deposited, photosensitive a-Si'H films have been characterized using constant

photocurrent method (CPM) and junction capacitance measurements [2-33. The total

integrated density 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-deposited, photosensitive a-Si'H films was

investigated in the temperature range of i00 to 300°C. The ECR plasmas were

generated under identical conditions for all depositions using microwave power

of 300 W and deposition pressure of 4 mTorr. Figure 1 shows the integrated

density of filled deep defects as a function of substrate temperature. As can

be seen, depositions from ECR plasmas at substrate temperature of 175-300°C

resulted in high-quality a-Si'H films with l-2x1016 cm-3 deep defects. In
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comparing the temperature dependence of the defect density for ECR-deposited a-

Si'H to identical studies for RF-deposited a-Si'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 deposition chamber is dependent on the magnetic field profile. A

systematic 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 using 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 consistent 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 density. An

anti-correlation between the defect density and the ion density 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 density and the

ion energy for producing an optimized defect density. The correlation studies

on the defect density and ion density show that the ECR deposition process can

be sensitively controlled by varying the ion density and energy.

The integrated defect density has also been determined for the initial and the

light-soaked states. The light soaking was performed under concentrated AM 1.5

simulated solar illumination with a concentration ratio of I0 at 50 degrees C for

12 hours, which is equivalent to one sun, AM 1.5 illumination time of about 750

hours. The defect density of the light-soaked state is increased by a factor of

about 3 to 3.5 as compared to the initial defect density. This factor of

increase in the light-soaked defect density for ECR-deposited a-Si:H films is

similar to that of RF-deposited, device-quality a-Si:H films.

Diagnostic Solar Cells to Evaluate ECR-Deposlted Films

Diagnostic p-i-n a-Si'H solar cells have been fabricated by using ECR- and RF-

deposited films [4]. The RF-deposited films are used as standard components to

form the p-i-n device structure. For evaluating the ECR-deposited p-type a-SiC'H
window layer, the RF-deposited i and n layers are employed to complete the solar

cell structure. Likewise, the ECR-deposited intrinsic a-Si'H films are evaluated

by forming the p-iln diagnostic device using RF-deposited p and n layers. Owing

to the transfer of samples between the ECR and RF deposition systems, the

interface between p and i layers is exposed to air in the fabrication of

diagnostic solar cells involving an ECR-deposited 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 major uncontrolled

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

intrinsic layers. Diagnostic solar cells incorporating an ECR-deposited p-type

a-SiC'H window layer have shown an efficiency of 5.9%. Air exposure of the p/i

interface in these diagnostic solar cells, is probably the major cause of the
reduction of the short-circuit current (Isc) from the standard 14.7 to 12.9

mA/cm 2. Diagnostic solar cells incorporating an ECR-deposited intrinsic a-Si'H

layer have also been fabricated and have shown an efficiency of 2.9%. The I,=

and the fill factor (F.F.) of these diagnostic solar cells have shown a severe



degradation to the values of 7.45 mA/crez 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-Deposited Layers

CELL AREA SUBSTRATE DEPOSITION INTERFACIAL V== I,= F.F. EFFICIENCY

(cm2) METHOD CONDITION (mV) (mA/cm 2) (%)

p i n p/i i/n

0.126 Textured SnO z ECR RF RF Air Vacuum 759 12.9 60.2 5.88

0.I Specular SnO2 ECR RF RF Air Vacuum 745 II.9 60.9 5.38

0.126 Textured SnO 2 RF ECR RF Air Air 841 7.45 46.6 2.92

0.I Textured SnO 2 RF ECR RF Air Air 871 7.10 38.4 2.38

0. I Textured SnO z RF RF RF Vacuum Vacuum 869 14.7 60.4 7.69

0.i Specular SnO 2 RF RF RF Vacuum Vacuum 875 13.0 64.0 7.26

ECR-Deposited a-Si(Xe,H) Films Using Xenon Plasma Gas

Highly photosensitive a-Si(Xe,H) films with an improved stability have been

produced by ECR plasmas using xenon (Xe) as a plasma gas [4]. The use of Xe

plasma gas is an innovative approach for realizing 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-Si'H films were performed using pure Xe and mixed Xe/H 2

plasma gases and SiH 4 source gas. Figure 3 shows a typical infrared spectrum of

a-Si(Xe,H) films deposited by ECR plasmas containing Xe. lt is interesting to

note that the silicon-hydrogen stretching and bending modes were not observed in

the infrared spectrum of a-Si(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-

Si(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 deposited a-Si(Xe,H) films

show two kinds of behavior. One kind has a high photoconductivity of 5x10 -5 (_-

cm)-1 and a high photosensitivity of 106 ; another kind has a high

photoconductivity of I0-5-i0-4(_-cm)-I and a moderate photosensitivity of 104.

These two kinds of a-Si(Xe,H) films were deposited by varying the ECR microwave

plasma modes using different mirror magnetic field profiles. Light soaking

experiments on a-Si(Xe,H) films have been performed using concent_'ated AM 1.5
simulated 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

adequate for light soaking these films to reach a quasi stabilized state for

conductivity measurements. Figure 4 shows light and dark conductivities of a-

Si(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 photosensitivity of 108 have shown an improved photodegradation rate of

4O



about 35% less than that of RF-deposited a-Si:H films. The light conductivity

of a-Si(Xe,H) films with a moderate photosensitivity 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 photosensitivity

degrades. The self-recovery effect in the light conductivity of a-Si(Xe,H) films

with a moderate photosensitivity can apparently maintain their light

conductivities at relatively stable values. The material properties of ECR-

deposited a-Si(Xe,H), a-Si:H and RF-deposited a-Si: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 photodegradation for ECR-deposited a-Si(Xe,H) films, as shown by the initial-

to-degraded light conductivity ratio. In addition, the low, stable dark

conductivity of 10-11 (_-cm) -I for a-Si(Xe,H) films with a high photosensitivity

of 106 is another indication of improved stability for device-quality materials.
TABLE II

Material Properties of ECR-Deposited a-Si(Xe,H), a-Si:H and

RF-Deposited a-Si:H Films

ECR-Deposited ECR-Deposited RF-Deposited
a-Si(Xe,H) a-Si:H a-Si:H

Initial Light Conductivity

at I00 mW/cm z after I0 min. 2.9 x 10-5 4.8 x 10-5 6.0 x 10-5

illumination: aL(lO min) (_-cm) -I

Degraded Light conductivity
at I00 mW/cm 2 after 80 hours I.I x 10-5 1.5 x 10-5 1.4 x 10-5

illumination: aL(80 hrs) (_-cm) -I

Dark Conductivity: aD (_-cm) -I 1.2 x 10-11 3.5 x 10-I° 1.2 x 10-I°

Initial Light-to Dark Ratio:

aL(10 min)/a D 2.4 x l0s 1.4 x 105 5.0 x 105

Initial-to-Degraded Light

Conductivity Ratio: 2.6 3.2 4.3

a L (lO min)/a L (80 hrs)

Urbach Slope: (meV) 48 50-60 55

Optical Gap: (eV) 1.72 1.80 1.73

The lack of infrared detected silicon-hydrogen bonding in a-Si(Xe,H) films is

a -quite intriguing result. The photo-degradation of light and dark
conductivities of a-Si(Xe,H) films has shown promising results to achieve

improved stability in these films. ECR plasmas containing Xe certainly offer a

new approach for modifying the material properties of a-Si:H films and for

achieving stable photovoltaic device performance. The integration of ECR-

deposited a-Si(Xe,H) films into diagnostic p-i-n solar cells is being pursued for

demonstrating the device applications.

Conclusions and Future Plans

Device-quality a-Si:H films have been deposited using ECR plasmas of SiH 4 and H2

gas mixtures. The ECR deposition process has a complex, interacting deposition

R_
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parameter space, and is sensitive to the microwave mode variations. The ion

density 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-deposited a-Si:H and a-
SiC: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-Si(Xe,H) film in which hydrogen-
silicon bonds have not been detected by infrared spectroscopy. However, Xe

plasma deposited a-Si(Xe,H) films have shown high photoconductivity of 10-5 to
10-4 (_-cm) -I and improved stability which are promising 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-deposited a-Si:H and a-Si(Xe,H) films will be systematically evaluated using

the diagnostic solar cells. The improved stability in material properties and

device performance will be demonstrated using 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 substrate. 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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'rifle: Growth Mechanisms and Chamcteriz_on
of Hydrogenated Amorphous Silicon Alloy
Films

Organization: National Institute of Standardsand Technology fNIST)
Boulder, Colorado

Contributors; A. Gallagher, R. Ostrom, G. Stutsin

Objective

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 uncontrolled 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 UHV 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 -10 "s and thereafter to < 10"1° Torr of impurities (primarily CO and CH4) 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 Ts
= 25 or 230°C on the grounded electrode of a rf silane discharge. The electrodes are 5 cm
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square with 2 cm gap, placed in a 5.5 cm diameter stainless steel tube. The gas flow is 10-20
sccm 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 A/s. 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 (111) crystal is shown in Figs. 1-4 for Ta = 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 fiat within one atomic layer (3 A), but occasional protrusions or
troughs of several/_, 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.
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Fig. 1. STM image of a 100 A thick, T,=20°C, a-Si:H film deposited on a Si(lll)
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 100/1 thick a-Si:H film grown on crystal GaAs at Ts = 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/k/s
on a GaAs crystal at Ts = 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 nanopartieles, have yet been seen.

Ft|e stm

Setpotnt 0.2

liras -3_00 _U

Fig. 5 STM image of another surface region of the a-Si:H film in Fig. 4.

48



Fundamental Studies of Defect Generation in
Amorphous Silicon Alloysa, and Transport in
Microcrystalline sib, both Grown by Remote
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Introduction

The reportdescribesresearchperformedundertwo SERI sub-contracts,XM-9-18141-2a
and XG- 1-I0063-lb.

1. Depositionof Doped MicrocrystallineSi (_tc.Si)by Remote PECVD

Wc haveidentifiedconditionsfordepositionofundoped,near-intrinsicandheavily-doped
thinfilmsofl_-Siby RcrnotePECVD. Thisisachievedatsubstratetemperatureof250°C,withan

H2JSiH4 flowrateratioof30:1,andwiththeH2, andtheSi-atomanddopant-atomsourcegases
injecteddownstreamfromtheplasmagenerationregion.ConductivRiesof50-100S/creforn-type
material,and 6-10S/cm forp-type_c-Si,withactivationenergiesof0.02eV and 0.040cV
respectively,havebccnachievedforsourcegasmixturesof10-2PH3/SiH4and 10-3B2H6/SiH4,
respectively.Gas mixturesgreaterthan 10-3B2H6/SiH4 resultinp-typea-Si:Hfilmswith
propertiessimilartofilmsgrown withoutdownstrcarninjectionofH2.

2. Depositionof a-Si,C:H and l.tc-Si,CAlloys by Remote PECVD

The Remote PECVD processhasbccnusedtodepositundopedand doped a-Si,C:Hand
l.tc-Si,Calloyfilms.Thiswas accomplishedbyaddingtheC-atomsourcegas,CH4, downstream,

alongwiththeSi-and dopant-atomsourcegases,andforthecaseofl_c-Si,C,withdownstream
injectionofH2. Wc havecompared darkconductiviticsofa-Si,C:Hand l.tc-Si,Calloyfilms,
respectively,with thoseof a-Si:Hand l.tc-Si,and have demonstratedthatthe decreased

conductivityoftheSi,Calloyfilmsisdue tothewiderbandgapsoftheSi,Calloys.Forthettc-
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 eV or more are limited to values less than -4). 1 S/cm.

The formation of _c-Si,C films 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 SiHM(SiH4 + CH4) = 0.67. For undoped films and for dopant atom to Si + C atom
source ratios to 10-3, the films obtained are btc-Si,C. For higher C-atom concentrations 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, _-nddoping gas to ratios >10-3, the films are also amorphous.

3. TEM studies of lte-Si and ltc-Si,C Alloy Films

We have performed extensive studies of the deposited ltc-Si and ltc-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) crystaUites in ltc-Si and I.tc-Si,C alloys are
silicon; ii) the crystaUites have dimensions of-50-200/t_; and iii) the crystallites are encapsulated by
amorphous material; a-Si:H for ltc-Si and a-Si,C:H alloys for ltc-Si,C, lte-Si and ltc-Si,C alloys
have been deposited on relatively thick,-1000/_,, thermally grown SiO2 on Si substrates, and on
native oxides, -20A thick, on Si substrates. In both instances nucleation of lte-Si and ltc-Si,C
alloys occurs at the onset of film deposition by remote PECVD. Deposition of either I.tc-Si or I.tc-
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, lte-Si and ltc-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: Ort versus E*, o* versus E*, and
E*(Si,C) versus E*(Si), was used to establish the mecharisms limiting carrier transport. These
studies have shown that for Si,C alloys with optical bandgaps of the order of 2.1 eV and above,
carrier transport of both holes and electrons is limited by thermionic emission over potential
barriers at the interfaces between doped Si crystaUites, 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
~0.2-0.3 eV, so that dark conductivities of these materials are at most of the order of 5x10 "2 S/cm,

and comparable to those of heavily doped a-Si:H, for the same values of the doping gas ratios.

5. Formation of Device Structures using Doped a-Si:H and lte-Si

We have studied the properties of doped a-Si:H and lte-Si in MOS capacitors using-10 f_-
cm p-type crystalline substrates and thermally grown SiO2 dielectric layers. These studies have
provided information about the relative electron affinities of a-Si:H and lte-Si, and the effective
Debye lengths in lte-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 Bx:-Si in the p-
and n-layers of p-i-n structures.

We have expanded these studies of ltc-Si as a gate e!ectrode material, and have compared
the properties of n+ and p+ ltc-Si, with respective conductivities of ~50-100 S/cm and 6-10 S/cm,
onto thermally-grown and remote PECVD SiO2 films. The remote PECVD SiO2 films were
subjected to a post-deposition anneal prior to ltc-Si depositions. C-V measurements established
that changing from n + to p+ ltc-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+
ltc-Si, and has implications for the maximum values of the open circuit voltages using ltc-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 RWTH in Aachen, Germany,
and have studied the contributions of process induced defect states to recombination of
photogenerated electron-pairs. We find that process induced defect states that contribute to the sub-
bandgap absorption to levels of- 100 crn-, 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.

The transient change of absorption, Aa, obtained from an a-Si:H film deposited at 40°C and
annealed at 200°C, and with Nd _ 1016 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 (Epr = 1.48 eV) is below the
optical bandgap in a-Si:H, the change in absorption is entirely due to the optical response of
photoexcited free caniers. Contributions to Aa due to changes of lattice temperature can be
neglected. During the excitation pulse, Aa rises and reaches a maximum of &amax 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 eV, ac = 6.6,10 "17 cm 2. After 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 ac. A
model calculation provides a _:_dsfactory fit to the experimental data, with a constant of
proportionality, y = 6"10-9 s/eta3, very close to the value of _, = 7* ?0 -9 s/cm3 obtained in
previous studies. This demonstrates that for the low defect density a-Si:H, tlie 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 consistent with a reduction in the defect state density. The sub-bandgap
absorption indicates a defect density in the as-deposited state of Nd _ 1018 eta-3, and defect density
of Nd _ 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 _,,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 ! 1018 cm-3, is consistent
with an ultrafast recombination process, rather than a deep trapping process. We propose an
Auger-mechanism where recombining e-h pairs can ionize a dangling bond state (D°). 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 systematically investigated the formation of electronic 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 bom 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 gap.

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 I.DOS at the top of the valence and at the bottom of the c_,aduction 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 r,,:,ge disorder such as the dihedral _ngle variations. A key component of
modeling the dihedr:d angle distortion are the 2nd neighbor interaction terms and the distance
scaling law used _'lth 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 Effects 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 Sill 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 arrangements
are created in thin film deposition processes in which surface, rather than gas phase reactions
dominate ft,_° 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 O-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 then" creation during film
deposition.
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Bond energies have been determined in two ways for 3 bonding configurations that
include Si, O and H: 3Si-Sill, 2Si,O-Sill 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 Sill group, but with different numbers of Si- and O-
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-Sill 4.06 (1.00) 3.92 (1.00)
2Si,O-Sill 4.21 (1.04) 4.14 (1.06)
30-SiH 4.66 (1.15) 4.64 (1.18)

The bond-energies, normalized to 3Si-Sill, 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 O-Si-H and P+-
Si-H linkages through a calculation of the partial charge on the Si and H atoms. The empirically
determined bond energies are given below:

Group Bond Energy (eV) Relative Energy
2Si,P+-SiH 4.37 1.00
2Si-PH 4.18 0.96

3Si,B--H 4.56 1.00
2Si-BH 4.99 1.09

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

Bonding Group Si Charge H Charge
3Si-Sill + 0.04 e - 0.15 e

2Si,O-Sill + 0.15 e - 0.05 e
2Si,P+-SiH + 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-Sill and 2Si,P+-SiH groups are similar,
and therefore exhibit equivalent differences with respect to the corresponding partial charges of the
3Si-Sill group. In the spirit of the empirical models, this implies comparable bond energies for
these SiI-I groups, and therefore similar differences with respect to bond energy of the Sill group
in the 3Si-Sill 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 ali relevant Sill groups are of the order of 4 eV, the relatively
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small differences between these bond-energies, ..-0.2 eV, for Sill in 3Si-Sill, and in 2Si,O-Sill
clusters cannot completely account for the preferential retention of H in 2Si,O-Sill arrangements.

lt 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(100) surface
with lxl symmetry to an Sill-terminated surface with a 2xl symmetry: surface dihydride groups
are converted to monohydride groups, and a Si-Si dirner 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 arrangement 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 Sill3 group. The rate of attachment of H, 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 O 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 O, 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 Sill groups, as well as OH, PH and BH groups ali have bonding energies of about 4
eV, small differences in these energies by themselves cannot account for preferential formation of
Sill or B'H bonding groups for films deposited at 200-3000C. This leads us to propose a
mechanism for _e occurrence of the non-statistical bonding arrangements 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 weil. The self-energies of the Si and Ge atoms have been
adjusted to give the experimentally determined valence band offset energy of --0.2 eV. We find that
a Ge-atom dangling bond, with tin'ce 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 terminations 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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Interfaces in a-Si:H Devices

Organization: Materials Research Laboratory, Department of Physics,
and Department of Electrical and Computer Engineering,
The Pennsylvania State University, University Park, PA.

Contributors: R.W. Collins and C.R. Wronski, principal investigators;
Ilsin An and Youming Li, graduate students.

Objective

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 dm-ing 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 spec_oscopic
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.J3] Theuse of a multichannel
detection system provides --50 point spectra in the ellipsometric amplitude and phase parameters
[(_,A)] with monolayer thickness sensitivity in 64 milliseconds.[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 f'tlm nucleation and coalescence. Such a model
cannot be verified on the basis of single wavelength ellipsometry, which returns two parameters
[(v,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 pararneters.[5] These parameters are as follows: (1) ds, 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 after the nuclei make contact to form the first bulk density monolayer.

Figure 1 shows ds 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/cm 2 at s,'u'nple).
When the plasma is struck, the bulk layer remains near 0/_ 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 (dh=2.5 ]k) is formed at t=tb--:13 s, and
at this point, a surface roughness layer 19.5/_ 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 F_g/_1 show that the surface smoothens with subsequentdeposition -- by about 8/_ in the fast of bulk film growth.

In continuum models of film growth,J6] the stability of one dimensional surface profiles have
been studied in response to sinusoidal perturbations of spatial wavelength Xr. Effects 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 Lr<k m the
surface adatom diffusion length; however when _r>_,o, 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=t b in Fig. 1 is assumed to exhibit a hemispherical geometry, then a dominant roughness
wavelength of %r-2ds(t=tb)-40 ,/kis predicted. Thus, in order for this profile to smoothen, as is
observed experimentally, then the precursor diffusion length must be greater than 40 ,/kunder
optimum PECVD conditions.
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FIG. 1 Thicknesses of the surface layer FIG. 2 Surface smoothening in the first
(solid points)and the bulk layer (triangles) 50 /_ of bulk film growth for PECVD
deduced in an analysis of real time spectro- a-Si:H plotted vs. (a) rf plasma power at
scopic ellipsometry data collected during the substrate surface and (b) substrate tem-
the nucleation and growth of optimum perature. The key is as follows PP: paral-
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open circles were obtained using a one- Cr: Cr substrate; c-Si: silicon wafer sub-
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for the PP/c-Si depositions.
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Figure2 shows themagnitudeofthesmootheningeffectinthelh'st50 ,_ofbulkfilmgrowth
plottedvs.substratctemperatureandplasmapowerfluxatthesamplesurfaceforbothrcrnote-Hc
andparallel-platea-Si:HPECVD.[7] Inmostcasesthesubstratcwas c-Si.Itisnoteworthythat
thefilmspreparedunderconditionsknown tobeoptimum forparallel-platerfPECVD, i.e.low
powerandTs~250°C,exhibitthegreatesteffect.The cleartrendstoweakersurfacerelaxationat
higherpower and bothhigherand lowerT s,appeartoreflecttrendsinprecursorsurface
diffusionlength.Specifically,asthediffusionlengthdecreasestheFouriercomponentsinthe
surfaceroughnesswithXr>Xo tendtostabilize,leadingtotheweakerrelaxationeffect."lhc
lower_,oforTs<250°C arisesfrom a thermaUy-assistcddiffusionprocess.The lower_ for
Ts>250°C probablyarisesbecausetheH-coverageofthesurfaceisreduced,and thisprovides
reactivesitesforprecursorattachment.The effectofhighpower ismore complex. With a
greaterionicflux,aneffectsimilartothatathighTsispossible,i.e.a greaternumberofsitesfor
surfacebonding.Alternativelya higherconcentrationofSillandSill2may begeneratedinthe
plasma,and thesearemore reactiveatthesurface.[8]Ineithercase,_o isexpectedtodecrease.

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 film, 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 filament is an 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 f'u'st 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 f'flm, as indicated by a preferential increase in the
integrated absorption for the 2000 cm -1 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 profiles. 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 SIMS. Such results have yielded diffusion coefficients in
the range of 10-16-10 -17 cm2/s 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 annealing
times from 10 rain to 100 hrs, observed in doped materials.[10]
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In an attempt to make connection with the literature results, we present simulated eliipsometric
spectra from 2.5 to 4.0 eV in Fig. 3, assuming a diffusion coefficient for intrinsic a-Si:H of
10-16cm2/s at 250°C. The a-Si:H is assumed to be opaque at 2.5 eV; thus the substrat¢ does not
nem 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 effect, the time-independence of A in Fig. 4
shows that the new Si:H volume generated has a constant profile throughout the penetration
depth of the light (,.-600 _), 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=fo(l"c'i_t). 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-1 provides a reasonably good fit for the dme scale of-10 Tin. The saturation value of the Si:H
volume fraction, fo--0.24 is approached after about an hour, however, this value is quite sensitive
to f'dament 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 single Si-Si bond, but more likely a tctrahedron. The value
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of the rate coefficient, along with the optical probing depth, can be used to piace 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/_, DH>4Xl0-14 cm2/s, a value 100x higher than that
obtained by the multilayer approach.

When the filament is extinguished, the volume fraction of Si:H decreases by --0.08, 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 find that surface oxides at the near monolayer
level prevent equilibration of gas phase and thin film 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-O 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 films were prepared by alternating 800 ,/_ of intrinsic a-Si:H growth with 20 min of
H-treatment, a procedure expected to provide relatively uniform films with more than 2 at.%
broken bonds. Figure 6 shows the absorption coefficient from photoconductivity and
transmittance-reflectance measurements for such a film 8500/t, 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.%. lt is clear that, even though >10 z_
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 106 broken
bonds. Finally, the band tail states remain rigid with only a very slight decrease in slope (0.047
vs. 0.049 eV) 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 chamcte6.ze microstmcttnal 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
and treatment temperatures of 250°C, Si-Si bond-breaking is reaction-limited. As a result, we
f'md a lower limit for the H-diffusion 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. For 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 bandtail 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 bandtail 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
significant effects of light-soaking upon the electron transport mechanism at room
temperature; 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

(2].
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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/QoV). The photocurrent i(t)
is the response to a short laser pulse absorbed near 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 mea.qured
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
waz not specifically deposited for use in time-of-flight measurements. The decline after
about 100 ns is due to deep-trapping. In the light-somked 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 mobility
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 5#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/_re,t was smaller,
and the hole deep-trapping lZrh, t WaS larger.

The transient measurements are presented to the right of Fig. 1. At 300 K the initial
electron mobility is 1 cm 2//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 t,he 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%



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 #re,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:ft
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.

Modulated 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
D +/° and D o/- levels of a-Si:H) 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
substantially 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 ali 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 - 8N,/On, where N, is the spin density
and n is the density of electrons occupying the defect system. The thermal modulation is
defined as TM =- 0(lh N,)/OT, 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 Ueff
and varying the density of electrons n. The dashed curves are the contours generated

by varying U_ff for a given density n. These latter curves are labeled using a dimen-
sionless electron density (n- ND)/ND, where NO is the density of defects. A value of

63



0 corresponds to one electron per defect in the system. These contours indicate that the

thermal modulation TM determines U, fi nearly uniquely; TM is remarkably insensitive
to (n -- ND)/ND. Depletion modulation DM is not simply related either to UeI! or to
(n -- ND)/ND.

We performed temperature dependent ESR measurements from which we estimated the
parameter TM from Fig. 2. In Fig. 3 we show the correlation of TM with the bulk spin
density NB; 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 modu!ation
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 10 -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 Uefl 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 N_/ND
of the spin density to the total defect density ND. This ratio depends less strongly on
the particular parameters of g(E); we obtained Na/ND "_ 0.75. Thus these temperature
dependent ESR data agree broadly with earlier estimates of Uell based on interpretations
of infrared absorption measurements, and they support the widespread use of the spin
density N, 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 width

modulated ESR work. Essick and Cohen [5] reported a depletion effect ANa/An 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 An was nearly 25°76of the spin density in some states. For the
U, fI = 0.3eV contour in Fig. 2, the "operating point" of their experiment would actually
have moved well down the contour as the sample was depleted. We previously estimated
the value of U,/f which best accounts for the DWM-ESR based on "self-depletion" of the
specimen starting from (n .- ND)/ND = 0.0 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 temperature
dependence data. They proposed that U, lf -_ 0.0 eV, 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 wi_h 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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Introduction

Multijunction cells and modules offer the potential for achieving high conversion efficiency whil-'
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 obtah,.ing 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 cm", and 98% area utilization.

• The demonstration of ordy 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 initialsmallareacellconversionefficiencyof 12.5% isdesirable,givenan anticipated
degradationof15% inatriplejunctiondeviceandtheotherlossesassociatedwithmoduledesign
(lossofactivearea,etc.).Inordertoachievethisgoal,we requirea higheropencircuitvoltage,

intherangeof 2.5V,thanisnow obtainedinstate-of-the-arta-Si:H/a-Si:H/a-SiGe:Hdevices.
Hence, we have begun an aggressivecampaign todevelopa-SiC:Halloyswith acceptable
transportpropertiesand stability.Thisprogram has alreadyyieldedfilmsand deviceswith
excellentproperties.

We havesoughttodevelopimproveda-SiC:Halloysby employingtheparadigmthatfeedstock
gaseswhich incorporatetherequisiteSi-Cbondswillgiverisetosuchdesirablebondinginthe

solidand henceimprovedtransportproperties.We haveemployedin-housesynthesizedtri-and
di-silylmethanes(TSM, DSM) andconve.-tionalhydrogendilutedmethaneinordertodevelop
thenecessaryfilmdepositionprocesses,and fabricatethefirstdeviceswhose performaaceand
stabilityhavebe,cn evaluated.The latterissue,stability,isofprincipalconcernwitha-SiC:H

sincepreviousexperiencehasshown them tobe lessstablethana-Si:H.Experimentson films
havenow shown conclusivelythatthenovelfeedstocks,particularlyTSM, giveriseto1.9-2.0
eV withexcellenttransportand opticalproperties(1).Figure1 plotstheambipolardiffusion
lengthofa-SiC:Hfilmspreparedfrom thesenew feedstocksaswellasthosepreparedfromthe
conventionalsource,methane.
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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, photoccnductivity, etc., are found to
improve at low substrat¢ temperaturein contrast with reports of the opposite effect in the
literature. This careful study has been done on material of the constant 1.96 + O1 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 transportproperties of the f'dms, translate into
better device performance, a-SiC:H devices prepared from DSM proves even better than
expected based on film properties. Most lmportandy, 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 efficiency, stable devices it would be useful to have a quantitative,
predictive model for the degradation prc_:ess. We have succeeded in transformingthe stretched
exponential model developed by Redfield and Bube (2) which predicts the effect of light
exposure on defect density to devices, and conf'mned 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 degradecells to saturation,confirming that the degradation
process does indeed level-off afterprolonged illumination. Figure 2 illustrates this behavior for
a 4000A thick device degraded at 100°C at several intensifies. 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 predi'ctionof multijunction
efficiency.
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Figure 2. Normalized efficiency vs. time for devices subject to accelerated
degradation.
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The performance of a-SiGc:H devices has _en improved and stability further quantified
co_g earlier reports of _rt_r stability for this alloy. Optimization of rho grading of the p/i
and the i/n interacts has occun'cd loading to devices with - 9% conversion efficiency for 1.48
eV b_dgap cells with i-layers only 1200,_ thick[ Moreover, the stability of a-SiGc:H devices
is clcaHy superior to conventional a-Si:H devices. Since the dcgndation process is
recombination-driven, comparison of devices on the basis of short-circuit current is appropriate.
The short-circuit cun_nt _t_rmincs the maximum recombination rat_ for a given device.
Fun.hcrmorc, in a two-terminal muitijunction cell, the short-circuit cuncnts (hence, recombination

rates at Voc) arc identical in each junction adding to rho v_uc of this comparison. Viewed in
such a manner, a-SiGo:H alloy d_vicos arc more stable than a-Si:H and rho stability improvos
with Go addition. Tho data shown ha Figure 3(a) plots tho absoluto and l::igun_3(b) nonnalizod
officioncy aftor 1000 hours obtained from light-soakod coils l_pared with various i-layor
thicknossos. It can bo soon that a-SiGc:H achiovos a stab_Hzcd officioncy _oator than at high

gonoration-recombination Iovols (Jsc). Tho samo trend is evident in rho normalized data of Figure
3(b). At low cur_nt, rho SUl_rior transport propordos and Voc of a-Si:H yiold a highor
officioncy.
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Task H: Non Semiconductor Materials

Developmentofanatmosphericpressurechomicalvapordoposition(APCVD) processoftextured
ZnO hasbogunina nowlyconstructedboltfurnaco.Diothylzinc,ethanol,andwatoram usodas
rhoreactantswhilobothhydrogonfluoridoand hoxafluoropropylono(HFP) havoboonomployod

asdopants.Processdovolopmonthasproccodcdby oxploringrhotangoofreactantflows,dopant
concontradonsand substratotemperatureon growth taro,haze (toxture),resistivityand
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transmission. The films grown by APCVD appear to be comprised of spherical nodules
compared to films grown by low pressure CVD which have weU-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 conf'uTn
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 .t]ae
APCVD process.

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

Task 111: Submodule Research

Solarex has demonstrated close to 10% conversion efficiency using a 936.3 cm 2 triple junction
device structure. This i.,,,_,the highest conversion efficiency measured to date for a device of this
size. Table 1 summariLzes the parameter for this module.

Table 1

4' "

Voc, Volts .SCn_ Fill Factor,% Power,w Efficiency,ApertureAreaApertUrecm2
AM1.5

i ....... i

56.7 '.43 67 9.23 9.82 936.3
................ lm" ,, |" "1"" ' ' '

Shunting defects in both cells and modules give rise to an anomalous light-induced degradation.
The degradation takes piace 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 t.tm
chunks of the oxide th_:_tthave spaUed 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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degradationfrom initialefficienciesin the rangeof 8.6% to 9.05%. These moduleswere
fabricatedbeforetheimportanceofshuntswas recognized.

There has been some suggestionthattherearcontactmight be involvedin theanomalous
degradationofmodulessinceshuntingdefectsreappearaftercuringinmoduleswithZnO/Ag mar
contactsunlikemoduleswithAl rearcontacts.In fact,triplejunctionmoduleswithAl rear
contactsexhibitfarlowerdegradation(-10%)thantheirZnO/Ag backedcounterparts.Thismay
be due totheimbalancein thetriplejunctiondevice.Thindevice(2000,_,middlejunction)
modules,withoutthisimbalance,exhibitdegradationata ratesimilartoZnO/Ag.
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Title: Research on Stable, High-Efficiency Amorphous
Silicon Multijunction Modules

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

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

Objective

The principal objective of the program is to conduct research on semiconductor materials
and non-semiconductor materials to enhance the performance of multi-bandgap,
mulfijunction, large-area amorphous silicon-based alloy modules. The goal is to
demonstrate stabilized module efficiency of 8% for multijunction panel of area greater than
900 cm 2.

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/-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 EVA/Tefzel structure to make
a one-square-foot monolithic module.

Status/Accomplishments

Q Uniform deposition of back reflector;, a-Si alloy layers and transparent conducting
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
variatien in subcell short-circuit density was within _.+5%.

• High quality a-SiGe alloys were deposited over large area, and single-junction cells
were fabricated with an output of 3.2 naW/crn 2under 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.

• A new method was developed [1] by which the performance of single-junction cells
after long-term, one-sun exposure at 50°C can be predicted by exposing cells to

' short-term 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/_.
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t) 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.

t) 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.

i

Table I. Performance of multijunction panels.

Sample Aperture Voc I_ FF q
No. Area (V) (A) (%) (%)

Ill I

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
-- I i,

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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_r._l_: Research on Silicon-Carbon Alloys and Interfaces

Qrganization: Coordinated Science Laboratory
University of Illinois, Urbana Ulinois

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

Objective

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 r_,cpressure 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 mature 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 >_.5,t,
thick are measured by reflection-absorption infrared spectroscopy (RAIRS) [4]. The electrostatic
potential prof'fle 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 dae fundamental relationships between
deposition conditions, bonding, and electronic performance.

Approach

a-$i.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 (At + H2) working gas of Si sputtering.

Co-svuttered a-Si,C:H f'flms have been deposited to investigate the variables of carbon content (0 -
30 ai. %), hydrogen partial pressure (0.2 - 2.5 mTorr) and substrate temperature (170 - 330°C).
We find that the hydrogen partial pressure must always be kept high (>__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 retort 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 >104, and the absolute value of
photoconductivity is < 4 x 10"7/f_-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 temperature thermal evolution peaks,
more SiI-I2 or clustered Sill in lR 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 microstructure upon exposure to atmosphere.

The poor quality of these f'dms likely results from inherent difficulties in sputtering a carbon
(graphite) target: after some use, "soft" C deposits 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 future investigation with Si and SiC.as the two solid sources.
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Methane sputtered a-Si,C:H f'dms have been deposited by sputtering a single Si target (5 cm
diameter) in (At + 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 temperatu_ (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 SiH41CH4 PACVD and Si/CH4 spuuering. 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 f'dms have been evaluated by photo (AMI) and
dark conductivity and sub-gap absorption (CPM, dual beam l_hotoconductivity, and PDS at
Solarex). Photoconductivity decreases gradually from mid 10-5 S/cre to mid 10-7 S/cre as the
band gap is increased ft'ore 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 1016/ce range and band tail slopes
between 70 and 80 meV.

The IR spectra show interesting features, most notably a low intensity of C-H modes (see Figure
2). In f'dms grown from SiH4/CIi4 PACVD there is a strong tendency for C-H clustering and the
C-H stretching (-2900 cna"1) and wagging (-1400 cm "I) 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 atmospheric
absorption. Figure 2 also shows that the Si-H stretching mode is predominantly at 2000 cm -I 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 spuuercd f'dms is -1.0 -
1.5x1022 atoms/ce 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 PACVD material where
there is considerable release of H2 in the low temperature peak. This is consistent with IR
observations that the microstructu_ is denser for the Si/CH4 sputtered material.

I_-Situ Kelvin 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 eV. 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 '.he flat-band condition.

In a second set of trials, we studied the effect of surface potential on the power law exponent of

photoconductivity (I - GY), Figure 4 shows the difference in the apparent Y between a dry,
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annealed surface and one with .--0.3 eV n-type surface band-bending. These results explicitly
demonstrate the influence of band-bending on photoconductivity and are being further analyzed.

Future Work

Gas handling equipment for p-type doping and hardware for in-situ Kelvin probe studies are 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 W/cre 2 of red light or 3 W/cre2 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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Title: RECOMBINATION AND METASTABILITY IN
AMORPHOUS SILICON AND SILICON GERMANIUM
ALLOYS

Organization:. Department of Physics and Astronomy
University of North Carolina
Chapel Hill, NC 27599-3255

Contribulors: M. Silver, Daxing Hart, Keda Wang and M. Kemp

The objectives 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

band, 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 deep band tail states which are not significantly altered 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.

kTo < e2/4xea 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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3_._. Microscopic Origins of Metastable Effects in a-Si:H and
Deep Defect Characterization in a-SI, Ge:H Alloys

Organization: University of Oregon, Eugene, Oregon

Contributors: 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
Sill 4 , Gell 4. and H 2 with UV radiation from a mercury vapor light source. A detailed account
on the deposition method and the growth parameters has been published elsewhere I. Semi-
transparent palladium contacts were deposited on the surface of our samples to serve as
Schottky barriers for our Junction capacitance measurements.

The experimental techniques employed to characterize the electronic properties of these
samples included drive-level capacitance profiling 2 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 determine 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
photocapacltance and photocurrent 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 (la_)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-Si,Ge:H Samples

Iv. Fig. 1 we display transient photocapacitance and photocurrent spectra for one of our a-
SiGe:H films. We have aligned the photocurrent and photocapacltance spectra in the low
optical energy region, where only electron transitions from states in the gap to the conduction
band occur. The fact that both spectra rpatch 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=330IC The obvious difference in
current and capacitance signal for the higher opUcal energies is caused by the increased
contribuUon of minority carriers to the transient signal. We have analyzed the spectra in Fig. I
and Fig. 2 by considering the possible electron and hole transiUons as depicted in Fig. 3. For
low optical energies we expect only electrons to be excited to the conduction b_nd (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 (transiUon type 3). We observe that for hv> 1.2eV 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, (_)h, and gives the value of 5 x I0 -I° cm2/V, 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<l.leV. 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 lattice 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. 6

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 1016 cm -3 in a broad band
located roughly mid-gap. A more pronounced narrow defect band exhibiting the latUce
relaxation effects appears to be located roughly 1.1 eV above EV. The Urbach energy, E o, 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:ll sample studied indicated somewhat poorer qualiUes: a midgap defect
density about 5 times higher, a value of E o near 57meV, and a value of (_)h of only 3 x 10 "11
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 (_)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 fitting our data to the
capacitance response of a density of states composed of a gaussian-shaped defect band below
E c we deduced a defect density of Nd ---9 x I017cm -3 located in a defect band at approximately
0.5eV below the conduction band edge E c. Despite the large defect density we determined an
Urbach energy of 50mev which is comparable to values found for a-Sil.xGe x and a-Si:H
samples with much lower defect densities.

88



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
photocapacitance spectra can yield detailed informaUon not only about the deep defect
distributions and transition energies in amorphous semiconductors, but also about the carrier
mobilities. This comes from the unique aspect of capacitance measurements to distinguish
between minority and majority carrier 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 Eg Urbach Energy Defect Density (_tl;)h
(eV)" (eV} {cre-3) (cm2/V}

3481 1.33 52 2 x 1016 5 x I0 -Io

3421 1.27 57 1 x 1017 3 x 10-11

3422 1.07 50 9 x 1017 ---
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FIG. 1. Comparison of transient FIG. 2. Photocapacitance and photocurrent

photocapacitance (solid circles) and spectra for the same sample as in Fig. 1 but
Junction photocurrent spectra (open circles) at the elevated temperature of 330K. The
for a-Si,Ge:H at temperature 300K. The two curves are again overlapped in the low

two types of spectra have been overlapped energy regime but now deviate at larger
in the low energy regime and generally optical energies. This deviation is due to
show the same specral dependence over the hole emission and transport processes as

entire range of optical energies, discussed in the text.
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FIG. 3. Schematic of possible optical and thermal transistions for

understanding the spectra in Figures I and 2. The wavy lines
depict opt/ca/transitions and the other vertical lines represent
thermal transitions. Horizontal arrows indicate electron and hole

transport out of the depletion region. For the a-SI.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

Organization: Xerox Palo Alto Research Center, Palo Alto, CA 94304

Contributors:W.B. Jackson,N. M. Johnson,C. Nebel, P. Santos,R. A.
Street(PrincipdlInvestigator),R.Thompson, C.C.Tsai.

The aim ofthisresearchprojectisto improvethe performanceofa-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 _onded hydrogen, which is released from a Si-H bond by _he 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 eV compared to about 1.5 eV 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

_

10"13 ..... . .... . .... _...... , ....

a-Si:H

10-14 ---- dark

.....light

10"Is _.._ _

',°

_ ",,, Plasma
O

Layer
10-4,7• ,,.,....,,........,....

1.4 1.6 1.8 2.0 2.2 2.4

IO00/T (K"1)

FIG. I.Temperaturedependenceofthedeuteriumdiffusioninthedark (solid
symbols) and under illumination(open symbols) for diffusionfrom a

'_ deuteratedlayer(dots)and froma deuteriumplasma(squares)•
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hydrogeninducedmetastability,becausethey show thatilluminationdoesindeed
causeSi-Hbondbreaking.

Hydrogen diffusionunder illuminationwas alsoinvestigatedin doped and in
compensatedamorphous siliconfilms.The dark diffusioncoefficientofcompensated
and phosphorusdopedsamplesisapproximatelya factorof10 largerthan undoped
material,and theborondopedmaterialisa factorof100larger.Under illumination,
smallchangeswere observedinthe concentrationprofilesofdoped sampl_._.The
diffusioncoefficientincreasedby lessthan a factorof2,which ismuch smallerthat
the increaseinundoped samples.These resultsprovidefurthercomfirmationthat
theresultsonundopedsamplesarenotdue tosampleheating.

High fieldelectronand holetransport

Measurements ofhighfieldelectronand holetransportovera wide temperature
rangehhelptoclarifiedthetransportmechanisms ina-Si:H.The conductivityofn-
typeand p-typematerialwas obtainedfrom room temperaturedown to 10K and at
appliedelectricfieldsofup to5x105V/creand some oftheresultsareshown inFigure
2.The conductivityactivationenergydecreasesasthefieldisraisedand aboveabout
105 V/cre,the conductivityisvirtuallyindependentof temperaturebelow about
100K.

The conductivity,o,canbe transformedintoan effectivedriftmobilityoftheband
tailcarriersby assuming, ,._

o =nBT e PD ! (1)

100
- ',,,,-._.. F (105 V/cm)=

I0"3- -4.s
- _ 2 "" 3.8 _'TOF 10"2 PH3/SiH4 -10"2,-, 10-S

E F 004 V/cm) -10-4

_.. 21.9 - ,._C: 10"7
E" _',,_._-- i_._, - 104

_. 10.9 _'__-'---- 16._ _'14.0.10-8 3
•o 12.7 w= 10-11
o - ' 10"1°

10-13_ 0.! 9.42.8 6.6 _10.12
" 4.7

I , I I i , [ I I I -

10"150 10 20 30 40 50 60 70 80 90 100
IO00/T* (K"1)

FIG. 2. Temperature- and field-dependentdark conductivityand
mobilityofphosphorusdopeda-Si:H.Dashed linesarethemobilitiesof
undopedmaterialmeasured bytime-of-flight.
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where nBT is the measured density of band tail cariers, and I_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.

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 p-i-n structures and the defect
density was measured from the reverse bias thermal generation current, which is
proportional to the mid-gap density of states. The defect creation mechanism is

, i, i i liH

10.9 I i I i I ._.- ?
1/2 " 1 E

"_ t_,,04 ,' O_.. .,,,.17 _'
> s - ]IU :_
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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 _xis 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 cre-3 defects. The creation kinetics measured at constant inducing current
has a time dependence approximately tl/2, 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 in current. The defect creation
rate has a weak temperature dependence with an activation energy of about 0.2 eV.
The creation kinetics of light-induced defects are shown for comparison

Current-induced defect recovery is also observed. In this measurement, more
than 1017 cre-3 defects are induced by passing a large current for an extended time.
When the forward current is reducedby 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 (TD) is about

400°C compared to 200-250°C for GD films. The defect density of undoped RHP films
decreases monotonically as the TD increases, reaching --3×1015 cre-3 at 400 C.
Secondly, the a-Si:H films deposited at this high temperatures display a greater

104 I i I ]
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E,= 101r_ * 230°C, GD, 3W• 400°C, RHP

RHP _ o_
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FIG. 4. (a)Comparisonoftherelaxationtimesofthe dc conductivityofremote
hydrogen plasma (RHP) filmsdepositedat 673K and glow discharge(GD) films
depositedat503K.(b)DefectcreationratesofundopedGD 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 dc 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 -> 10 at. % even at 400°C and (2) the high TD'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

Type I Type 2

-Si'Ge:H
EM EM -

/

P'H IJ'H
•

Si-H

ER - _ ER

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, cf 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 PH 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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oftheH statesintodeeptraps,shallowtrapsand transportstates.The concentration
ofdeep trapsisabout0.8-2×1020 cre-3ofwhich about30% can be identifiedwith
danglingbonds.The energyofthedeeptrapsisatleast1.9eV belowthetransport
states.The diffusionisdispersivewith a power law time dependenceand can be
characterizedby an exponentialdistributionof hoppingbarrierswith a width of
roughly0.09eV. The shallowtrapsare identifiedwith clusteredH pairswhich
determinethe H chemicalpotentialat high H concentrations.The resultsare
consistentwith a rangeofpossibilities.One extreme isthatH ispredominately
bondedon voidsurfacesand the transportenergyissubstantiallydifferentina-Si
than in crystallineSi (c-Si).The otherextremeisthe H predominatelyresidesin
plateletstructuresandthetransportenergyisroughlythesame inasinc-Si.

Alloysofa-Si:Hwith Ge, C, N, O etc.,have higherdefectdensitiesand poorer
electronicpropertiesthan a-Si:H.The ideaofhydrogenequilibrationduringgrowth
can explainthestructuraltrendsinthealloysresponsibleforthedifferentelectronic
properties.The analysisfindstwo characteristicallydifferenttypesof behavior,
distinguishedby thehydrogenbond strengthsofthe alloyelements.Type 1 alloys
have predominatelysilicondanglingbondsand a largedisorderbroadeningofthe
valenceband tail,whiletype 2 alloyshave dangling defectson the non-silicon
elementand low disorder.Examples area-Si:C:Hand a-Si:Ge:Hrespectively.The
same approachtounderstandingthe electronicstructureisappliedtoalloyswith
halogenssuch as fluorine,to the differentelemental hydrogenatedamorphous
semiconductors,and tomicrocrystaUinethinfilms.
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3.0 POLYCRYSTALLINE THIN FILMS

KennethZweibel(Manager),HarinUUal,and Bolko von Rocdem

The objectiveofthePolycrystallineThinFilmProjectistodevelopthin-film,flat-platemodules
thatmeet DOE's long-termgoalsof reasonableefficiencies(15%-20%), verylow cost(near
$50/m2),and long-termreliability(30years).The approachrelieson developingPV devices
basedon highlylight-absorbingcompound semiconductorssuchasCulnSe2,CdTe,andthinfilm
crystallinesilicon.Thesesemiconductorsarefabricatedasthinfilmswithminimalmaterialand
processingcosts.

Veryhighefficiencieshavebeenachievedby thesepromisingmaterials. OflnSe2cellsmade by
SiemensSolarIndustriesandby BoeingweremeasuredatNREL at13.1% and 12.9% efficiency
(activearea:11.3% and 12.5% totalarea),respectively.Otherssurpassing10% efficiencyin
CuInSc2arcNREL, Universityof Stuttgart,Fuji,InternationalSolarElectricTechnology,and
InstituteofEnergyConversion.LargerareaCulnSe2deviceshavealsobeenfabricatedwithvery
highefficiencies.SiemensSolarhasmade a938-cm2(aperun_area)CulnSe2modulewith11.1%
efficiency(10.4W), anda9.7% (4-ft2)module,bothmeasuredatNREL. SiemensSolarreported
achievementofa 14.1%cellefficiency(activearea).

CulnSc2shows good provenstabilityundercontrolledconditions(9000hoursofillumination),
and outdoortests(Siemens)arealsopromising.We have conductedthxx:eyearsof outdoor
testingon two SiemensSolarCuInSe2panelswithverylittlechangeintheirefficiencies(under
4%). These arethefirstsuchtestson CuInSe2by an independentagencyand show thegreat
potential stability of CulnSe 2 panels.

Four U.S.laboratories(Universityof South Florida(USF),Instituteof Energy Conversion,
GeorgiaInstituteof Technology,and PhotonEnergy)have achievedCdTe ccU efficiencies
between10.5% and 12.5%. PhotonEnergyhasfabricatednear-square-footCdTe submodules

measuredoutdoorsatNREL at8.1% efficiency(aperturearea).BritishPetroleum(BP)Solar
hasreported10% efficientsquare-footCdTe submodules(notNREL measured).Otherswho are
making cellsof 10% or more efficiencyare Matsushita,Microchemistry,Universityof
Queensland,and BattelleEurope. Innovativedesignsarenow addressingpastdifficultiesin
contactingCdTe. We aretestingencapsulatedCdTe submodulesprovidedby PhotonEnergy.
Severalshow no degradationaftertwo years. As with the CulnSe2,theseare the first
independenttestsof encapsulateddevicesmade from thismaterial.Both Matsushitaand BP
Solarhavereportedsimilarstabilityfortheirown CdTe modules.Sincestabilityhas beenan
identifiedissuewithCdTe, theseinitialresultsarcconsideredveryfavorable.

The improvedefficicncicsand largerareasofOdnSe2 and CdTe devices,and theirapparent
stability,arcthemajorrecentadvancesinthesetechnologies.Butpolycrystallinethinfilmcells

requirecontinueddevelopmenttoachieve15%-20% conversionefficiencies.The majorstrategy
is developmentof improved single-junctioncells. Improvement of the single-junction
technologieshasbeensteadyandreliable.Potentiallyachievablecellefficicnciesapproach20%,
and projectionsindicatethelikelihoodoffabricatingmodulesofmore than15% efficiency.

Developingscalable,low-costfabricationmethodsisimportantinprovidingindustrywitha
foundationforfuturelarge-area,high-throughputcommercialprocesses.Researchmethodsfor
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Title: Development of Large-Area Monolithically Integrated
Silicon-Film Photovoltaic Modules

Organization" AstroPower, Inc.
Solar Park
Newark, DE 19716-2000

Contributors: J.A. Rand, Principal Investigator, C. Bacon, J.E.
Cotter, T.H. Lampros, A.E.Ingram, T.R. Ruffins,
R.B. Hall, A.M. Barnett

Objective

The objective is to develop Silicon-Film Product III into a
low cost, stable device for large scale terrestrial power

applications. The Product III structure is a thin (<I00 _m)
polycrystalline silicon layer on a non-conductive supporting
ceramic substrate (see Figure I). The presence of the substrate
allows cells to be isolated and interconnected monolithically. The

long term goal for the product is efficiencies over 18% on areas
greater than 1200 cm 2. The high efficiency will be based on
polycrystalline thin silicon incorporated into a light trapping
structuae with a passivated back surface. Short term goals are
focused on the development of large area ceramics, a monolithic
interconnection process, and fabricating I00 cm 2 solar cells.

_-- WrcD-ArounclContacts

Figure I. Silicon-Film Product III.

Technical Approach

Issues for large area ceramic development are- I) the
formulation of non-conducting materials, and 2) processing
improvements to fabricate uniform, flat ceramics 500 cm 2 in size.
Only production based processes (low cost) were utilized for the
formation and firing of the ceramic.
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Issues for the monolithic integration process are: i)

developing an isolation process to define cell areas, and 2)
developing a diffusion and metallization scheme that allows for
interconnection. The process must be done on a low cost,

production basis. The limited conduction of crystalline silicon
may have an impact on cell area. Without a back plane conductor at
the silicon - ceramic interface, the base layer resistance limits
the cell size by introducing efficiency limiting series resistance.
The incorporation of a back plane conductor to alleviate this
limitation must be done in such a way as not to introduce

significant back surface recombination.

Significant Results - Materials

An insulating ceramic has been developed that has a
resistivity higher than the 500 _-cm required of the Product III
device design. The areal generation capabilities of ceramic
substrates have been increased to generate samples greater than 500
cm 2. All ceramics are fabricated in-house at AstroPower and
utilize low-cost materials and processing. Ceramic fabrication
capabilities were demonstrated by delivering ceramics greater than
500 cm 2 to NREL.

The metallurgical barrier deposition process has been
developed to uniformly cover areas over 500 cm 2. The silicon
deposition equipment has also been altered to uniformly deposit
silicon over areas greater than 400 cm 2. Light trapping structures
require one or more surfaces to be textured. Random texturing has
been incorporated into the ceramic-metallurgical barrier surface.
An investigation of light trapping on the similar Product II
Silicon-Film structure (planar junction, conducting ceramic)
indicated high levels of light trapping from similar random
texturing [I].

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
isolating properties of the substrate and the isolation process, a
test structure was developed. The test structure consisted of p-
type silicon on an insulating substrate with an A1 paste ohmic
contact covering the front surface. Isolation cuts were then made
to define cell area. Resistance measurements were made between
adjacent cells as a function of isolation trench depth. As the
trench depth exceeded the silicon layer thickness, the resistance
increased as expected. The magnitude of the inter-cell resistance
increased 4 orders of magnitude as the trench depth increased 25 _m
past the layer depth. The resistivity target of 500 _-cm for the
ceramic was obtained. These test structures were fabricated
without a metallurgical barrier.
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A metallization scheme has been developed that allows for
front surface interconnection of cells. A schematic of the process

is shown in Figure 2.

The Product III process begins
with a wafer of p-type silicon
on ceramic. A metallurgical
barrier may or may not be

_n_i included. As discussed above,
I) Si_nonCermnic an isolation cut is first made

S_cm_ _=_s_=_ to define cell area. A

phosphine or POCI3 based
_ diffusion is then performed to

create a phosphorus doped n-type
2) _oladon layer on the device surface, as

s_=_ well as line the interior of the
trenches. A second isolation

rD_y= cut is then performed to remove

_j:-,..._ ...._ the n-type lining from one side
3) N-LayerDL_usion of the trench. Finally, the

s_ trench is filled with metal to
interconnect the n-type region
of one cell to the p-type region

f_ _ of the neighbor cell. A

4) Re-lsoladon _--_:"..........._ photograph of an isolated cell
s_ is shown in Figure 3.

A series of test structures

__. has been fabricated to verify5) Me,fiction ...._....._ the processing steps. To
s_ adequately interconnect isolated

cells, a two part metallization
system had to be developed.

Figure 2. Silicon-Film Product High temperature metallization
III process sequence, is used to make ohmic contact to

the silicon, and a low temper-
ature metal to fill the trench.

The process sequence in Figure 2 has been further developed to
allow for the incorporation of a back plane conductor. Such a
process eliminates any series resistance limitation to cell size.
Front surface conduction can be assisted by placing grid lines

perpendicular to the metallized trench for wide cells.

Solar cells have been fabricated on a regular basis to assess
material quality. Impurity problems have been encountered with
both in-coming feedstock, and with handling procedures. A second
silicon feedstock source has been developed. Handling procedures
have been improved to minimize contamination. Recent results
indicate that the levels of impurities have been significantly
reduced from the baseline level The baseline level has been shown

to generate low diffusion length material with overall conversion
efficiencies of 6%.

,
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Figure 3. Cross section of silicon• on ceramic structure showing
isolation trenches (50X magnification).

To demonstrate the process sequence, free-standing silicon
wafers were utilized as test structures. A process was developed

that supported these wafers on a temporary substrate so that a
monolithic processing sequence could be performed. Seventeen
isolated cells were interconnected to generate a Voc of 8.25V,
measured under AMI.5 illumination.

Conclusions

Critical elements of the monolithically integrated device have

been developed. An insulating ceramic substrate has been developed
and tested. Ceramic areal generation capabilities have been
expanded to 500 cm 2. A monolithic interconnection process has been
developed that will isolate and interconnect individual cells on
the ceramic surface. Production based, low cost process steps are
utilized. The process was verified using free-standing silicon
wafers to achieve a Voc of 8.25 volts over a 17 element string.
Overall efficiency of the Silicon-Film material has been limited to
6% due to impurities. Improved processing and feedstock materials
are now under investigation.

[I] J.A. Rand and P.A. Basore, "Light-Trapping Silicon Solar Cells,
Experimental Results and Analysis", presented at the 22nd IEEE
Photovoltaics Specialists Conference, Las Vegas, Nevada, October
1991.

101



_: Research on Polycrystalline Thin Film CuInGaSe z Solar Cells

_:__.garlization: Boeing Defense & Space Group, Seattle, WA

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

Objectives

The objectives of this research effort are to fabricate high efficiency CdZnS/CulnGaSe 2 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/CuInGaSe 2 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
subbandgap transparency, the ZnO layer to reduce IR absorption while maintaining adequate lateral
conductivity, and the ClGS layer to optimize gallium content and gradients along with minority
carrier transport properties.

Results and Discussion of FY '91 Activities

During the frst 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 CIGSrun 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 in the device fabrication process.

Characterization of the new cI_3sdeposition 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 Cdx.vZnvS
process has enabled us to reproducibly deposit adherent, pinhole free films over a 2"x 2" substrate
for zinc fractions in the range 0< Y_0.20.

Combining the new CdZnS process with CIGS from the newly fixtured deposition system has
enabled us to fabricate (figure 1) an 11.5% _fficient, 4 cm 2,Culn,.xGaxSe2/Cd,.vZnyS/ZnO cell with
x=0.29 and Y=0.19. Though not as efficient as our best 12.5 % CIGScell, 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
CdZnS, 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 cIos cell fabricated to date in Phase I of this contract
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Investigations of CuInSe 2 Thin Films and Contacts

Organization: C'ilifornia Institute of Technology
Applied Physics and Electrical Engineering
Pasadena, CA 91125

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

I. Objectives
The major objective of this project is to characterize the crystallography and defect structure of
CuInSe2/CdS 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 films as a diffusion barrier between the CuInSe 2 and the back contact layer were also

investigated during this year.

II. Technical Approach

The microstructure of CuInSe2/Cd(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. Ali samples were made by similar procedures except that cell
groups #1 and #2 (IEC No.32065.21 and 32230.22) were deposited on Coming 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 CuInSe 2 layers were grown by three-source thermal evaporation

which is one of the most successful methods for depositing thin CuInSe 2 films 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, mechanically thinned down to about

20 _tm, and finally milled by a 5-kV Ar + ion beam to electron transparency. Ali the XTEM

analyses of this work were made with a Philips EM430 transmission electron microscope
operating at 300 keV.

To study the reaction kinetics of Cu-in bilayers during the selenization process, it is
necessary to have a smooth, unreacted In thin film on top of Cu. We have built a cold stage in
our rf-sputtering system which can reach 4°C 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 films are effective
diffusion barrier in a number of VLSI metaUization schemes [2,3]. To evaluate the applicability
this film as a diffusion barrier between the CulnSe 2 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 f'dms were exposed
to H2Se. CuInSe2/CdS devices were made on the Si/SiO2/Ta-Si-N and Coming 7059

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

III. Results

A, Microstructure of CulnSe_/Cd(Zn)S Solar Cells
Figure 2(a) and (b) show the scanning electron micrographs of the surface morphologies of

the CuInSe 2 laver (after removing the overlayers by etching) and Cd(Zn)S layer (with 0.2 _tm

ITO on top) for cell group #1 (deposited on Coming 7059 glass). Both of the CulnSe 2 and

Cd(Zn)S surfaces are rough. The grains protrude up to 0.5-1 _tm above the average level of the

CulnSe 2 surface and about 1-2 I.tm above that of the average Cd(Zn)S surface. From the surface

morphology of the CuInSe 2 layer, it is evident that the CuInSe2/Cd(Zn)S interface will net 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 ktm. As shown
below, the actual grains of the Cd(Zn)S have diameters that are two or three times smaller than

. that of the coluffms seen in this micrograph. The interface between the Cd(Zn)S and the CulnSe 2

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 CuInSe 2

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 Coming 7059 glass) and #3 (on soda
lime glass).

Figure 3(a), (b) and (c) are the cross-sectional transmission electron micrographs of the
CulnSe2/Cd(Zn)S solar cells of samples #1 and #2 (both deposited on Coming 7059 glass)and

#3(on soda lime glass), respectively. The Mo layers of samples #1 and #3 were separated f-tom
the upper layers during the TEM sample preparation and are absent in the micrographs (Fig. 3(a)
and (c)). The dark uppermost iayers k_ 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 CuInSe2/Cd(Zn)S interface. In agreement

v,ith the SEM results, the heterojunc_ion interface is laterally nonuniform. The two
semiconductors are intimately bonded to each other, the microstructure of the individual layers

- are descrit-ed 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 30%. The grains are elongated, separated by low angle boundaries.
They are about 0.5 _tm wide and about 1-2 ktm long. It is easily to see in the transmission
electron micrographs that several elongated'grains are contained in one surface hillock. One thus
carmot estimate the grain size of the Cd(Zn)S layer from the surface topology of SEM
rrdcrographs.

105



By electron diffraction, the Cd(Zn)S shows hexagonal wurtzite crystal structure. The main
defects in this layer are stacking faults on {0001 } 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. CuInSe 2

Compare the CulnSe 2 layer in Fig. 3(a), (b) and (c), one sees that voids exist in the

CuInSe 2 layer for all three samples. The same result has been reported for CulnSe 2 f'rlms

without CdS overlayer by Talieh and Rockett for films deposited directly on Coming 7059 glass
[5] and by Raud and Nicolet for the f'dms 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 CulnSe 2

film [7]. The differences in the CulnSe 2 structure may result from the different thermal

expansion coefficients for the different glasses.
In ali samples, the grain size of CulnSe 2 is about 1 _tm in diameter. By electron diffraction,

the crystal structure of CulnSe 2 is chalcopyrite. Because the diffraction rings of the sphalerite

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

By high-resolution TEM images in conjunction with electron diffraction, we found the

principal defects in CuInSe 2 f'dms are twins and stacking faults on {112 }chalcopyriteplanes. The
present defects identified here are consistent with the results of other TEM studies of physical-
vapor-deposited CulnSe 2 thin f'dms [6,8,9].

c. CuInSe2/Cd(Zn)S heterojunction interfaces

Figure 4 shows the interface of CulnSe2/Cd(Zn)S heterojtmction, 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 CulnSe 2 grain. This shows that the {0001 } basal planes of the Cd(Zn)S grain tend to be

parallel to the {112 } planes of CulnSe 2 grains. So the growth orientation of Cd(Zn)S grains in

this micrograph clearly depends on the crystal orientation of the CuInSe 2 grains. Assuming that

this picture is typical for the junction everywhere, one concludes that in spite of its very
nonplanar shape, the CulnSe2/Cd(Zn)S interface is structuraUy a heterojunction.

For the microstructure study, the principal observations one draws from the cross sectigns
are (i) the laterally rough and uneven morphology of the Cd(Zn)S and CulnSe 2 layers, (ii) the

very intimate bonding between these two layers, and (iii) the numerous voids and fractures that
are present in the CulnSe 2. The main difference between the samples #1 and #3 is the CuInSe 2

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 CuInSe2 layer is attributed
to the thermal contraction of the substrate/film assembly upon cooling after the f'dm deposited at
450°C [10].

B. Deposition of Indium Thin films by Sputtering
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Systematic tests have resulted that smooth, shiny In thin films 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 250/_, thick In film, the oxygen concentration can be as high as 25% (by RBS), even
though the x-ray diffraction of the f'tlm 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 thicknes_ (a.bout 500/_,).

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 f'rims are only
obtained with low deposition rate. Oxygen contamination and thickness limitation are also
present in the In lrtlms deposited at low temperature.

(_, T_-Si-N Diffusion Barrier
The stability of TaSiN films 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
CuInSe 2 cells. However, when the CuinSe2/CdS cells were deposited on a Si/SiO2/Ta-Si-N

substrate at IEC, the adhesion between the Ta-Si-N f'tlm and the CulnSe 2 is poor. This is also

true for the cells deposited on the Coming 7059 glass/Mo/Ta-Si-N subatrates. The bad adhesion
is consistent with the inermess of Ta-Si-N to the H2Se exposure. Improved adhesion can be

obtained by tailoring the composition proftle of the amorphous film. Experiments addressing
that issue are the next step to pursue in this project to develop the stable contact to CuInSe 2 cells.

IV. Summary
This year, clear advances in insight and understanding of crystallography and defect
microstructure of CuinSe2/CdS heterojunction solar cells have been made by XTEM studies.

Significant mechanical damage (voids, cracks) is observed in ali CuInSe 2 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 CuInSe 2 f'dm 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 CulnSe 2 fdms that have few or no mechanical defects such

as voids and cracks could lead to a major advantage in polycrystaUine CulnSe 2 cells. The

technique can also be used to support efforts aimed at enhancing the grain size of CulnSe 2 cells

without introducing voids and cracks.
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ITO.sputtered Table I

Sample #1 #2 #3
Cd(Zn)S evaporated.In doped.T_ =200°0 ITO 0.2 lxrn 0.2)am 0.2 tam

- Cd(Zn)S 1.7 para 1.5 _ 1.5

CulnSe2 co-evaporated,t front:In-rich -r,_,=450°c CulnSe2 2.0 _ 2.1 lain 2.1 lain
t back:Cu-richT_ =300°0 %Cu 26.0 24.7 25,1

%In 26.3 25.7 25.6
%Se 47.7 49.6 49.3

Mo dc-sputtered Mo 2 lain 2 Pm 2 lain
substrate Coming Coming _odalime

Glass glass 7059 7059

Fig. 1 Schematic cross-sectional configuration and deposition conditions of the CuInSe2/Cd(Zn)S solar cells
supplied by IEC.

Table I Thickness of the individual layer and composition of CuInSe2 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 pm ITO o_, top); (b) CulnSe 2 surface morphology ( after

• removing the ITO and Cd(Zn)S by a HCI etch); (c) cross-sectional morphology.
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1 lain

Fig. 3 Bright-field transmission electron micrographs of the cross-sectional structures of the
CuInSe2/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 CulnSe2/Cd(Zn)S heterojunction interface (from

sample #1, deposited on Coming 7059 glass).
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Title: Role of Polycrystallinity in CdTe and

CulnSe_ Photovoltaics

' Orqanization: Department of Physics, Colorado State

University, Fort Collins, Colorado

Contributor_: J.R. Sites, Principal Investigator; R. A.

Sasala, X. X. Liu, I. L. Eisgruber

Objectives

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.

CdTe Cells

There has been considerable progress with CdTe solar cells during the past year

[1]. Table I 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 of 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 same efficacy range as those shown.

A photocurrent comparison of the cells from Table I is given in Fig. i. 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 junction quality, as

well as resistive and shunting effects [2]. Smaller forward current means larger

Voc , and more importantly, larger V_. 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%.

CulnSe 2 Cells

There has also been progress with CuInSe_ 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 shunting

resistance r, and modest changes between light and dark [5]. This cell also had

a hole density of 7xl016cm "3, significantly larger than seen previously,

suggesting that the density of compensating states has been reduced.
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Table I. CdTe Cell Comparison

Photon Micro-

USF Energy ChEunistry Ametek GIT

Cell Number 5-16-8-1 3 published 91A6-2 C224

Technique CSS Spray ALE Electrodep. MOCVD

Efficiency (%) 13.4 12.7 Ii.5" ii.0 10.3

VOC (mV} 840 790 810 765 715

A-value 2.5 3.6 2.2 2.25 3.9

R (g-_) 0.4 o. 7 0.8 0.6 0.2

(n-_) 1500 600 1800 1400 700

VMp (mY) 675 585 665 615 530

Fill Factor 0.725 0.615 0.73 0.715 0.60

JL (mA/c_) 21.9 26.2 19.5" 20.9 24.2

Reflection Loss (mA/c_) 2 2 2 2 2

Window Loss (mA/cm'-) 2% 1 8 5 2%

Deep Loss (mA/c_) 1 1 1 1% 1

Unknown Loss (mA/c_) 3 % --- 1 %

*Adjusted to SERI measurement.

NOTE: JL plus losses equals 30% mA/tnt.

Time Dependence

There seems to be a general feature of thin-film polycrystalline cells that

voltage continues to increase somewhat following the onset of illumination. The

effect is primarily driven by the large step in voltage rather than the

illumination itself. The voltage increase covers a time range from 104 to 10 +2

sec, and has a magnitude of 20-50 mV, depending on the cell used. A practical

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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Fig. 1 Comparison of CdTe pho_ocurrent losses.
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Tid___ee" Development of High Efficiency CdTe and CdZnTe Solar Cells

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

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

Objective:

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 eV)
CdZnTe cell efficiency of - 10%.

Film Growth:

CdTe f'flms were grown on CdS/SnOJglass substrates by MOCVD and MBE. The Cd/Tc ratio
in the growth ambient was varied from 0.4 to 4.0. MBE CdTe and CdZnTe films were grown
using a Varian Gen II MBE system [1].

Cell Fabrication:

P-i-n from-wall solar cells were fabricated at AMETEK applied materials laboratory. P-n CdTe
cells were fabricated by treating the CdTe films with CdCI 2 followed by an air anneal at 400°C
for 30 minutes. Contact to the p-CdTe was made by a sequential evaporation of 100 ,& Cu and
400 ,/_Au followed by an anneal at 150°(2 in argon atmosphere for 90 minutes. Finally, bromine-

methanol etch was performed on the entire strucutre to etch off any residual Cd and Te oxides.

Material and device characterization:

Electrochemical surface photovoltage (SPV) measurement, and photoluminescence (PL)
measurements were used for optical, physical and chemical characterization of the f'rims. J-V-T
and Deep level transient spectroscopy (DLTS) measurerncnts were used to characterize device
properties.

Results and Discussion:

In the past we reported 9.7% cell with Vo_=726mV and J,_=22.47 mA/cre 2 on a 2000 ,_ thick
CdS. An attempt was made to improve the J,_ 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 ,&) and
thin (1000 ,/k) CdS films. As expected, the thinner CdS film (1000 ,_,) increased the efficiency
to 10.3% from 9.7% by increasing the J= to 24.19 mA/crn 2. Further reduction in the thickness
of the CdS films to 600 A restflted in a net decrease in the efficiency (8.9%) primarily due to

the reduction in Vo_ (680 mV) and f'fll factor (0.55) along with some decrease in J,, (23.47
mA/cre2). Pin-holes in the CdS films can cause low shunt resistance which will reduce Voc and
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f'dl factor. In addition, CdS films were deposited on the textured SnO2 films which can aggravate
the pin hole problem in the CdS films. On the other hand, increasing the CdS thickness to 3000

increased the V_ to 740 mV and, as expected, reduced the J,_ to 22.10 mA/cm 2. 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 f'flms 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 improvemem in CdTe/CdS solar ceil efficiency is commonly observed as a
result of a post deposition CdC12 dip followed by a 400°C heat treatment. It is also known that
the CdCI2 treatment increases me 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 CdC12 treatment. I-V-T measurements showed that this process
changes the dominant current transport mechanism from interface recombination/tunneling to
depletion region recombination, suggesting a decrease in the density or dominance of interface
states due to the CdCh 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 CdCl: dip and heat treatment.

Traps in the vicinity of Ev + 0.6 eV have been attributed to V_ and V_ -.C1related 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_ and J._ of the CdTe/CdS ceils that have undergone this treaunent. It
is clear from the figure that the Voc and J,_ is inversely proportional to the trap density while
there is no apparent correlation between the J,_ and the trap density. This shows that the CDC12
treatment is indeed important for improving the CdTe/CdS cell performance, however it appears
to introduce a Vo_ and efficiency-limiting defect whose role must be studied in more detail. It
is important to note that in this experiment 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 CDC1: was varied in the range of 0.25 to 1 (saturated). PL
measuremems were performed on finished devices to investigate the defects produced by different
CdCI: 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 CdC1z
concentration. PL spectra showed two common features, a peak around 7900 A and a broad band
centered around 8400 ,i,. In CdTe, the broad band centered around 8400 ,t, is generally attributed
to structural defects, native defects or V_-C1 defect complexes. The peak at 7900 A is attributed
to Cd vacancies. The intensity or the peak amplitude of the broad band at 8400 ,/_ is clirecfly
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 treatmem. 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 chlorine-cadmium defect complexes have energies in the range Ev + 0.15 - Ev + 0.9
eV. Generally, PL measurements give information about shallow levels and DLTS gives
information about deep levels. The fact that the PL broad band around 8400 ,_ has been
attributed to Vcd-C1complex 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 Vo_, suggests that both the defects
are probably chlorine related complexes formed during the CdC12treatment. Thus, on one hand
CdCI2 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 CDC12process 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 polycrystalline CdTe cells today. Thickness
of CdS limits the cell efficiency due to high energy photon absorption in the CclS layer. It was
shown that reducing the CclS thickness first "reproves the cell performance by increasing the Jsc,
but very thin CclS films tend to limit the cell performance due to pin holes which may reduce
Voc and bF. It was found that even though CdCL2 treatment is crucial for improving the CdTe
cell performance today, it tends to introduce efficiency or V,, limiting defects related to Vcd-C1
complexes. The above efficiency loss mechanisms indicate that in spite of the recent success in
the CdTe cells, there is a considerable scope for farther improvement provided the above
efficiency limiting mechanisms can be eliminated by process modification and optkaization.
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Objectives

The objectives of this research are to obtain the understanding of the materials

processing, properties and performance of polycrystalllne CulnSe__ 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 objective 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
scientists.

Technical Approach

Issues for CuInSe 2 addressed in this work are development of a process for

forming CuInSe z films by the selenization of Cu and In layers with Se and
understanding the mechanisms that limit Voc in CuInSez/CdS solar cells. Research
on CdTe is concerned with processing used to fabricate high efficiency CdTe/edS
solar cells with evaporated CdTe.

Resu]Lts

Cu_TnSez by Selenization

An alternative to HzSe for forming CuInSe z by selenization is the direct reaction
of layers of Cu/In/Se. The Cu and In layers are sequentially deposited by
electron beam evaporation with Cu/In atomic ratios of 0.85 to 0.95. The layers
are then coated with Se by thermal evaporation. The amounts of Cu, In, and Se

are adjusted to produce a 2 #m thick CuInSe z film. The layers are then heated
under a background of Se vapor for about 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 16 hour, 200"C heat treatment in air to

optimize cell performance. This is similar to cells made from CuInSe z deposited
by elemental evaporation.

To evaluate the reaction chemistry leading to the formation of CuInSe z using H2Se
as the source of Se, thermodynamic and kinetic calculations for HzSe dissociation
were performed. At 400"C, the typical reaction temperature for selenization, the
gas phase contains about 50% Se 2 and Se e and 50% HzSe. Kinetic experiments on
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pyrolysis of H2Se show that a reasonable fit to the data can be obtained by
assuming Sea as the decomposition product (l).

Voc Limits in _e z Dev£cea

Analysis of the J-V characteristics of CuT_Sez/CCdZn)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 ro©. Previous analysis of

illuminated cells has shown that Voa is primarily limited by Shockley-Read-Hall

recombination in the CuInSe z (2) with the diode qualityfactor near 2. Recent

analysls of CuInSe 2 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 Voc is controlled
by a slngle current mechanism (Shockley-Read-Hall recombination) with no evidence

for interface recombination, tunneling, or other mechanisms (4). Superposltion

of the dark and llght J-V characteristics do not hold due to a light intensity

dependent diode quality factor (1.5 to 2). Further comparisons of CuInSe 2 cells

only differlng in Voc indicate that the difference is due to changes in barrier

height as shown in Table 2. -These results suggest that Increasing Voc will

require reducln E the density of recombination centers (some of which are photo-

activated) and increasln E the bandgap of the CuInSe 2 near the interface.

CdTe Cell Frocessin E

Recent efforts have focussed on the post deposition CdC12 treatment and its

effect on device performance (5,6). After the CdTe deposition, a 0.5 _m CdCl 2
coating is applied and the sample heat treated in dry air at 400"C for 30 minutes

and rinsed in DI water. Auger and SIMS depth profiles show interdlffusion 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(SzTe1.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 nra. This also

suEgests the formation of a Cd(TexS1_x) window layer which increases optical

absorpt ion.

It has been possible 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 interdiffuslon of S and Te.

Table 3 shows a comparison of device results measured at NREL with and without

the _dCI 2 restructure treatment on 0.2 _m CdS layers. Restructurin E the CdS

improves Jsc due to improved collection, but has little effect on Voc and FF.

This has resulted in 11% efficient solar cells. The spectral responses are shown
in Figure i.

CdTe Device Analysis

3-V measurements as a function of temperature and illumination were made on high

efficiency CdTe/CdS thin film solar cells (7). Meanlngful 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 K due to hyste_isis in the I-V measurements at low te_eraL_ure and

irreversible heac treat-ment effects at high te_erat_ze. The analysis indicated
that the ltsht senerated c_=Tent varies vith the applied voltase as seen in
Figure 2 for spectral response ratios at three different bias voltages. If the
voltase dependent cu_:ent collection is included in the a_slysis of the J-V
measu=ements made _mder illumination, then both the dark and liKht azmlysis Rive

a bad:icr height near 1.3 eV v£th a d_ode q_sll_r facto: 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 chat the CdTe solar cell device operation is

also controlled by Shockley-Read-Rall recombination via mtdsa p states.

Conclusions

A process for fabricating CuInSe_/CdS thin-film cells by the selenization of
Cu/Tn/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 HzSe dissociation indicate
that both Se x species and HzSe must be considered in evaluatinK the CuInSe 2 f£lm
growth. These results are beinK used to determine the chemical reactions to

forming CuInSe 2 using H=Se.

J-V analysis of CuInSe_/CdS thin film cells as a function of illumination

intensity has shown that the dominant Voc limiting mechanism is Shockley-Read-
Hall recombination in the CulnSe z. Work ts underway to reduce the amount of
recombination by grading the bandgap of the CuInSe z.

The post deposition heat treatment with CdC1 z at 400"C has been shown to cause
interdiffusion of the S and Te resulting in the formation of a Cd(TexS1. x) layer
which reduces Jsc but has no effect on FF or Voc. Steps are being taken to
minimize the interdif£usion and improve the optical transmission of the window
layers. Progress so far has led to CdTe solar cells with 11% efficiency.

Preliminary J-V analysis of CdTe/CdS thin film cells indicates that there is a

voltage dependent current collection which will reduce flll factor. Otherwise,
the cells operate much llke their CuInSe2/CdS counterparts. Future analysis 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 T,_b.t=at, Voc J.© FF Eff
ratio (" C) (V) (mA/cre z) (%) (%)

61066-12 0.85 400 0.420 36.8 59.6 9.2
61066-11 0.90 400 0.426 31.9 60.7 8.3
61067-12 0.85 450 0.403 35.4 62.9 9.0
61067-11 0.90 450 0. 395 37.9 61.5 9.2
62067-13 0.95 450 0.278 32.9 53.3 4.9

Table 2

J-V Characteristics of Cells with Differing Vo©

Voc 0.440V 0.417V
J_c 33.8 mA/cm 2 33.8 mA/cm z
FF 67.6% 67.2%
Eff. 10.1% 9.3%

(eV) 0.99eV 0.91eV

A [dark] 1.6 1.5

X [dark] 1.75 1.75

Table 3

NREL J-V Data Comparing 0.2 #m Evaporated CdS with

and without CdC12 Recrystallization Process

Device Recrystalllzed Voc Jsc FF
# CdS (v) (ma/cm2) (%) (%)

40723-11-3 yes 0.789 20.1 69.4 11.0

40723-12-1 no 0.799 18.4 72.0 10.6
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Figure 2. Spectral Response in Reverse Bias Normalized to
Zero Bias for CdTe Solar Cell
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and C. Leidholm

The objective of this program is to develop high efficiency thin

film CuInSe 2 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 1990
report, we had pointed out the influence of the nature of the Cu-In

precursors on the resulting CuInSe_ 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

I ft 2 CuInSe 2 modules.

cu-In Precursor preparation

The commonly used process for the preparation of a Cu-In precursor
for selenization involves depositing a thin Cu layer on a glass/Mo
substrate and then following this step with the deposition of an In
film. The most important reason for the wide usage of the
glass/Mo/Cu/In structure for selenization is related to the
morphological and mechanical properties of the precursor films. 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 (i) and they still adhere
reasonably well to their Mo coated glass substrates. The properties
of Cu/In layers strongly depend on the deposition 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 CuInSe 2 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
deposition 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 (I). 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. Recognizing 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 _, 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 film 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

interjecting a thin inter-facial layer between the depositing In
film 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 varlety 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 20-200 _ 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 CuInSe 2 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 film with smaller grain structure, better coverage and
better adhesion to the substrate (Fig.lb).

Effect of CdS Deposition Processes on Cell Characteristics

The solar cell structure evaluated in this work was the

ZnO/CdS/CIS/Mo/glass 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=0.52 vm. This was the result of low
reflectance and low absorption displayed by these films. One other
difference between the evaporated and chemically coated edS films

was their resistivit_ values. The in-plane resistivity of the dip
coated layers was >i_ n-cm, whereas, this value was in the 100-500
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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 vm<A<lo0 vm 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 well with
the technique used to coat the CdS windows. Fig. 3 plots the short

wavelength window losses for a group of ZnO/CdS/CuInSe 2 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 vm. 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/CuInSe solar cells. The processes
used in the deposition of the CdS and2ZnO films are also expected
to influence the quality of these junctions. For example, the
chemical growth method allows the deposition of extremely thin

(<0.05 vm) CdS films on rough CuInSe 2 surfaces in a conformal
manner. In the evaporation approach, dfscontinuities in such thin
layers and their thickness control present practical problems.

Furthermore, evaporation requires heating the CuInSe 2 films to
around 200 °C in vacuum. During the early phases of deposition the

CuInSe 2 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 CuInSe 2 surface at temperatures <80 °C. We
have studied the possible influence of the CdS deposition

techniques on the junction quality of ZnO/CdS/CuInSe 2 structures.
For this purpose, we have carried out controlled experiments in
which the same CuInSe 2 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 CuInSe. films
displayed higher hole density values than those coate_ 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



are; V_= 0.4332 V, Jsc=35.60 mA/cm 2 and FF=66.65 %. The active area
efficiency is 12.4 %. The Js- value of this cell was llmlted 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 illumination are 1.6 and 1.8 respectively. The capacitance
measurements made on this device yielded a carrier density of
around 2x1016 cm "_ 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 _nd
7x10 TM cm "3, respectively.

During this period we have also built facilities to process 1 ft 2

size CuInSe 2 modules. We have demonstrated monolithic integration
on 5"x6" substrates and Cu and In deposition and selenization on
1 ft 2 substrates.

Con=lusions

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 growth characteristics of the precursors.
Selenization of improved precursors yielded stoichiometrically,
morphologically and mechanically superior CuInSe 2 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

rocessing approaches significantly affect the performance of the
nO/CdS/CuInSe 2 solar cells. Chemical deposition of CdS gives

devices with lower diode factors and better ]unction qualities

compared to those using evaporated CdS windows. The high efficiency
cells reported in this paper used chemically coated CdS layers and
they have displayed good voltage and fill factor values. The
current densities can be further improved to the 37-40 mA/cm2 level
by optimizing the ZnO/CdS window layer. During this period, we have
also started processing 1 ft 2 devices. We have demonstrated Cu and
In depositions on 1 ft 2 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 ft 2
modules.
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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 cm 2 (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-
Mag TM) from AIRCO, 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 ii:: : i :i:::i:i::i:: r'' :'l = =':: " " ": " I# _ ' _" : : :'::" _t _ ' : 3 ::''_l

for unique codeposition techniques as compared :j_/ ....................................... ii:i:

to planar sputtering [Ref 1, 2]. Maximum sub- :::iiii:!i::_l!!:__ i::!:_::_:i_ _"-
strate size will be least 30.5 cm x 30.5 cm, !iii_;.'_:__although this technology can be scaled-up to _-_._

production status; substrates larger than 250 cm i_!i_i_iii::_::i:ii_ii!:_i i _::::::::
x 360 cm in architectural glass coatings have !ii!!!i_i!i:ii"":i":"_iii_:!:_:! _:::_:_iiii!i:_:I:_I:::_I
already been demonstrated. _!i_%?':. .

Three tasks are identified in this project, namely: Figure1
Photographof AIRCODualRotating Cylindrical

Task 1: Thin-film Deposition Ma&netron.

Task 2: Device Manufacture and Scaleup

Task 3: Monolithic Integration of 930 cm 2 Submodules

Task 1 begins at the initiation of the program and continues for 12 months. Task 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 scaleuppotential. In ali cases, soda lime glass will serve as

the substrate (superstrate) for the CIS (CdTe) devices. C-Mag TM sputtering will be used to pro-

duce the absorber layers (CulnS%, 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 Tc) using a two-
step process [Ref 3,4]. Cosputtering of elemental and alloyed targets by C-Mag TM 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-Mag TM 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
cm x 40 cm substrate (Fig. 2). Cathodes are

mounted to a large hinged plate attached to _,_,,,
the main chamber via a swing arm, thereby _I_,_,_

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, r_._,..

Standard operating procedures are being _.,.mc._ _..,e._,
established in conjunction with Martin Mari- Figure2
etta safety and hazardous waste disposal Schematicof Vertical Sputtering System lncorpo.rating

guidelines. AIRCO Dual C-Mag TM 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 cm apart to ensure at
least three wheels in contact with the substrate carrier at ali 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
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thiourea (or thioacetarnide) in an alkaline solution of cad-

mium salts where the salt can be Cd(CH3COO) 2, CdSO,,

Cd(NO3) 2, or CdC12. 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
films are intimately related to the solubility equilibria in
the salt solutions. Solutions containing suspended precipi- "-'-"
rates (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 0-,,
behavior, it is necessary to address the solubility equilibria

for CdCI salts in NaOH, NI_4C1, and NH+OH solutions.

To determine the distribution of ali constituents present Figure3
Schematic of Vertical Substrate Drive

in the cadmium salt solution prior to addition of thiourea, Mechanism.
mass and charge balances, as well as solubilit_ equilibria,

were determined for ali cadmium and ammonium species and simplified to generate equations

which relate total cadmium to total ammonium. For CdC½ in NH4OH, a plot of (-)log C versus
(-) log N is shown in Figm'e 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 (turbid 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. formation 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 u.u .......... en!.... PH=11 pH=lO I

growth process. _ I_ _., +  iiii+iiiiiii+!iiiiiiii++iiiiii+iii!!iiiiiii+ii!ii+iiii
Testing and Evaluation -- Once 4.0 [ _iiii!ii!i!i!ii:._.,.._.i_j.:_._.:.:,.ii!iiii!ili!iiii_.-
films have been deposited, extensive i _i!ili!ii!iiiiiiiii:.:.._:_P:_:a_:::::iiiiiiiiiiiii "

material testing will be conducted to o ! _i !ii!iiii!iiiiiiii!!!iiiiiiiiiii!iii!!ii!i!iiiiii!iiiiii!i!iiiii a.0
quantify and correlate fabrication and _ _ _iii_iiiiiiii!iiiiiii!_iii_iiii!iiii_!ii_iiiiii!iii_iii_iiiiiiiii_iiiiiii!_:_ ,7,-_

:i::::i:i:ii:::i:: :i:i :i:i:i:i:i:iii !ii !:!i i!:!i:i i:!iii::ili:iiii!i!i !!i:iri b_,_

performance parameters. Material _::,::iiiiiiiiiiiiii!iiiiiiiiiii!iiiiiiiiiiiiiiiiiiii!iiiiiii!iiiiiii!iiiii!!_+'_:_ "
testing such as glancing incidence X- 0.0 I

ray diffractometry (GID), fast Fourier !ii!!!ii!!iii!i iii!!!iii! "transform infrared spectrometry -2.0
(FTIR), atomic absorption (AA), -2 -1 0 1 2 a 4 5

Auger electron spectroscopy (AES), -IogN
scanning electron microscopy/energy Figure4
dispersive X-ray spectroscopy Plot of Total Cadmium Concentration versus TotalAmmonium

Concentration for CdCi 2 in NH4OH.

-
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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-Mag TM sputtering system and chemical immersion
deposition techniques, and quality films are demonstrated, both TCO/CdS/CIS/Mo/Glass and
Glass/TCO/CdS/CdTe/Ni cells will be fabricated. Initial cells will be nominally 1 cm2, although

other specific geometries may be necessary for certa.'_ntesting 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 measure, and loss mechanism analysis will be performed
to establish guidelines for improved performance.

Task 3 -- Fabrication of Monolithicaily-Integrated Submodules -- Data obtained in Tasks 2
and 3 with techniques in monolithic integration developed by Martin Marietta IR&D project
D-17R, Photovoltaic Technologies in 1991 will be assimilated to demonstrate monolithicaUy-
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 cm 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 O.APSS) 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-Mag TM . 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 cmx 20 cm ITO coated glass plates. The conditions of the bath

were 0.1 M Cd(CH3COO) 2, 1 M NH4OH and 0.2 M Thiourea. CdS film thickness was =500 A
as conf'u'med by a DekTak II A Surface Profile Measuring system (Fig. 5).

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

er, 20 cm x 20 cm area coatings I 1 /

appears even better than the small, R[ N2.5 cm x 5 cm glass slides and based 400-

on these results, there appears to be 200- ] $---k_- - "#a__l/

no fundamental limitation to scaling ._. i

up the coating process to even larger < sW 0 i

areas. We are currently in the pro- _

cess of measuring the optical unifor- _ -200- i "
mity of the CdS coating on _

ITO/glass substrates for the larger -400-.j "_._11 '
20 cm x 20 cm areas. Efforts to coat bm_oJll_m_,_ l;'j_

sputtered CIS films with CdS using -600- ! ',
the cadmium iodide system for _0 1000 2O00 3000
improved interfacial properties are

Figure 5 Distance(trm)
in progress. DekTak II Surface Profilometry of edS Film Deposited onto 8" x 8"

ITO-coated Glass.
C-Mag _ Target --- One of the
most important aspects to this pro- 100 ' ' ' ' ' ' ' ' ' I'
gram is the potential for cost reduc- 90 _ CdS Sample /, Lightlt_ident on Film

tion, both in terms of fabrication 80 i /'_
speed and efficient material utiliza- --" 70.
don. Presently, nonstandard targets e- 60"
for the C-Mag rM system are very .Q
expensive (>$9K for molybdenum _. 50 O/o

and indium) or difficult to obtain _ 40-
(high-purity Cu, Se, Cd, Te and 30

alloys of the above). Consequently, 20. /
two approaches are being pursued to 10 _ ITO/Glass

manufacture C-Mag _ targets at 01 , , , , , , , , , • ,
Martin Marietta for polycrystalline 100 200 300 400 500 600 700 800 900 1000 1100
thin-film PV, namely (1) electrode- Wavelength(nra)
position of Cd, Tc, and CdTe onto Figure6
AIRCO stainless steel sleeves, and Absorption Measurements of 500 ,t CdS Film Deposited onto 8" x 8"

ITO-coated Glass.
(2) target foil rolled onto the stain-
less steel sleeve. Using pulsed elec-

trodeposition technology developed at Martin Marietta, films of Cd, "re, 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-Mag ru technology, careful bonding
of target foils to the AIRCO cylinder would allow for easy elemental depositions, as well as cus-

135
=

_



tom-made alloy foils. Other techniques, such Electrodeposit

as plasma spraying are under investigation, i__ AIRCO
although cleanliness of target material is an Stainless
issue. Steel Sleeve

(Cathode)

Anode
SUMMARY

'i.:!°

A dual rotating cylindrical magnetron is being i_i'_
utilized to reduce the cost and increase the i_!_";_!.

:!:_.."..L._

throughput of CIS and CdTe photovoltaic _-_.
modules. Key issues with this project include ii_._!_::!._'..-_,_,,.

(1) C-Mag _ target cost, (2) uniformity of
films over large areas, (3) increase of deposi- Figure 7
don rate, (4) efficient material utilization, and Schemaacof C-Mag TargetsManufacturedby

(5) the abilitiy to perform cosputtering for Electrodeposition.

reduced processing cost and minimization of AIRCO _

hazardous waste. Stainless /: i_ )-_C°nductive
Steel /__J Epoxy

iiiiiiiiiiiiiiiiInternational Solar Electric Technologies, Inc.
(ISET) is a major subtier contractor in this effort.

Foil
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Title: High-Efficiency, Large-Area (3dTe Panels

Qrganiza i_t__: Photon Energy, Inc., E1 Paso, Texas

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

Introduction and Objectives

Photon Energy Inc. (PEI) has been involved with the development of CdS/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). In mid 1990, 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 objectives in Photovoltaics are covered through continuing advancement

in four(4) major areas:

* Modules efficiency
* Module size

* Module reliability
* Module cost

Specific Goals For The Present Subcontract

The specific objectives of this three year program are:

* To achieve active area efficiencies of greater than 1496 on small cells,

* To achieve aperture area efficiencies of greater than 13% on 1 ft2

modules,

* To achieve aperture area efficiencies of greater than 12.5% on 4 ft=

modules,

* To achieve greater than 20-year module life (based on life testing

extrapolations) with no greater than 10% efficiency degradation.

Experimental

In order to meet the goals and milestones within this project at least five(5)
basic tasks have been specified. They include:

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

* Improved CdS window layers using various methods of deposition, including

deposition from solution,

* The tin oxide window layer-electrode resistivity and uniformity,

* Improved electroding techniques,

* Reduction of optical losses due to module division.



TASK II_: Absorber Material (Internal device optimization)

* The deposition, characterization and evaluation of CdTe alloys,

* The characterization, evaluation, and improvement of morphology effects
of the CdTe,

TASK II!'. Optimization of Device Structure

* Electronic characterization and modeling of the device,

* The development of improv,__ddevice structures where appicable.

TASK IV: Encapsulation

* Anallpsis and optimization of present methods,

* }ler,atic sealing techniques,

* Isolation and concentration on l,_ng term corrosion issues.

T;LgK V: Process Optimization

* The diffusions and reaction kinetics involved during the process,

* Exploration and improven_e.nt of .heat transfer issues.
t

TASK VI: _nployee Safety Evaluation and Improvement

* Evaluation and improven_nt (where necessary) of monitoring program for Cd

in the ,-.'orkpl_ce,

* E_raluation and improveme_nt (where necessary) of policies and practices

affecting worker safety in the workplace,

Results ,_ Projections

Following are a review of the most important achievements during the first

phase of this subcontract...

Small Device Efficiency

A device with an area of 0.302 cm= w-as delivered to SERI and was me£_']red on

Hay 3, 1991 with 12.7% efficiency. The open circuit voltage was measured as
799 mY and the snort circuit current density _s measured as 26.21 mA/cre= for

this device. A current on another device n_.asured by SERI in the same_ time

fra,_ measured 26.23 m;Vcm =, and thi_ current is believed to be a record for

]_igh efficiency CdTe devices. These high currents (and the associated high

quant_n efficiencies at higher than CdS bandgap energies have become the norm
at PEI. 'Pl_efill factor was low at 60.5%. If the fill factor can be raised to

70%, the corj._esponding efficiency w;ll be "14.7%. Efforts in this direction
cor,tinue.

Dr. T.L.CI_u and his group at the University of South Florida are on a lower-

tier su_zontract under our subcontract through SERI. Part of his efforts under

this subcontract a_.e to help develop) solution gro_, CdS for use as our thin

CdS layer. One of the iterations resulted in devices which produced over
840mV. lt was measured at SERI as 342mV. This is, to date, t|le highest voltage
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device observed at PEI. Such t1:ends are expected to continue as t_,Is

development proceeds. Dr. C)lu Js able to achieve voltages that are typically

higher than the best results at PEI. Dr.T.L.C_,u has achieved ].4.6% efficiency
in recent weeks. Combining the high voltages and fill factors en his devices

with the high quantum efficiencies and short circuit currents on PEI devices
should result in 15-17% efficient devices in future developments.

1 ft= Module Efficiei1cy

PEI modules have proven to be difficult to measure accurately. For module

sizes larger than ~4" x 6", that due to their size canIlot be tested on the

continuous Xenon artificial sunlight source at NREL, there has been

considerable question regarding accurate measurement of PEI module output. The

pulse simulator typically utilized for large area module test ing does not

appear to be a satisfactory means of testing modules such as our's which have a

testing sensitivity related to the prior biasing condition of the module and

slow response times. However, it is believed that the methodology planned to

be implemented at NREL will be quite satisfactory. This methodology includes

maximum power point tracking to determine the maximum power point directly

avoiding any significant pre-bias effects.

Two I ft= m_ules were sent to NREL in September 1991. The following table

presents a comparison of the test results at NREL on 9/17/91 and at PEI

earlier. Aperture area on both panels is 825 cm =.

PEI NREL

AAB885B

P._. (un-normali zed ) 6.4W 6.80W

P,_ (normal ized ) 6.4W 6.54W

Vo= 21. IV 21. IV

I.= (normal ized ) 0.590A 0.601A
FF 52% 51.6%

Aperture Area Efficiency 7.8% 7.9%

AAC024B

P.._ (un-normalized) 6.87W 6.59W

Pm.. (normaliz_) 6.84W 6.30W

V_= 21.5V 21.3V

I.= (norm:_lized) 0.605A 0. 597A
FF 52% 49.5%

Aperture Area Efficiency 8.3% 7.6%

It is concluded that PEI has attaizled aperture area efficiencies on nwodules

between 7.6% and 8.3% on I ft"- modules. The active area efficiency (due to

non-optimized division losses) were -9.5-10%. Uniformity across the r_lules

and improvement of the fill factor (through improvement of the diode ideality

factor) should result in significant improvements in the reasonably near
fu_-ure.
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A 4 ft"- module was tested at NREL in early November. The uncorrected outdoor

value was 23.06 W. The corrected output (to 1000 watts/m = using a pyranometer

reading) was 21.3 W.

Reliability Testing

The life testing data from NREL forms a significant part in the determination

of the reliability objective under this program. In order to be able to

extrapolate life testing data accurately, one must start with very narrow

measurement error bars. As mentioned above, the difficulties associated with

the accurate measurement of large area CdS/CdTe modules has resulted in a

considerable amount of effort being expended at PEI and at NREL in order to

accomplish this error minimization goal.

There have been a number of sets of modules in various 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

initial degradation occurs and that CdTe, properly encapsulated, can be a

stable and reliable photovoltaic system.

A number of these early attempts were presented for life testing without

sufficient weatherproofing. The result has been that after several years the

encapsulation system on a number of these modules has failed. As the

encapsulation system and weatherproofing }]as advanced, these types of failures
have been reduced as well.

Due to a combination of sample variations and measurement error bars, the life

testing results have not been homogeneous. Some have failed dramatically (due

to insufficient encapsulation design); f_w have appeared to degrade slightly;

several have shown no signs of degradation.

The fact that several modules have shown no significant degradation indicates

that there is no inherent degradation problem associated with CdTe modules. As

further improvements to the encapsulat ion system and module measurement

technicg]es are made, reliable module lifetimes are expected to become more

homogeneous and are expected to show excellent reliability on both real time
and accelerated life tests.

Summary and Conclusions

The efficiency and stability objectives at PEI on CdS/CdTe modules are being
addressed. To s'am%arize:

* Efficiencies of 12.7% have been achieved on small area devices.

* One square foot module_ have achieved over 8% aperture area efficiency

(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 CdTe 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

I. S.P.Albright, R.R.Chan_>erlin, J.F.Jordan, "Cadmium Telluride Hf×]LJ]e
Developmez_t" [_rese_ted at PVAR&D meeting in Lakewood CO, October 1990# • •

(To be Published in Solar Cells).

.°
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Title: Development of a Computer Model
for Polycrystalline Thin-Film
CuInSe2 and CdTe Solar Cells

Organization: School of Electrical Engineering
Purdue University
West Lafayette, IN 47907

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

Objective

The purpose of this research program is to develop an accurate numerical model
for CuInSe2 (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
5eveloped 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 CuinSe2 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 results, 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 CuInSe2 Solar Cells
, II

window Voc Jsc FF Efficiency. Illumination

layer Volts rnA/cm 2 %

CdS 0.396 35 0.64 8.72 AM1
0.396 39 0.63 9.53* ELH
0.380 35 0.63 (10.01"*) stm 93.9

8.95 mW/cm2

0.3 34 0.44 6.9 ELH 60
mW/cm 2

.......

0.470 30.50 0.715 10.26"

(10.8"*)
0.42 35 - 40 0.66

bi- layer 0.370 35 0.64 8.5
0.395 38 0.67 10.1
0.397 36 0.53 7.7/9.9
0.44 34 9.9

single- 0.278 36 0.55 5.5
layer

0.44 35.6 0.62 9.7 100 mW/cm2
0.35 31.7 0.38 4.2 AM1.5

ii I

0.396 39 0.63 9.53 AM1
101.5 mW/cm2

I II

** active area efficiencies.
* total areaefficiencies.

All the others were unspecified.
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Title: Research on High Efficiency, Large Area

CuInSe2-Based Thin Film Modules

Orqanization: Siemens Solar Industries
Camarillo, California

Contributors_ Kim W. Mitchell, Project Director; C.
Eberspacher, J. Ermer, C. Fredric, R. Gay

Introduction

Siemens Solar Industries (SSI) began a 3-year, 3-phase cost shared

contract on May 1,1991 to demonstrate 12.5% aperture efficient,
larqe_ area (3900 cm _) encapsulated thin film CuInSe__ (CIS) modules. .
Prior to the contract, SSI demonstrated a 14.1% actlve-area
efficient, 3.4 cm 2 ZnO/thin CdS/CIS/Mo/glass cell and fabricated
monolithic integrated submodules with unencapsulated aperture
efficiencies of 11.2% on 940 cm 2 and 9.1% on 3900 cm 2 [i]. The best

encapsulated large area CIS module power output prior to the
contract was 33.7 W, 8.7% aperture efficiency (verified at NREL)
over a 3883 cm 2 aperture area [2].

The key contract milestones are:

Table I: CIS Module Performance Milestones

,,

Parameter Start 16 month 27 month 36 month
5/1/91 8/31/92 7/31/93 4/30/94

I_ (A) 2.43 2.57 2.71 2.78

Jsc (mA/cm2) 35.7 37.0 39.0 40.0

Vnt (V) 23.6 24.4 25.3 26.5

V._/cell (mY) 445 460 478 500

FF 0.59 0.62 0.65 0.66

P_ (W) 33.7 38.8 44.6 48.5

Eff (%) 8.7 i0.0 11.5 12.5

Approach

The module design, illustrated in Fig. i, consists of 53 series-
connected ZnO/CdS/CIS/Mo/glass cells fabricated on a 4141 cm 2
(128.6 x 32.2 cm) glass substrate with a nominal aperture area of
3895 cm 2 (127.3 x 30.6 cm). 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 cells and
interconnects. V_ maps provide information on the junction
quality. Resistance losses due to individual interconnects or ZnO
sheet resistance can be determined by mapping the cell voltage

drops at a fixed 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 adhesion testing. The preliminary results of this studies are
described in the next section.

Results

During FY 1991 (5/1/91 - 9/30/91), a new world record of 37.7W and
9.7% aperture efficiency for a 3883 cm 2 (126.9 x 30.6 cm)
encapsulated CIS module was demonstrated and verified at NREL. The
corresponding photovoltaic parameters are 2.44 AIsc (36.5 mA/cm 2

Jsc), 24.0 V Vo_ (453 mV cell Voc) , and 0.644 fill factor. Excellent
measurement agreement was verified between SSI and NREL.

The Voc maps for a 39W (10.0% efficient) and a 32W (8.2% efficient)
module are compared in Fig. 2. The voltage is very uniform for the
higher power module. In contrast, the cell voltages for the lower
power module are both suppressed overall and non-uniform. OBIC
studies indicate that the reduced Voc cells have localized areas of
low response. One source of low response identified 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 0.53 module FF
(Fig. 3a) results from the poor FF of individual module slices (see
Fig. 3b). Comparison of the Voc and forward bias maps in Fig. 3c
show the junctions are fairly uniform but some cells have high
voltage drops associated with poor quality interconnects [3].
Research is focusing on improved materials and processing quality.
Two papers have been presented resulting from this contract [3,4].
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Fig. I. Basic design of 0.4 m 2 CIS module. The details of

the integrated interconnect are shown in the inset.
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Fig. 2. Voltage maps comparing higher and lower power CIS
modules.
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Title: Fabrication of Stable Large Area Thin Film Cadmium Telluride
Photovoltaic Modules

Organization: Solar Cells, Inc., Toledo, Ohio

Contributors: 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 lcm z solar cells, 12% efficient 8cre 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 small area solar cells and that CSS deposition rates
are in excess of 4prn per minute - a rate which is _ery 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 ali 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 10cm x 10cm and of 60cm x 120cre films. The smaller
system, consisting of four deposition zones within a single chamber, has been completed. A
SnOz:F coated glass substrate on a carder can be placed into separate zones for preheating, for
CdS deposition, for CdTe deposition, and for ZnTe deposition. Thin films of ali three materials
have been produced as well as a few cells. The most efficient cell had an efficiency of 8% over
0.25 cm z. SCI has also produced a few submodules using a combination of laser and mechanical
scribing to define 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 CuInSe 2
Materials

Orzanization: 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. Cart and S. Skibo

Task 1: Windows, Contacts, Substrates

The window layer under development consists of two thin films, cadmium sulphide (CdS) and
zinc oxide (ZnO). The CdS thin film is deposited by chemical solution growth from a mixture

of CdC12, NH4C1, NaOH and Thiourea. At low temperature (< 90°C), the self-limiting reaction
deposits approximately 1200A thick CdS film on glass substrates. The films are stoichiometric

and h_hly uniform over 3" x 3" substrates. The dark conductivity is high, ha the range of 108
to 10:' f_-cm. Films with thicknesses varying from 500A to 1 _tn have been deposited, the
thicker films being deposited by successive depositions. The transmission of light for wave-
lengths below the CdS cut-off (-500 nm) occurs for film thicka_esses less than approximately
4000A. Figure 1 shows the effect of CdS film 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.
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Figure 1. Optical transmission of CxiS films as a function of film thickness.

150



A process has been developed to deposit ZnO films 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 f2/U) are interdependent. The transmission of ZnO films, 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 carded out at temperatures > 180°C. For f'flm thickness of about 1.5 i.tm, the optical trans-
mission at 1200 nm increases from approximately 65% to 95% as the dopant flow is decreased
from 50 sccm to 0 sccm. The corresponding change in sheet resistance of the film decreases
from 7 _ to 50 f_tt3. An optimum performance was achieved using films prepared with a
dopant flow of about 10 sccm which led to films with transmission at 1200 nm of 90% and sheet
resistance of 9 _. Further reduction in film thickness from 1.5 I.tm to 0.8 I.tm led to an
increase in transmission to about 95% with a decrease in sheet resistance to 12 f_]. The short

circuit current of a CIS device was increased by 5 mA/cre 2 by changing in the window layer
thickness from CdS = 1200/_ and ZnO = 1.5 lain to CdS = 500/_ and ZnO = 0.8 _n. This is
shown in Figure 2.

Figure 2. Effect of window layer on quanram 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, l-2 gm thick films exhibit good adhesion and
sheet resistance of about 30 - 50 la.Q/El. The front contact consists of a bi-layer of aluminum and
nickel, both evaporated by e-beam through a metal mask. Coming 7059 glass arid 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 axe 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 reTort and at deposition rates
between 3 - 4A/see. 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 f'tlm (#$166-1-2).
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Table I

Composition of Some Sputtered CIS Films

Sample # % Cu % In % Se

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

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

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

$156-1 26.3 22.1 51.6
$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-mn 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%. Thi's hybrid arrangement
of sputtered Cu and In and evaporated Se has successfully solved the problem of target cross-
contamination. Good CIS f'flm composition has been achieved with this process but the surface
morphology of the filrns 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 / ZnO / thin CdS / CIS / Mo / Glass
(ii) Light = > Ni-Al grid / ITO / thick CdS / CIS / Mo / Glass

The d_vice structure (i) has been employed with ali layers deposited at Selarex 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: Voc = 0.343 V, Jsc = 31.9 mA/cm 2 and FF = 0.562. The best device
fabricated on hybrid CIS f'flms had a conversion efficiency also of 6.2% but with the following

device parameters: Voc = 0.373 V, Jsc = 35.5 mA/cm 2 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 NA 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 _Seld FC = 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, rl(X), will be voltage
dependent, and there will be a loss in f'fll-factor due to this cause.

Calculated results show the interplay of NA and L, rl(X), and the loss in fill factor A FF
as:

A FF = (J%(O)-JL (O)) Vmp/Voc

The value of V..._ can be obtained by assuming an expression for the dark diode current
111t./

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 rl(X) due to the size of the
grains, assuming a large value for the grain boundary recombination velocity. The
calculated rl(X) as a function of the radius of the grains has been carried out by simply
multiplying the results of 1) by a function of rl(R,X,d) where d is the thickness of the
absorbing region (either the space-charge region, or the neutral region, since rl 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 films 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 f'tlms.
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___ Alternative Fabrication Techniques for High-efficiency
CuInSe2 and CuInSe2-alloy Films and Cells

Qrg_ization: University of Illinois

Con_butors: 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 CuInSe2 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 CulnSe2. 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 CulnSe2 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 ceU.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. 3 The experiments underway focus development of a reasonably high efficiency
CulnSe2/CdS heterojunction solar cell, and on understanding the fundamental properties of
CulnSe2.4, 5 The materials characterization involves CulnSe2 single crystal and polycrystalline
thin f'rims deposited by the hybrid process by various chemical and structural analysis techniques.

Results for FY 91

Hybrid Process CuInSe2 for Devices

Heterojunction solar cells were fabricated by the Institute of Energy Conversion at the University
of Delaware (IEC) using several of the deposited polycrystaUine CulnSe2 films. Test cells were

produced by evaporation of 1.7 ktm of Cd0.9Zn0.1S with a sheet resistance of 50 f2/'. This was
coated with 180 nm of sputtered ITO and finished with Ni buss bar contacts. The active areas
were 0.08 cm 2. Ali 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. AU 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, Jsc=33.9 mA, and a fill factor of

63.1% after normalization to 100 mW cm -2 flux. The current_oltage (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 CulnSe2 have been grown on GaAs. There were two
major reasons for doing this. First, to understand why some devices based on CulnSe2 work well
while others do not it is essential to understand the dynamics of CulnSe2 crystal growth. This is
best carried out on single crystals. In addition, CulnSe2 devices in conjunction with GaAs-based
cells have been considered as potential candidates in tandem structures. To produce a two-terminal
CulnSe2/G_,_As tandem device it would be desirable to grow CulnSe2 directly on Ga.As. 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 reference 6.

Single crystals of CulnSe2 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 CulnSe2 and the GaAs
substrate _ deposition began. The structure of pits on the (002)- and (112)-oriented CulnSe2
surfaces suggest that the low energy CulnSe2 faces are (112)-type and that a strong preference for
either the metal-terminated or Se-terminated facet exists. A scanning electron rnicrograph 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.

lt is evident that CulnSe2 can affect the GaAs substrate based on fracture cross sections. These
show pyramidal pits in the GaAs near the interface although the lower CulnSe2 surface is flat!
This can only occur if the GaAs surface on which the CulnSe2 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
CulnSe2 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 results 4 shows continued progress
toward matching devices based on evaporated CulnSe2. Microanalysis results show no significant
differences between hybrid-process CulnSe2 and evaporated material suggesting that continued
progress may be expected. However, devices based on single crystal epitaxial CulnSe2 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 SER/for development of high-performance
photovoltaic devices based on CulnSe2 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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Figure 1. Light and dark current/voltage curves recorded at IEC for the best solar cell produced
from CulnSe2 deposited by the hybrid process. 6

Figure 2. A SEM micrograph of the surface of an In-rich (002)-oriented CuInSe2 single crystal
grown on GaAs (001). Pits in the surface of this film resulted from the GaAs surface

preparation 6 and consist of (112) facets. No pits occur when surfac e preparation is optimal.
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Figure 3. A SIMS profile (lower section) of a (112)-oriented slightly In-rich CuInSe2 film
deposited on Ga.As (111). 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
Ga.As where their concentration is significant.
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_: Thin Film Cadmium Telluride, Zinc Telluride,
and Mercury Zinc Telluride Solar Cells

Organization: University of South Florida, Tampa, Florida

Contributors: T.I... Chu and S. S. Chu, Principal Investigators;
J. Britt, G. Chcn, C. Fcrekides, N. Schultz, C. H.
Wang, and C. Q. Wu.

The major objective of this program is to investigate the preparation, characterization, and
optimiT_fioa of thin-film solar cells of II-VI compounds and alloys with emphasis on
cadmium telluride (CdTe), cadmium zinc telluride (CdrZnl.xTe), and mercury zinc telluride
(Hg__,nl._Te). Thin film CdTe solar cells are of the homojunctioa and heterojunction
configurations in order to demonstrate a quantum efficiency of 75% at 0.44 pm and a photo-
voltaic conversion efficiency of 11.5% or greater. Thin film Cdl.xZ_Te and Hgl.rZnxTe 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 transpaa'eney 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 metalorganie 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 Cdl.xZ%Te and Hgl.xZnxTe 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 (Cdl._.,r_S), and zinc selenide
(ZnSe) have been deposited and characterized. CdS films were deposited on glass and
SnOz:F/glass substrates from an ammonical solution of a cadmium salt, an ammonium salt,
and thiourea at 70"-90"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 10s-IIYi ohm-cre
in the dark and is 50-300 ohm-cre under illumination wt,.h ELI-I lamps at 100 mW/cre 2. 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.

Cd_._.ahS films have been deposited by MOCVD using dimethylcadmium (DMCd),
diethylzinc (DEZn), and propylmercaptan (C3HsS) in a hydrogen atmosphere with
trimethylaluminum (TMA1) as a dopant. The composition of Cdl._.ahS films has been
controlled by optindzing the DMCd/DEZn and (DMCd + DEZn)/C_HsS molar ratios in

_ t_herea_zt.ion_mixture. The cry.stallographic, optical, and electrical properties of Cdl._ZnxS
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films with Eg < 3 eV have been investigated. The incorporation of A1 into Cdl._Zn_S films
becomes difficult at bandgap energies higher than about 2.8 eV (Fig. 1). Thin film II-VI
heterojunctions have been prepared by the in-sir_ deposition of Al-doped Cclo.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 C3F6
or TMAI as a dopant; the resistivity of F-doped ZuO films were found to increase more
than one thousand folds after heating at 600"C, while that of Ai-doped ZnO films showed
essentially no change after heating.

ZnSe with a bandgap energy of 2.67 eV is a potentially useful T2S for thin film II-VI
heterojunction solar cells. Polycrystalline ZnSe films have been deposited on glass and
ZnO:F/glass substrates at 400"-500"C by MOCVD using DEZn and DESe in a H2
atmosphere. Films deposited under a wide range of conditions all have high resistivity,
about 105 ohm-eta, and negative photoconductivity. The resistivity can be reduced and
photoconductivity significantly improved by the incorporation of a group VI (C1 or Br) or
a group III (AI) dopant. The use of TMAI as a dopant is considerably more effective than
that of C1 or Br compounds. The resistivity of Al-doped ZnSe films depends strongly on the
DESe/DEZn and TMAI/DEZn molar ratios in the reaction mixture (Fig. 2).
Photoconductivity ratios as high as 104 have been observed in Al-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 (Tc
vacancies) or p-type (Cd vacancies), depending on the composition of the reaction mixture.
Extrinsic CdTe films have been deposited by using group III 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-can and a carrier concentration of about 2 x
1017 cl:n'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/SnOa: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 CdC12treated CdS/CdTe junctions are typically 1.5 x 10"1°A/crn 2
and 1.7, respectively. Solar cells of larger that, 1 em2 area show near 10% efficiency under
AM 1.5 conditions (Fig. 5).

The effect of the CdCi 2 treatment has been investigated using photoluminescence
measurements by illuminating the CdTe surface and the glass surface of the
CdTe/CdS/SnO_:F/glass structure with the 484 nm radiation from an argon ion laser (Fig.
6). When the CdTe surface is illuminated, essentially ali laser radiation is absorbed by
CdTe. The CdS/CdTe interface region contributes to the PL specman 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 CdC12 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 SnO2:F/glass substrates. The as-deposited structures
have been found to have a high saturation current density, about 4 x l0 s A/cre 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 CdCI 2treatment 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 opted for
the deposition of dense films at a rate of about 1 #m/mim Thin film cells were prepared
by the deposition of 4-5 /_m of CdTe onto CdS/SnO2:F/glass substrates at 600"C.
Heterojunctions prepared from CSS CdTe films show considerably better characteristics than
those from MOCVD CdTe films due mainly to the better microstructure of CSS CdTe films.
Typical saturation current density and diode quality factor deduced from the dark
characteristics are 6 x 10"11A/cm z 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 obse_ ;cd in samples prepared under various conditions and post-deposition
treatment (Fig. 8). These states have ali been observed in single crystalline CdTe, although
their nature has not bee), identified. The density of these states in CdTe films is relatively
low, on the order of 1013 cm "3.

Cdl.xZn_Te Films and Junctions

Thin films of Cdl.rZn_T_ 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.TZn0_S
(Eg- 2.8 eV), Cd0.77_mo.3Te(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 Cd0.TZn0_Te. By using a thin Cd0.TZno3Telayer (0.1-0.2/_m) in combination with a 2-3
/_m CdTe layer as the absorber, the photovoltaic characteristics are greatly improved. A
conversion efficiency of about 7-5% has been measured.
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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 t0cus 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 awar_:led a separate contract with them in the spring of 1991. Thus, this University
of Toledo contxact 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 s.tructures. The
process included 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
report 1 and in ref.2. Important features axe that the deposition is driven by an XeCI laser pulse
(-15 nsec, 308 nra, -3 J/cm 2) 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 1/4 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 (3S 1) which lies 6.38 eV above the ground state of the Cd atom 3. 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 fon'n 3

f(v) = (8/3_-)(m/2kT) 5/2 v4 exp(-mv2/2k_.

[The v 4 prefactor arises from a uniformly spatially diverging expansion (1/r 2) 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 eV
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/cm 2 and rises



approximately linearly with laser power until -3 J/cre 2 beyond which the material loss
saturates. The light intensity monitored at 480 nm rises rapidly with laser power above -2
J/cre 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/cre 2. Above 3 J/cre2
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 mec,.anisms 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 - 102 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 Coming 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 F'dm 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 CdC12using 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 CdC12to apply the film in the
same vacuum chamber used for the CdS, CdTe and ZnTe film growth. This h._sproved to be
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 multicompo:aent f'tlms 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 CdxZnl.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 thickness) 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 (Coming 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 order_ 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 films 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 gm scale but
shows some roughness on a scale of 0.1 gm. After annealing at 400 °C for 30 minutes in air,
the films develop well defined grains with sizes of - 1 gm.

The I-V characteristic of a recently prepared solar cell is shown in Fig. 7. The cell structure
was soda-lime glass/SnO2/CdS/CdTe/Cu/Au. The CdS and CdTe had thicknesses of -0.3 #m
and 1.0 #m respectively, grown by LDPVD. A -0.2 gm thick layer of LDPVD CdC12 covered
the CdTe. The structure was then annealing at 400 °C for 30 minutes prior to evaporation of
Cu/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 ali 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.

References

*Present address: Physics Department, Bilkent U., Ankara, Turkey
1. A. Compaan, et. al., Annual Report, Photovoltaic Program, FY 1990. (March 1991).

SERI/TP-211-3643. Available NTIS: Order NO. DE 90000318.

2. A. Compaan, A. Bhat, C. Tabory, S. Liu, M. Nguyen, A. Aydinli, L-H. Tsien, and
R.G. Bohn, Solar Cells 30, 79 (1991).

3. A. Bhat, Ph.D. Dissertation, U. of Toledo (1991), unpublished.
4. A. Aydinli, A. Compaan, G. Contreras-Puente, and A. Mason, Sol. State Commun. 80,

465 (1991).
5. A. Compaan, A. Bhat, C. Tabory, S. Liu, Y. Li, M.E. Savage, M. Shao, L. Tsien, and

i R.G. Bohn, Proc. 22nd IEEE Photovoltaic Specialists Conference, Las Vegas, Oct. 7-11,
1991 (to be published).

170



5"

4

1

l 1 1 I _ l ! --l I4_o _ 4bo _ s_o _ o
WAVELENGTH (nra)

Fig. 1: Spectrum of optical emission from an excimer- Fig. 2: Tune resolved intenxity measurement of the
laser-irradiated CdS target. The three peaks at )_--- X=4800 _ emission; (a) laser pulse, (b) 4 mm above

4680, 4800, and 5080 Allhave been identified as ar_ing the laser-target interaction region, (c) 7 mm above.
from transitions in neutral cadmium. Horizontal axis: 500 nsec/div.

_ 1.5 •
3_-oc,, _ (8)Tmv_eirn,t_loss_,,,lse •

_.o.
',( •
• 4,

0.5. •

@ 4

z _. wk
0 m . 4.

21:-0(

W

i-, ,t

(¢)K_.'xet,c

_20,ul

v •
10,

! m" ' ! ! ! ! m ..... _ 1

:_.c,: _ ,. , , , , , , , ,,, . . "_ 0 10 20 3"0 4C, $_
(. ,( _,C. ¢,_ ¢.L =.¢. Z, .(

v_:.,oclT_' c,_=,,,,--_'J PULSE ENERGY (m3)

Fig. 3: Distribution of the vertical components of the Fig. 4: Dependence on laser puise energy of(a) target

velocities of neutral cadmium atoms. Solid curve ix mass loss, (b) peak emission intensity at 480 rim, and

fit as described in the text. (c) Cd atom kinetic energy. Laser spot size on the tar-

get was -- ] sq. mm.

171



Fig.6: SEM micrograplurofK.DPVD CdTefiln_grownon Coming 7059gla_ showingtheeffectsoftheCdQ 2layer
and annealing.Left:0.3pm as-grownfilm;right:0.6lu_annealedfilm.
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4.0 CRYSTALLINE SILICON 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 primanl'y 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
particular, 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
arc: (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-efficiency 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

Organization: School of Engineering, Duke University, Durham, North Carolinav

Contributors: U.M. Goesele, principal investigator, W. J. Taylor, and W.-S. Yang

Introduction

The objective of this work is to increase the understanding of the role of p.oint defects during
precipitation processes in solar-grade polycrystaUine 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.[1] (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 absorption/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 l_roperties.

Determination of the Primary Point Defect in SiO2 Precipitation [3,4]

As interstitial oxygen atoms leave their sites to precipitate as SiO2, there is roughly a 100%
increase in volume This volume increase (strain) must be relieved if precipitation is to continue, so
we con-sider strain relief via absorption of vacancies or emission of self-interstitials. Sit,ce the rate
of SiO2 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 = 4nrDceq (C(**) C (r)) ,
C_ c_q

where J 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(**) 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 I_ Dv_vq, and 1_ qare known, COx(**) can be measured by FTIR,
and CV(*',) and CI(**) can be assumed to be near thermal equilibrium. Furthermore, the
relationships

Cox(r)_( _-vq fiexp(aD.sio2 / or for self-interstitials, C°x(r)-(__exp(a_si°2/Cv(r) •rkaT / ' _oq _rkaT /
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hold, since precipitation is not reaction-limited. Thus, for the vacancy example, a flux balance

J-Dox  rco -) ( p(°_sio2/q=Dv(_ q Cv(**) Cv(r)]
2 _ _ Cv(r) x rkBT/J eva " CCvqj "

can be solved, resulting in CV(r) as a function of temperature. Since vacancies and oxygen interact
at the precipitate surface, this Cv(r) affects the oxygen flux. The result is an oxygen flux
significantly less than that observed experimentally. Experimental data closely matches a model in
which point defect interaction is ignored. We make a ratio

Q=OX Flux Includin_ Pt. Def. Interaction_ Ox Flux lncludin_ 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 1 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.

Determination of Self-Interstitial Diffusivity

Si,nee the self-interstitials play such an important role in precipitation processes, knowledge of their
diffusivity (DI) is vital. This will affect how quickly self-interstitial supersaturations can flow
to/from the sinks/sources. Unfortunately, DI is a poorly known quantity at temperatures of 900oc
and below, where many cell manufacturing processes occur. Therefore we investigated DI 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, 5x1014 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 30 minutes at 800°C.
High concentration (I021cm -3) phosphorus spin-on glass was diffused from the back side at
800oc. 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 150t.tm, 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=x2/t
we obtain DI800oc > 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 DI and the capability of dislocation densities
to keep self-interstitial concentrations near thermal equilibrium (they act as sinks). For high DI,
even relatively low dislocation densities are theoretically capable of this. Phosphorus diffusion
experiments in dislocated polysilicon corroborate these predictions.

Computer Modei 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 ali 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<lxl016 cm -3, High=3xl017 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, indicate that the
carbon is co-precipitating with the oxygen in C-O complexes. This behavior can be understood by
noting that carbon is much 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-O 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>2xl0-7cm2s-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-O complexes. Although oxygen precipitation decreases carrier lifetime, it
appears that C-O co-precipitation (which occurs in samt_les containing large amounts of carbon)
has a smaller effect.upon the lifetime than O precipitatingalone as SIO'2.
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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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Title: Impurity and Defect Characterization in Silicon
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Objective

The objectiveof this program isto understandthe role of impuritiesand defects in polycrystalline
siliconand providesiliconsolar cells to NREL for opticallyprocessed metallization.

Effect of Hydrogen Passivation of Crystal Defects

The effects of hydrogen diffusion and the passivationof crystal defects and impuritieswere
studiedon singleand polycrystallinesiliconobtained from severaldifferentvendors, ltwas found
that enhanced diffusionof hydrogen can occur in some of these materials, both in the bulk and
along the grain boundaries, with an effectivediffusivityof 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 recombinationcharacteristics,and
propose that these defects pose the ultimate limiton the degree of improvement manifested by
a cell. The observed behaviorof hydrogenplays an important role for defect passivationin solar
cells and can be explainedon the basis of point defect interactionswith hydrogen.

FTIR/etching 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) revealedthat the surface region (damaged by ion implantation)had several
types of defects, dislocations and hydrogen entrapment, stacking faults and platelets. The
structureof these plateletswas examinedand determined (1). Hydrogen was found to segregate
at dislocationsfor hydrogen concentrationsgreater than 101Scm3.

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 illuminationlevel on diffusionlength and efficiencyof polysiliconcells, ltwas found that
diffusionlength is not uniform under illuminationfor those polysiliconmaterials in which grain
boundaries dominate the recombination. The grain boundary barrier height decreases and
diffusionlengthincreasesas we approachthe illuminatedsurface (4). The relativeimprovement
in diffusion length and efficiency increaseswith the concentrationlevel. The illuminationlevel
enhanced diffusionlengthboosts the normal increase in efficiencyunderconcentrated sunlight.
lt is shownthat ina large grain (1mm) p01ysilicon,an increased illuminationlevel of 50 suns can
eliminate the undesirableeffects of a grain boundary state density inthe range of 1011-10_2cm2.
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 polysiliconcells, lt was found
that the efficiencyof a 30 I_m grain size polysiliconcells,with Nts=5xl01_cm"2,can increasefrom
3.9% at one sun to 11.5% at 50 suns, Figure 1. Reducing the cell thickness to 401_m"from
1001_m,without any lighttrapping, raises this length. The illumination level induced diffusion
length enhancement effect is more pronounced in polysiliconmaterialswith smaller grain size
and higher Nts, Figure 2. Hence, the illuminationenhanced diffusionlength in polysiliconcan
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reduce the efficiency gap between the cells made on: a) good and bad polysilicon; b)
polysiliconwith passivated and non-passivatedgrain boundaries; c) polysiliconwith different
grain size, and d) polysiliconand single crystalsilicon.

Fabrication of Polycrystalline Silicon Solar Cells

Several solar cell runswere made on differentmaterialswith Phosphorus diffusionon the front
and AI diffusionon the back after process optimizationof each step. The cell configurationfor
the latest process sequence is shown in Figure 3. The corresponding process sequence
summarized below:

1) Wafer Clean
2) Phos. Diffusion
3) Etch Back
4) AI Evaporationon the back side
5) AI Diffusionand Oxidation
6) Uft-Off
7) Annealing
8) Ag Plating
9) Mesa Etch
10) AR Coating

Table 1 shows the data for the polycrystallinecells fabricated on Osaka Titanium poly, Solarex
poly, and Wacker cast poly.

Notice that cell efficienciesof the order of 15% were achieved with best results on Osaka
Titanium. Figure 4 shows the I-V curve taken at NREL for a 14.9% efficient cell fabricated on
Osaka Titanium.

Some single crystal cells were also fabricatedfor NREL for optically processed metallization.
Half of the wafer had conventionalTJ-Pal-Agmetallizationwhile the other half was kept bare for
aluminum metallization by optical processing,Table 2. We are able to fabricate 18.3% efficient
cells on F"Zsilicon.
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Table I One Sun PolycrystallineCells
h.

i roll i'l ii i i i

Cell lD p(Q.cm) ! J= Voc FF EFF

I

OSAKA
ii "

GT060512° 1.05 33.9 0.616 0.739 15.4
ii

GT060511 1.05 33.8 0.614 0.691 14.4

SOLAREX
,,,

GT06(O31*" 1.00 32.1 0.602 0.752 14.5

GT060523 1.00 32.1 0.599 0.739 14.2

WACKER
i

GT060524"" 1.23 30.6 0.598 0.764 14.0
i

GT060532 1.23 30.3 0.593 0.766 13.8
........ up

Table il One sun FZ solar cell parameters tested at NREL

i]1 i i i i i T II I ,,

Cell lD J=: Voc FF EFF%

0P-1-1 37.01 0.650 0.763 18.3
i H i ii

OP-1-2 36.56 0.649 0.764 18.1
i i

OP-1-3 36.13 0.645 0.752 17.5
.... I Ili ,.,, ,.
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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 recombinationcenters, therebyreducingthe minoritycarrier lifetime which generally
degrades device efficiency. A central question underinvestigation is whether extended defects are
necessarily lifetime killers or whether they may in some circumstances be electricallyinactive. For
example, it is known that structural defects getterimpuritiesandthat these impurities arcgenerally
effective recombinationcenters because they introducedeep level electron states within the the Si
band gap. For this reason it is reasonableto believe that in many practical situations the electrical
activity of extended, structuraldefects arc the result of process induced gettering of impurities at
structuraldefects and arc not entirely intrinsiccharacteristics of the structuraldefects themselves.
To evaluate this hypothesis we have sought to study the electrical activity of clean (as-grown) and
impurity decorated structural defects. The gvttcri.'ngof impurities and subsequent effects on
electrical activity has been observed using scanning electron microscopy in the electron beam
induced currentmode,SEM/EBIC, transmission electron microscopy, TEM, and other analytical
techniques. The minority carrierlifetime dependence on process induced decoration of structural
defects has been studied using the LIFETECH-88, laser-microwave system which is a particularly
attractivetechnique because it is a high-throughput,non-destructivedevice capableof mappingthe
minority carrierlifetime over entirewafers. Two majoradvancements 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 gm thick and the Si(2%Ge) alloy layer has a thickness of 2}.tm.
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 discemable 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. lb,. 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 1200°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.lc and reveals that: 1) EBIC contrast occurs as dark isolated spots, and 2)
dislocation lines are not visible between the spots. Fig. ld 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.le. At such higher diffusion temperatures the dislocations
appear as continuous dark lines indicating that they are active recombination centers along their
total length. Fig If 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 SEM/EBIC 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 ).heEBIC contrast.

As mentioned above, we are also developing a laser / microwave lifetime measurement
method using the LLFET/ECH-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 _ 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 Xeffdepends both on surface and bulk components according to the relation:

1/Xeff= 1/'l:surface + %bulk etI. [1]
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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 dam 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 cr,.'ated 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 side with Au and Ni, with
dose Cs = 1012/cre 2 at energy E = 100keV. A third reference wafer was not implanted. Following
implantation a cross-grid :_etwork of misfit dislocations over the entire wafer was observed
nondestructively with large-area XRT topography. Following the implantation process, a cross-
grid network of misfit dislocations over the entire wafer was observed nondestructively with
large-area XRT topography. A map of the corresponding recombination lifetime was also
measured. Tl_en, 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 sm'face 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
wi'..htemperature within low RTP, 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 de_eases 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 flaat, 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-eta) with
different oxygen and carbon concentrations. The concentrations of interstitial oxygen ([Oi]) and
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substitutional carbon ([Cs]) were measured with FT-IR according to the ASTM procedures. The
initial oxygen concentration ([Oi]o) was controlled to be in three levels, i.e., L(low), M(middle),

and H(high), ranging 13.3~16.4x1017 cre-3, while the initial carbon concentration ([Cs]o) was in

two levels, i.e., L(low" <1x1015 cm -3) and H(high: ~1x1016 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 heteroepitaxiaI structure showing no contrast from
burried interfacial misfit dislocations, b Nomarski optical micrograph of the same area. e
SEM/EBIC image of Ni and d Au decorated misfit dislocations. (RTA at 1000°C for 30 seconds)
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$.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 fiat-
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 ITI-V
semiconductors. Thus, the High Efficiency Concepts task has become synonymous with HI-V
compound semiconductor research.

NREL's program of research in High-Efficiency Concepts has approached the terrestrial
photovoltaic goals from the direction 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 community 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/cm 2. 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 fulfilfing the theoretical premise 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. Mach of
this reduction can be achieved through use of larger wafers and higher through-put deposition
systems. Research supported by this program benefits furore 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, s_mplif'les 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 f'flms. Two technologies have already reached performance
levels consistent with the efficiency goals. One approach, which produces thin-crystalline-f_aas
separated from a reusable substrate in a process called CI.EFF, has reached efficiencies of 22.4%.
Thin films of GaAs grown on silicon substrates are rapidly closing in on the 20% efficiency
target; their efficiency has improved from 11% to 19.9% in the last two year_.
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Title: A New Source of Hydrides for Epitaxial Growth

Organization: Boeing Defense & Space Group, Seattle, WA

Contributors" B.J. Stanbery, program manager and principal investigator

Objectives

The primary objective of this research effort is to evaluate the viability of in situ generatien 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 the low-temperature growth of single-crystal
heteroepitaxial CulnSe 2and ZnSe.

Approach

To achieve these goais 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 CuInSe 2and 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. Ali other ECR
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 ali of the

escaping reactant flux is directed toward the substrate. The source design utilizes a TE_I1 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-PAEtechnique for the epitaxial growth of high quality semiconductor epilayers has several
advantages when compared with the use of conventional RFplasmas 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 CuInSe 2 heteroepitaxy
on both (111)- 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 prepared for the ECR-PAE of ZnSe and MBEgrowth of ZnTe
onto hydrogen plasma-cleaned GaAs wafers. This will enable fabrication of the CulnSe2/ZnTe/
ZnSe/GaAs heteroepitaxial structure which we have proposed for the acheivement of a high-
efficiency single-crystal CulnSe2-based photovoltaics suitable for incorporation into a cascade cell
structure.

Results and Discussion

Our novel ECRplasma 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 CulnSe2 growth
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
fixmring for the second epitaxial growth system and procurement of its key components. We have
also procured relatively high quality (100)- and (1l l)-oriented single-crystM 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 CulnSe2incorporating 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 Ceneration for MOCVD Growth

Organization: Electrical Engineering Department, Colorado State
University, Fort Collins, Colorado

Contributors: G. J. Collins, principal investigator; B. G.
Pihlstrom, L. R. Thompson, T. Sheng, D. Shaw, and
A. Simone

The objective of this program is to develop the capability .to generate in-

situ arsine and hydride radicals from lower toxicity solid precursor sources
of arsenic. These techniques are then applied to the deposition of arsenic

containing semiconductors. The emphasis is on the toxiclt_ reduction of the
starting material as well as the reduced deposition temperature due to the

reactivity of the hydride radicals. These hydrogenated species are
generated with microwave excited hydrogen plasmas. To date, good quality
epitaxial GaAs films have been deposited and characterized, however, the low

V-III ratios utilized results in high carbon concentrations (1018 to low

1020 /cm3).

Microwave Plasma Source

The in-situ generation of arsenic hydrides is accomplished by reacting an

upstream microwave hydrogen plasma with solid arsenic located slighcly

downstream of the microwave cavity. The arsenic gasification region is
intentionally air cooled and measurements of the external temperature shows

no increase from room temperature during plasma gasification. The arsine
generator employs a 120 W/2.45 GHz microwave hydrogen plasma coupled to a

I0 mm diameter, 15 cm long quartz tube via an Evanson microwave cavity[l]

and is shown in Figure i. The hydrogen flow rate through the cavity ranges
from i0 to 50 sccm. The arsenic hydrides radicals are generated via surface

etching of solid arsenic that is placed approximately 3 cm downstream of the
hydrogen plasma. The volatile hydrides are then transported either to a

pressure controlled chamber wherein a capillary sampling tube is used for
mass spectroscopic diagnostic studies of arsenic hydride generation or to a

low pressure deposition reactor, thereby providing arsenic precursors for
GaAs homoepitaxy.

The mass spectrum of Figure 2 in the 73-83 AMU range is observed using an
Inficon Quadrex 200 mass spectrometer located 20 cm downstream from the

solid arsenic source° The spectrum stabilizes a few seconds after plasma

ignition and diminishes to zero immediately after plasma cessation. This

rapid on-off capability is advantageous for In-sltu arsenic hydride gener-
ation. The resulting mass spectrum are in good experimental agreement with

the dashed vertical line signature pattern for arslne[2]. The diarsine
parent peak at 154 AMU is not detected perhaps due to the capillary tube

sampling apparatus may have decomposed this fragile specie[3]. The effects
of arsine generator ambient pressure and applied discharge power on the

intensity of the arsine signal are shown in Figures 3(a) and (b), respec-

tively. The generation rate for the arsenic hydride is calibrated by
measuring the total mass of the solid arsenic and the generator apparatus

both before and after a one hour deposition via a mass balance accurate to

0.I mg. The weight difference corresponds to a delivery rate of 95 mg/hr
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for the operating conditions of 750 mTorr pressure, 40 Watts microwave

power, and 25 sccm of hyd_-_gen flowing through the apparatus. This rate
corresponds to generation of 0.5 sccm (21 micromoles/minute) of arsenic

hydride. This is used as a calibrated point for the deposition suudies
discussed herein and Figures 3(a) and (b) are both normalized to this point.
O.T

A _ 0.6
tO 0.8 DI8GHARGE POWER= 40 Wltt. '_O

o_ o.,
UJ

_0.4 0.3
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t. 0.1
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Figure 3. Arsenic hydride generation vs. (a) microwave power and

(b) ambient H2 pressure.

GaAs Film Grovrh St_es

Substrate samples are loaded into the deposition reactor without any

chemical degreasing or polishing, but the samples are heated to 420°C in the

reactor for i0 minutes prior to growth in the presence of the generated
arsenic hydrides. The reactor subs_.rate heater can rapidly change _he

deposition temperature at rates greater than 100°C/rain. This capability is

utilized co change the deposition temperature during grow.-n for the
deposition of layered structures, thereby maintaining identical reactor

conditions for films grown at varying substrate temperatures. During

growth, in addition to the 25 sccm of hydrogen flowing through the arsenic
hydride generator, other hydrogen flows into the reactor include 200 sccm

from the top of the reactor and 50 sccm through the TMGa bubbler as the
carrier gas.

Arsenic hydride generator parameters for film deposition studies include

40 Watts microwave plasma power and 25 sccm hydrogen flow at a total reactor
pressure of 750 retort. Thus the arsenic hydride mass flow rate inuo the

reactor is fixed at 0.5 sccm during the film deposition studies. The
reactor hydrogen flow is 200 sccm. The TMGa flow rate is delivered to :he

reactor with a controlled flow of hydro6en carrier gas through a typical
organometallic bubbler. Bach temperature is held ac -9.5"C and the total

pressure over the organometallic material is maintained at 450 Torr bv a

back pressure regulator. An additional carrier gas that does not ._ass
through the bubbler is used such that the total hydrogen flow through :he

TMGa introduction tube is approximately 50 sccm. The arsenic hydride is

introduced though a 10 mm diameter tube with 25 sccm carrier gas that is
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directed aC the GaAs substra_e. Thus uhe actual gas phase ratio over the

growth surface may be slightly higher than the absolute precursor V/III for
the GaAs homoepitaxy suudies.

Secondary ion mass spectroscopy (SIMS) depth profiling of _he sample

unambiguously delineates the film/substrate interface via an abrupt decrease
in the carbon level of the substra_e compared to _he film. SIMS depth

profile studies of layered structures follow the the change in _he carbon
levels in films deposited at various substra_e temperatures. A stylus

profilome_er is used _o measure the depth of the SIMS sputtered tracer and
the growth rate is calculated by dividing _he film _hlckness by the growth
duration of each layer. The deposited film _hickness varies with the
subscrace _emperature as shown in _he Arrhenius plot of Figure 4(a). The

growth race activation energy of 54 kcal/mole and 66 kcal/mole a_ a V/III
ratio of I/I and 1/4, respectively, is in _he range of the homogeneous

decomposition of THGa in the presence of a GaAs surface previously reported
as 59 kcal/mole[4], lt is not certain if this activation energy continues
to increase at lower V-III ratios or if this is _he race limiting mechanism

for the growth of GaAs. This high activation energy is in contrast _o
values of 16 to 20 kcal/mole measured by others for the deposition of GaAs

employing arsine and TMGa with V/III ratios of 9.3 to 36.9 [i]. It is noc
clear if the activation energy for _he deposition is a result of unsaturated

arsenic hydrides which may be created in _he microwave arsine generator or
if i= is due _o the low quanti_y of arsenic hydrides available at the

surface due _o the extremely low V/III ratios employed.

Figure 4(b) displays the carbon concentration in the deposited GaAs films as

de_ermined by SIMS analysis (Cs+ primary ion beam). Carbon concentrations

are plocued versus I/T for the same _wo V/III ratios (I/I and 1/4) as in

Fig. 4(a). The carbon axis is referenced wi_h respec_ _o _he arsenic signal

measured in uhe GaAs films and is calibrated uo a C12 implan_ s_andard in

GaAs.
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Figure _. GaAs film growth race (a) and carbon concen_ (b) vs. 1/T.
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Levels of 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, since close inspection of the
quartz tube after use reveals some damage where the plasma contacted it.

Conclusions and Future Work

An in-sltu arsenic hydride generator has been developed and successfully

utilized to deposit good quality GaAs films . The arsenic hydride generator
is advantageous because lower toxicity solid arsenic precursors are used

instead of highly toxic high pressure bottled arsine. In addition, the
source has the advantage of instant shut down capability in the event of a

system failure. Future work on the arsine hydride generator includes
investigation of methods to increase the amount of arsine hydrides produced

and decrease the amount of oxygen incorporated into the deposited films.
The use of other Group III precursors such as triethylgallium (TEGa) will be

investigated to lower the carbon level in the deposited GaAs films.
Finally, we plan on using the arsine generator to grow AIGaAs films and
GaAs/AIGaAs heterostructures.
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Title: High-Efficlency Thin-Film Solar Cells

Organization: Kopin Corporation
Taunton, Massachusetts

Contributors: R.P. Gale, principal investigator; J.C.C. Fan,

J.V. Gormley, R.W. McClelland, B.D. Dingle.

ObJectives

The objectives of this research program are to investigate _hin-film

GaAs/GaInP cells using the CLEFT technique and to determine the process to

enable overgrowth of GaAs films using organometallic chemistry.

GaInP Growth and Characterization

The growth and characterization of the ternary compound GaInP for thln-film

cells was investigated. Growth experlme'nts were carried out using

tertiarybutylphosphine (TBP) as the group 5 source. GaInP layers were grown

latticed matched to GaAs. Using double-crystal X-ray diffraction, peak
separations of less than i00 arc-sec were reproducibly achieved. This

corresponds to lattice mismatch (Aa/a) of 0.0005 or less. The layers had

good surface morphology and exhibited strong room- temperature
photoluminescence.

GaInP Cell Performance

Cells were fabricated and measured from GalnP/GaAs structures. Efficiencies

reached 14% on both GaInP-wlndow and GaInP-emltter structures, being limited

by cell current. Quantum efficiencies showed low response in the blue

spectrum, indicating that the GaInP window was not completely effective in

passivating the cell surface. Matching of the window lattice constant to

GaAs was varied intentionally to produce both compressive and tensile

windows, with no effects on cell performance observed. Work on the

GaInP/GaAs interface is ongoing.

. Organometallic Overgrowth

A second epi system was prepared for DEGaCI installation and overgrowth

experiments. GaAs growth using diethylgalllumchloride chemistry was

demonstrated with good morphologies and growth rates up to I0 um/hr. Tests

of growth on CLEFT masks showed little or no nucleation of polycrystalline

material on the mask, indicating initial suitability for the overgrowth

process. Overgrowth was observed, but at ratios marginally suited for CLEFT.

The OM overgrowth screening experiment indicated that a higher HCI/Ga ratio

was needed, but this could not be achieved using only the DEGaCI chemistry.

An external HCI cylinder and line were therefore set up; we could now inject

a mixture of 1% HCI in hydrogen alon E with the DEGaCI and TMGa. HCI/Ga

ratios as high as 5 could be achieved with this setup, which produced

overgrown films with satisfactory height-to-width ratios. Excellent" surfaces

were obtained, and the overgrowth mask was maintained clear of
polycrystalline nucleation.
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Titl___ee" New HI-V Cell Design Approaches for Very High Efficiency

Organization: School of Electrical Engineering, Purdue University
West Lafayette, Indiana 47907-1285

Contributors" 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 important 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 above 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 A1GaAs 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 m 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 maximize 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 component cell often
involves a compromise between optimum 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 A1GaAs films will be used to investigate various cell design options. A sound under-
standing of recombination losses in A1GaAs cells is a prerequisite for selecting an appropriate
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design, so basic work to quantify losses in A1GaAs 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 meudorganic 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 zolar cell design (see publications
1-4).

From the measured PL decay, we extract a decay constant, XDH, and construct a plot of I/XDH
vs. 2/w, where w is the thickness of the active layer., Conventional theory,

1 1 2S
- + _, (1)

'I;DH _bulk 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
ali samples and suggest that the bulk lifetime varies with w. We find that the nonlinear 1/XDH
vs. 2/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. Ali measured lifetimes are well above the radiative estimate evaluated
assuming B=2x 10-1° cm3/s. For n-GaAs doped above 1018 cm -3 we found evidence for SRI-/
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 wiil. 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 crn -3. The PL lifetimes were found to be quite long, though not as long as those grown by
MOCVD at Varian. In compariso,_ to the MOCV-D films, the MBE films show stronger evidence
of Shocldey-Read-Hall (SRI-I) 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
SRI-/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" 10cm3/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 ooint.. 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 A1GaAs
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 year'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 DH'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
A1GaAs cells are being explored.
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Titl_.._e: 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 chlorinatecl 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 inverted 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 condiions (2-6
SLM hydrogen flow, 700°C susceptor, and susceptor-inlet spacings of 0.5 to 5 cre). Simu)ations
for the reactor in a non-inverted configuration, i.e., heater above the susceptor, show that
recirculation will occur with spacings in excess of 1.S cm, but not with lower values. In essence,
this means that either the inverted 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 shrfaces 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 ali parts of the
enclosure, and the radiation arriving at the surface from ali 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. _e 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 unifo.,:m 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
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relativelynon-uniforminthe_gion wherethereis recirculation.The tempcrattn_fieldisseen

tovaryrapidlyinthesusccptor-nozzleregion,emphasizingthenccd fora rigorousthermal
analysisforsuchclose-spacedreactorsofthistype.

A seriesofgrowthrunshavebeenmade inthisreactor.Initially,ourwork was limitedtoI cm
x Icm samplesbecauseofcostco;_siderations.Aftersufficientexperiencewas obtainedwith

runningthesystem,work wa_ extendedto2"dia.slices.Initialstudiesof growthuniformity
werecarriedouton 2" dia.sappbi_substrateswhich couldbe reusedfrom run torun. Here,
layerthicknesswas measuredusingFourierTransformInfraredSpectroscopy(FTIR).

Both undopcd as wellas n.-dopedlayershave bccn grown on n. and SI GaAs substrates
respectively.The thicknesswas determinedby FTIR. Under illumination,thedifferencein

refractiveindicesbetweenepitaxiallayerandsubstrategivesrisetoaninterferenc_pattern,whose
periodisdirectlyrelatedto thethicknessand refractiveindexof theepitaxiallayer.The
refractiveindexof GaAs was computedas a functionof freecarrierconcentrationand wave
number fromexpressionsreportedby otherworkers.Alirncasurcmentscarriedoutinthiswork
were forextrcmanearthewave number,co= 2000 cm"_.The undopcdepimxiallayers,which

werelightlyn-doped,hada refractiveindexof3.3;thesubstratesusedinthiscaseweren.-dopcd
(10_scm"3)witha r_fractiveof 3.25. The n+-doped(5 x 10iscm "s)epitaxiallayershad a
refractiveindexof 3.09and thesubstratesusedinthiscasewere SI witha refractiveindexof

3.3.The thicknessunffozmityoverlarge-areasubstrateswas determinedby moving thesample
on an x-ystage.Sincethewave number inourFTIR equipmentcan be measm'edwitha least

countof8 crn"_,themeasurementerroris0.4% forco- 2000 cm "I.The extrcmaarctypically
measuredwithina rangeof 500 cm"_aroundco--2000 cm "_,which leadstoan errorinthe

thicknessmeasurementof0.2% forundopedsamplesand 3% forhighlydoped samples.Forthe
measurementcf thicknessuniformity,theerrorintherelativethicknessoverthewafershould
bc smallerthanthesevalues.

The FTIR techniquewas alsousedtomeasurethefreecarderconcentrationinn+ layersusing
thephenomenon ofplasmaresonance.When ,.hefrequencyofincidentlightequalstheplasma
frequencyof theelectrons,resonanceoccursand leadstoa maximum absorptionof incident

energy.Thus,thereflectancespectrumshows a sharpdiparoundtheplasmafrequency.The
plasmafrequencyisdirectlyrelatedtothefreecarrierconcentrationintheepitaxiallayer.Here,
themain sourceoferrorinthedopingmeasurementisthedifferencebetweentheminima inthe
spectrumand theplasmafrequency,and islessthan10% fordopingconcentrationsabove2 x

I0_scm 3. Again,inthemeasurementofdopinguniformity,theerrorintherelativedopingover
thewafershouldbe smallerthanthisvalue.

Figure2 shows thethicknessdistributionof an undopexlGaAs epitaxiallayergrown on a 2"
diameterGaAs subsr.,'ate,averagedinthe0-direction,asa functionofradialdistancefrom the

center.The horizontaldashedlinesshow theregionof+_5%non-uniformity,which inthiscase
isover thecentral1.5"diameterregion.Outsidethisregion,thegrowthram fallsrapidly.

Thicknessup.iforrnitymeasurements,made on small-a_asubstrateswherethelipwas locatedat
a distanceof0.5cm from thecenter,showed a similarrapidfallinthegrowthratenearthelip.
A new susceptordesign,which avoidsthislip,isbeingconsideredatthepresenttime.
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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 SiI'L showed that free carrier concentrations up to 7 x I0 _scm3 can be
achieved with good morphology in this reactor. Figure 3 shows the 0-averaged doping
distribution of an n.- GaAs layer grown on a 2" diameter GaAs substrate, as measured by FTIR.
The operating conditions were: d = 1 cm, Ts = 650,C, P = 380 Torr, F = 1 slm, XTM_,= 5.3 X
104, AsH_TMGa = 22 and Xs_, = 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 :t:5% non-uniformity. The doping
non-uniformity over the entire growth region is Y.3.3%.The increase in carrier concentration near
the sample edge could be dae to higher surface temperature near the edge because of better
thermal contact with the susceptor and lower heat loss to the gases in this region. SiI-I4doping
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. lt
has also been reported that the use of Si2I-I6as the dopant source improves the doping uniformity
because it has a higher incorporation efficiency, and a weaker temperature dependence of
incorporation than SilL.

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. The 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 HPIB bus connected
to a Tektronics digital scope. The data file format is very simple with the first three values being
the voltage offset (or 1 x 10_°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.

206



References:

A list of papers written and/or published in FY 1991 now follows.

I. J.M. Borr_go and S.K. Ghandhi, Solid State Electron., 33, 733 (1990).

2. H. Bhimnathwala, S. Bothra, S. Tyagi, S.K. Ghandhi and J.M. Bormgo, Proc. 21st IEEE
Photovoltaic Specialist Conference, p. 394 (1990).

3. S. Bothra, S.D. Tyagi, S.K. Ghandhi and J.M. Borrego, Proc. 21st IEEE Photovoltaic
Specialist Conference, p. 404 (1990).

4. M.S. Wang and J.M. Borrcgo, J. Electrochem. Soc., 137, 3648 (1990).

5. L.M. Smith, D.J. Wolford, R. Venkatasubramanian and S.K. Ghandhi, Appl. Phys. Lett.,
57(15), 1572 (1990).

6. P.B. Chinoy and S.K. Ghandhi, J. Crys. Growth, 108, 105 (1991).

7. P.B. Chinoy and S.K. Ghandhi, J. Electrochem. Soc., 135, 1452 (1991).

8. P.B. Chinoy, D.A. Kaminski and S.K. Ghandhi, J. Heat Transfer, Part A, 19 (1991).

9. S. Bothra, S. Tyagi, S.K. Ghandhi and J.M. Borrego, Solid State Electron., 34, 47 (1991).

10. P.B. Chinoy, D.A. Karninski and S.K. Ghandhi, Solar Cells, 30, 323 (1991).

11. S. Bothra, S. Tyagi, S.K. Ghandhi and J.M. Borrego, Solid State Electron., 34, 47 (1991).

12. S. Bothra and J.M. Borrego, Proc. of 6th Conf. on Semi-Insulating III-V Materials, A.G.
Milnes and C.J. Miner, eds., Adams Hilger, England, 209, 523 (1991).

13. M.S. Wang and J.M. Borrego, Proc. Materials Research Symposium, 209, 523 (1991).

91o69

207



Gas
Outlet

?_ '_

,SUSCEPTOR

Gas Inlet

Figure 1. Isotherm for a 700°C susceptor temperature.

208



o094 i iii i i

0.092

0.090
_oeooe _ eoe • _ooe,eoeooooooeeee eooeeeeeo ee e eooooe eeeoQ eo_Q_e_teooeeoloee

_._ • •
_: ••- 0.088"

0.086" •

0.084

"0.082
oemle eei eeoem,eeeeeeeeeeeegQ oeeeeeeeeeeeeeeeoeeeeeoe_ee_eeooe_eeeelo i

2 o.o8o
r_

0.0'78 .

0.0'76

0074 -- ........• " I - i _ | - I - I - i - ! - I -

0.00 0.25 0.50 0.75 1.00 1.25 1.$0 1.75 2.00 2.25

RadialDisz_ce (cre)
Ftgure Z. 6rowth rate vs. radtal distance.

5._.+18 .....

8e+18 i _ i " ! * ! - ! - ! - i " | " 5 "

0.00 0.25 0.50 0.7_ 1.00 1.25 1.30 1.7_ 2.00 2.2;5

RadialDistance(cre)

Ftgure 3. Oop_n9concentrs_tonvs. radt_l distance. .

209



Titl......_e: Growth and Development of GalnAsP for Use in High-
EfficiencySolar Cells

0rqanization" Research Triangle Institute,Research Tdangle
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Contributors_: P.R. Sharps, principal investigator; M.I_
Timmons, R. Venkatasubramanian, T.S.
Colpitts, R. Pickett, J.S. Hills, and J. Hancock

Introduction

The quaternary semiconductorcompoundGalnAsP lattice-matchedto GaAs (and hence
Ge) is an ideal candidate as a top junction in monolithiccascade cells. With quaternary
semiconductors the lattice constant and band gap can be, within limits, varied
independently. ForGalnAsP lattice-matchedto GaAs, the bandgap spansthe range from
1.42 to 1.92 eV. Such a range provides great flexibilityfor currentmatchingwith a low
band gap junction. For the compositionGao.s31no.17Aso.75Po.25,the matchingand lattice
matching with Ge junctions. Under concentrated sunlight, multiplejunction cells using
GalnAsP as the top junction projectto a theoreticalefficiencyof about 35% [1].

The overall goals of the present program are:
o

1. to develop the necessary technologyto grow 1.55 eV band gap GalnAsP layers
that are lattice-matchedto GaAs,

2. to demonstrate high-efficiencyGalnAsP single-junctionsolar cells, and
3. to demonstrate GalnAsP/Ge cascade solar cells suitable for operation under

concentrated (500x) sunlight.

Film Growth

The films were grownin a horizontalatmospheric-pressure,organo-metallicvapor phase
epitaxy (OMVPE) reactor at 670°C. Many of the details of the growth of the
Gao.831no.17ASo.75Po.25have been presented elsewhere [2,3]. The films were grown
usingtrimethylgallium(TMGa), ethyldiethylindium(EDMIn), 100% amine,and twodifferent
phosphorusprecursors,tertiarybutyiphosphine(TBP) and phosphine. Initiallyfilmswere
grown with TBP, but more recently phosphinehas been used. Intrinsicfilms are n-type,
and those grown with phosphine have a slightlybetter background carrier density, 8 x
1016cm"3,as comparedto 1.5 x 1017cm"3for those filmsgrownusingTBP. The minority
carrier lifetime in the intrinsic films grown using TBP is 35 ns, as measured by time-
resolved photoluminescence. H2Se is usedfor controlof n-typedoping,while diethylzinc
is used to controlthe p-type doping.

A key issue in the atmospheric-pressuregrowthof quatemary materials is uniformity. In
our own case, the hydrogen carrier gas flow has been increased to 14 liters/minute to
ensure uniform films. The latticeconstant varies 0.07% and the band gap varies 0.6%
over a 2 cre. distance with the 14 liters/minutecarder 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 AIGaAs 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 1019 cm -a, while that in cell 1314 was 2 x 1018 cm -a. The I-V curve for cell 945,

measured at NREL, is shown in Fig. 2, and the spectral response, also measured at
NREL, is shown in Fig. 3.

The results for the two cells are nearly identical. The difference in Isc is due to a
difference in the 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
making a cell. The spectral response from cell 945 indicates a low "red" response, and
is due to a thin base layer. Future cells will incorporate a thicker base layer.

Optimization of the cell is in progress. Other structures are also being considered. A
vertical, atmospheric-pressure reactor has recently been installed, and the growth of
GaInP 2 has been demonstrated. The use of a GMnP 2 window grown in the same reac-
tor as the GaInAsP cell will avoid ar_y problems associated with the transfer of the cell
from one reactor to another for window growth.

Conclusions

A Ga0saIn0 17As087P033 solar cell lattice-matched to GaAs is described. Initial results
are very encouraging, with active area efficiencies greater than 18c_ reported. Plans
are underway to further refine and optimize the cell, including using a GaInP 2 window.
Plans are also underway to grow optimum cells on Ge substrates, and then eventually
grow the full GaInA_P/Ge cascade structure.
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p+ - Cs.As 0.33 pm

p+ - AlosGao _ 0.088 #m

p- GalnAsP 0.2 _m

n- GalnAsP 2.0 _m

n+ - GalnAsP 0.I/_m

n- GaAs

Figure 1. Schematic of the 1.55 eV GaInAsP solar cell.

Table 1

Results for two different cells. The active area of
the cells is 0.136 cm 2

Cell V a, volts Jsc, mA/cre 2 rf,% _,%

945 1.07 18.7 80.8 18.8 a

1314 1.08 20.6 81.7 18.2 b

aFor AM1.5 global, intensity 94 mW/cm2

bFor AM1.5 direct, intensity 100 mW/cm2
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Titl_.._£e: Low-Cost, High-Efficiency Solar Cells Utilizing GaAs-
on-Si Technology

Organization: Spire Corporation, Bedford, Massachusetts

Contributors: S.M. Vernon, principal investigator; S. P. Tobin

Introduction

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 GalnP 2
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 multilayer dielectric mirrors, composed of altemating layers
of high-and-low composition Al_Gal.xAs), as shown in Figure 1, can improve the efficiency of
solar 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 FWHNI 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 A1GaAs 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 expe.,Smentally confuTned, as is shown in Figure 2.

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 = I) diffusion current dominates, thus leading to higher open-circuit
voltages.

Using GaAs-on-Si layers having a dislocation density of- 2 x 10 7 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 90tYC to 1000°C 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 GaInP 2 windows and of GaAs-GaInP 2 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 be__ow:
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"PolarizedCathodoluminescenceStudyof Uniaxialand BiaxialStressinGaAs on Si,"D.H.
Rich,A. Kscndov,F.J.Grunthancr,B,A.Wilson,H. Shcn,M. Dutta,S.M. Vernon,and T.M.

Dixon,Phys.Rcv.B 43,6836 (1991).

"Growthand Characterizationof UniformAIGa.AsBragg Reflectorsby LP-MOCVD," S.M.
Vcmon, S.P.Tobin,M.M. Sanfacon,A.L.Mastrovito,N.H.Kararn,andM.M. AI-Jassim,}oumal

ofElectronicMaterials,inpress(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 mWcre 2,
corrected for spectral mismatch, 25°C, 0.25 cm2 total area.

Substrate Cell Back- Voc (V) J,_ FF (%) Effic.
Thick. Surface (mA/cre 2_ (%)
(_xn) Field

IlL I I

Ga.As 2.0 Bragg 1.062 27.12 85.6 24.7

Ga.As 2.0 A1GaAs 1.046 26.77 85.6 24.0

GaAs 4.0 AIGa_As 1.053 26.83 85.6 24.2
,.

Ga.As 1.0 A1GaAs 1.063 25.21 85.1 22.8
......

Si 2.0 Bragg 0.902 24.57 77.4 17.1
...........

Si 2.0 A1GaAs 0.884 23.75 77.2 16.2

Table II Measured efficiency values for concentrator cells. (Area = 0.126 cm:; all
measurements at 25°C).

,,,., ,,. ,.,,

Cell Type Measured At Spectrum Suns Efficiency (%)
I

Ga.As on Si Sandia AM1.5D 237 21.3

GaAs on Si Sandia AM0 189 19.5
..................

GaAs on Si Spire Aml.5G 1 16.1
.....

Ga.As on GaAs Sandia AM1.5D 180 27.6
...........

GaAs on GaAs Sandia AM0 147 24.6
,, ,m

GaAs on GaAs Sandia AM1.5G 1 23.7
...........
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Figure 1 Structure of a b'pical GaAs-on-Si solar cell, incorporating a Bragg reflector.
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Title: Atomic Layer Epitaxy for High Efficiency
Solar _Cells

Qrganization: Departments of Electrical Engineering
and Materials Science
Universit3, of Southern Califomia
Los Angeles, CA

Contributors; P.D. Dapkus, principal investigator,
B. Y. Maa, and M. Jow

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, layer 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 phase 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 <110> 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 TMGa 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, tta, 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, tta, 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 successfully 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 unsatura'_ed 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 A/cm2
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 carder
concentration have exhibited background carder 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 weil.

A new vacuum ALE reactor has been designed, constructed and is in the final stages
of calibration. The reactor is designed based upon the use of a TMGa/TBAs 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 VALE process.

TBAs ON TBAs ON TBAs ON
soo*c $ 4,

TBAs TBAs TBAs

TMGe ON tS TMGe ON 5S TMGoON 5S

_ (o) (b) (c)

Time _ 10 sec

Figure I - 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.

Table I

Temperature Exposure Level tm Completion
(Torr) (sec) time (sec)

430°C 1.2X10-5 4 25

450°C 1.2X10-5 3 9

500°C 1.2X10-5 2 3
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Figure 3 - Photoluminescence spectra of A1GaAs/GaAs double heterostrucmres 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 10X 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 existing PV
technology (e.g., cell and module processing) and innovative new concepts. Responses to these
solicitations are submitted by universities, businesses, and nonprofit organizations. Subcontracts
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 F'Y 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 A1GaAs/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" Novel Ways of Depositing ZnTe Films by a

Solution Growth Technique

Organization" Institute of Energy Conversion

University of Delaware
Newark, Delaware 19716-3820

_ontrlbuto_$" Robert W. Birkmire, Principal Investigator;
Anup Mondal, Brian E. McCandless and Tracey

I. Yoklmcus, Research Contributors

Objectives

The objective of the research is to develop low temperature processes using

solution growth techniques to deposit: I) thin, <50 nm, ZnTe films suitable as

a stable transparent ohmic contact for CdTe/CdS solar cells; and 2) thin, <50u m,

ZnSe films as a window/heterojunction for CulnSe 2 solar cells.

Technical Approach

ZnTe films were deposited from an aqueous solution by galvanic deposition. The

structural, optical and electrical properties of the ZnTe films were

characterized using established techniques of x-ray diffraction, four-point

probe, and optical reflection and transmission 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 using Au or Cu/ITO as the CdTe contact.

ZnSe films were deposited from aqueous solutions by electrochemical deposition.

The structural and optical properties were characterized using es_abllshed x-ray
diffraction, SEM/EDS and optical reflection and transmission measurements.

CulnSez/ZnSe solar cells were fabricated to characterize the CuInSe2/ZnSe

heterojunction. Properties of the devices were compared to standard CulnSe%/CdS
devices.

Significant Results

ZnTe

ZnTe films were deposited galvanically, a special case of electrochemical

deposition, from an unstirred aqueous bath containing 0.i M/I ZnCI z and about

I0-_ M/I TeO z (1,2). Controlling the bath pH between 3 and 4 and temperature

between 50"C and 80"C was necessary to deposit uniform, adheren=, 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
substrate and zinc electrode which acts as both a source of electrons for the

cathodic reaction and a source of Zn+2 ions. The most likely reactions leading
to the formation of ZnTe:Cu are:
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Anode Reaction

Zn * Zn+z +2e-, E°o= - +0.76V

Cathode Re_ctlon

Zn.2 +2e" _ Zn °, E°r,d- -0.76V

HTeO2 + +3H + +4e" * Te° +2H20, E°r,d - +0.56V

Zn° +Te ° * ZnTe

Cu(TFA), +z +2e" _ Cu° + nTEA

n-l,2,...

Figure 1 shows a plot of ZnTe deposition current density with time, having: I)

no Cu; 2) lO-SM/lCu.2;and 3) i0"* M/I Cu.2 ions in solution. A nearly constant

current density 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 growuh rate were found to be higher when Cu +2
was present in solution.

ZnTe films were deposited on CdTe/CdS/ITO/glass substrates suitable for solar

cells which were prepared as follows: I) CdS and CdTe were thermally evaporated

onto ITO/glass substrates; 2) the samples were coated with CdCl 2 and heat treated

at 400"C for 30 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

deposited on the ZnTe:Cu and the cell performance optimized with air heat

treatment. Figure 2 shows the AM 1.5 characteristics ofa CdS/CdTe/ZnTe:Cu solar

cell with a Cu/Au contact, with 8.7% efficiency and a 65.7% fill factor. Using

ZnTe:Cu contacts, devices have been fabricated with Voc>750 mY, Jac>2OmA/cm z, and

FF>74%, comparable to results obtained with the Cu/Au contact.

ZnSe

Depositions of ZnSe films were carried out by electrodeposition using either a

Na2SeSO 3 bath or a NazSeO 3 bath. Preliminary depositions were made on glass/Mo

substrates to characterize the process. Deposition of uniform thin films was

self-limiting, yielding films less than 50 nm thick, which limited the extent of

physical characterization possible. EDS analysis indicated that the Zn:Se

content was i:i. Beyond this, characterization was limited to analysis of

devices made with glass/Mo/CulnSe 2 substrates. CulnSe2/ZnSe devices were

fabricated using 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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Conclusions

Cu-doped ZnTe films, 50-300 run thick, were deposited directly by an
electrochemical method for the first time. Single phase films were obtained for

bath pH from 3 to 4, [TeOz] from 10-5 to 10-4 M/I, and temperature from 50 to

80"C. A copper complex added to the bath allowed controllable p-type doping 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% with a FF>65%. The optical

transmission of cells using ZnTe:Cu made in this manner is higher than for cells

using evaporated ZnTe:Cu (3), making this an attractive contacting method for
tandem cells.

Based on EDS analysis and spectral response measurements of devices, we conclude
that ZnSe films were electrodeposited onto both glass/Mo and glass/Mo/CulnSe 2

substrates. Due to the self-limiting nature of the deposition, the films were

very thin, <50 nm. On CulnSe 2 substrates, conformal coverage was probably not
achieved due to the faceted nature of the CulnSe 2 surface. Future work should

address these issues and investigate alternative bath chemistries.
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Figure I. ZnTe deposition current density and growth rate versus deposition

clme, a) [Cu+Z]-lO -* M/I, b) [Cu+Z]-lO-5 M/I, c) [Cu+z] - O.

Figure 2. I-V characterlstics at AM1.5 for an ITO/CdS/CdTe/ZnTe:Cu cell measured

at SERI. The deposition bath contained ZnClz-10"IM/1, TeO2 - IO-*M/I, Cu(TEA), .s

- 10"* M/I. The deposited ZnTe:Cu film was 50-100 nm thick.
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Figure I. ZnTe deposition current density and growth rate versus deposition
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Title: An Inverted AIGauks/Gauks Patterned Tunnel

Junction Cascade Concentrator Solar Cell

Organization: Research Triangle Institute, RTP, NC 27709

Contributors: R. Venkatasubramanian (Principal Investigator)
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TECHNICAL APPROACH

Inverted growth of III-V solar cells and the development of associated cell process-
ing, including substrate-removal, 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 A1037Ga063As/GaAs cascades where the high growth
temperatures required for the A1Ga_ top cell growth can cause the deterioration of
the tunnel junction interconnect. Here, we present an approach for inverted-grown
A1GaAs/Ga,a.s cascade cells, where the A1GaAs top cell 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. After the inverted growth, the A1GaAs/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 A1037Ga0 83As cell was optimized to obtain active-area efficiencies of
13.7% and 14.7% ut 1-sun and 100-suns AM1.5D, respectively. Second, a planar GaAs
tunnel junction interconnect with a specific resistivity of 3.3 x 10-3 ohm-cm 2 has been
developed that is suitable for the A1GaAs/Ga_ 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
culled eutectic-metal-bonding (EMB) has been developed for strain-free mounting of
thin G'_-A1GaAs films onto Si carrier substrates. Measured minority-carrier lifetimes
in EMB Ga_ 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 AIGazks/GaAs cascades in the near-term.

A1033Ga0 67As TOP CELL DEVELOPMENT

A key to the development of high-efficiency Alo 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 AIGaAs 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 Alo37Gao63As. This increased optical absorption plus the
reduced valence-band offset between Alo33Gaoo7As and Alo ssGaolsAs, compared to

GaAs and Alo ssGao 15As in a GaAs cell, make emitter-surface passivation nontrivial.
Hence, the role of thin emitters, optimization of the interface between the n-

A1037Ga063As emitter and the n-A108sGao lsAs window, and the use of a multi-layer
buffer that acts as a getter[li, 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 AlVI1.5G on our

best A1037Ga003As cell. The open-circuit voltage of the cell needs to be improved to
1.35 V by developing un optimum technique to dope the emitter region to _ 2 x 10 is
cm -3 without degradation of Jsc and by improved passivation. The efficiency of the cell

improves to 14.7_ at 100 Aivil.5D suns. The use of un Entech coverglass has resulted
in Jsc improvements of at least 10.5_ for the emitter grids [1] employed in the cells.

HIGH CONDUCTANCE GaAs TUNNEL JUNCTIONS

Development of a suitable high-conductance GaAs tunnel interconnect for the
AIGaAs/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 ° C have been investigated and are compatible with the inverted-growth scheme.

At a growth temperature of 700°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 °C as shown in Table
'2. The conductance of the best GaAs tunnel diode is comparable to the reported best

values obtained by Iv[BE. 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 t_or 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 A1037Ga 0 63As/GaA_ cascade obviously requires the remo-

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



necessary). Also, the AIGaAs-GaA_ 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 able to obtain photovoltaic-device-quality GaAs-AIGaAs thin films
bonded onto Si substrates, using an approach denoted as eutectic-metal-bonding

(EMB). The Si substrate effectively meets the above discussed requirements for the
carrier-substrate. EMB involves the growth of GaAs-AIGaAs 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 physica! contact and bonded
at _ 430 ° C: The bonding of the Ga,_s-AIGaAs structure to Si substrate occurs by
the forlnation of low-temperature eutectics of Au-Si and Au-GaAs, as indicated

schematically in Fig. 1. The wafer after this step is ready for Ge substrate removal [3].

The material quality of the EMB GaAs-AIGaAs 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 ER,[B GaA_ 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 EMB GaAs-A1GaAs DH structure (Fig. 2). This is the highest reported life-
time for any freestanding GaAs thin film. Also, the determination of residual elastic
strain from Raman spectroscopy indicates that the EMB 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 EMB GaAs-A1Ga.As thin films on Si (after Ge substrate removal), we
present here results on thin film GaAs solar cells. Similar development of inverted-

grown AlGaAs/GaAs cascade cells is finder investigation.

The use of a 3.5 pm-thick Ga2ks buffer to reduce Ge autodoping was found to
increase the Voc values of thin film GaAs cells from 0.84 V to about 0.94 V under AM0
illumination. Also, the use of buffers was found _o be important for improving cell fill

factors. The Au-coating (for EMB) 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 GaAs thin film cells, which are by no means optimized.
I-V data for 1-sun AM0 and AM1.5D spectra on our best thin-film GaAs 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 TJ/Au metalliza-
tion has been shown to form low-specific-resistivity non-alloyed ohmic contacts to p+-
Ga:ts, and therefore, we are investigating the possibility of p+-n GaAs thin film solar
cell structures.
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SUMMARY AND CONCLUSIONS

In summary, we have provided the first demonstration of an inverted-grown, thin
film, fully processed Ga.ks solar cell. AM1.5 cell efficiency of _-_ 19.2% and A_M0 effi-
ciency of _-_ 18% for a thin film GaAs cell have been obtained. This suggests that the
inverted-growth approach to high-efficiency A10.a7Ga083As/GaAs 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 EMB of GaAs-AIGaAs 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 A1037Gao63As top cells and
high-conductance Ga.ks tunnel junctions, discussed here, should enable us to demon-
strate resonably high-efficiency inverted-grown A1GaAs/Ga_ cascade cells.

In conclusion, the inverted-growth approach also offers other advantages. The Ge
substrate removal from the A1Ga,_/GaAs 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 Ga,as bandgap. This LR transmission can be
used to mechanically stack a moderately high-efficiency Si cell. The EMB scheme
described in this effort, can be modified to produce a 3-junction, 2-terminal, current-

matched (at AM1.5), monolithic Al0 37Ga0 63As/GaA_/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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Table 1. Effect of surface-passivation and emitter parameters on

efficiency of Alo.37Gao.63As cells.

Sample Emmiter Doping Level Multi-Layer H2Se on 1-Sun
Number Thickness in Emitter Buffer During Ramp to AM1.5G

(#m) (cre -3) Window-Growth rl(%)
1 0.4 7 ;K 1017 No No 4.2
2 0.2 7 X 1017 No No 6.2
3 0.2 7 X 1017 No Yes 8.7
4 0.2 7 X 1017 No Yes 9.3
5 0.2 7 × 1017 No Yes 10.0
6 0.2 7 × 1017 Yes Yes 10.8
7 0.2 4 × 1017 Yes Yes 13.7

Table 2. Peak tunnel current density of GaAs tunnel junctions at different
growth temperatures using continuous and cycled g,'owths for" GaAs:Zn.

Growth Jp of Tunnel Diode

(mA/cm 2)
Temperature Se:GaAs Continuous

,,,

(°c) Zn" Continuous Zn:Cycled
7O0 47 30OO

650 256 12800*

* Specific resistivity of 3.3 X 10-3 ohm - cm 2
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Fig. 1 Schematic of an inverted Fig. 2 300I( PL-decay of an EMB GaAs

grown AIGaAs/GaAs cascade with AlGa.As DH structure on Si.

a planar Ga,as tunnel junction
eutectic-metal-bonded to Si.

AM0 (XT-IO) AM 1.SD

Voc -- 0.94 V Voc = 0.92 \r

Active-area Jsc -- 36 mA/cm 2 Active-area Jsc = 28.2 mA/cm 2
FF = 0.72 FF -- 0.74
Active-area Efr. = 18.0% Active-area Efr. = 19.2%

Fig. 3 a) 1-sun A_M0 and b) AM1.5D* solar cell data on a thin film GaAs cell. *Dr.
Keith Emery, NREL, Golden, CO, has measured total-area Jsc of 20.4 mA/cm _ in simi-
lar, but unoptimized, thin-film Ga._s solar cell.
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7.0 UNIVERSITY PARTICIPATION PROGRAM

John Bonner (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 ne_ds 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 th¢ proposed basic and applied
research ideas in an environment designed to foster creativity by limiting rezluiremcnts for
delivery of reports, samples and achievement of specific goals. Reporting is limited to annual
reports and journal publication,,. Research Symposia organized by the participants, am held
periodicaLly and am 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 wiU aUow 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 resoarch 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 Carolina

Contributors: S. M. Bedair and N. A. Ei-Masry

Objective

The objective of this research program is to address current
problems that are hindering progress toward achieving high
efficiency cascade solar cell. During the 1ast year our efforts
were directed towards the construction of new ALE reactor

(production type) that can handle 3, two inch wafers and its use to
grow device quality GaAs and AIGaAs. We have also used the ALE
approach to achieve carbon doping up to 102°/cm3 resulting from the
cracking of the TMGa precursors.

A) Atomic layer epitaxy reactor design

A reactor was constructed and was specially designed for ALE
growth. The design 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
since they determine the maximum temperature at which the ALE
process can be effectively used. Rapid switching is necessary
because the self-limiting reaction is not stable for long exposure
times at high growth temperatures. Rapid alternating gas exposure
has been easier 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
injected with a fairly high speed and the substrate is moved
between streams of AsH 3 and trimethylgallium (TMG). The increased
gas velocity is achieved by using a small injector aperture and a
low reactor pressure. The reactor used is an in house modified
Emcore 3200 system operating at 30 Torr. It is designed 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 injector tubes to purge hydrogen between the TMG and AsH 3
exposures. Also, the reactor chamber is partitioned into six
compartments to separate further the reactive gases and also to
assist 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. i. Since the surface
saturates at one monolayer in ALE conditions, the care needed in
tailoring the gas flow 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 _m h l* The design does not impose any limitations on
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the number and size of wafers and can thus be scaled up to meet
large-scale production requirements.

B. Atomic layer epitaxy of GaAs and AIGaAs

The ALE reactor was used for the growth of GaAs with
controlled background carbon concentrations in the range i015-1019
cm'3. This was achieved by varying the growth conditions such as
the growth temperature, exposure time and reactant flux. SiH 4 was
used as the n-type dopant, and carrier concentrations in the range
i016-I0 Is cm "3 was achieved.

ALE of AlxGa1.,As(0<x<0.4 ) was achieved in the temperature range
550-700°C. A monolayer of AIGaAs was grown per cycle over a fairly
narrow range of total column III flux (trimethylaluminum ((TMAI) +
TMG). The composition of the AIGaAs films is characterized by 77
K photoluminescence and the background carrier concentration was
obtained from Hall measurements. One of the problems we faced in
the ALE growth of AIGaAs was the high carbon background doping,
probably due to the strong AI-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 Al03Ga0._As on the growth conditions. An order of
magnitude reduction in carbon concentration was observed by
increasing the growth temperature from 650 to 700°C. Also, a
reduction in the value of the total column III flux (TMAI + TMG
while maintaining an ALE monolayer growth, resulted in a
substantial reduction in carbon doping. The best n-type film had
a carrier concentration of n = 1.6 X 1016 cm "3and a room temperature
mobility of 2500 cm2Vqs q for a film about i _m thick. The AIGaAs
film could then be doped n-type using silane which was introduced
with the AsH 3 flux. N-type films with carrier concentrations in the
range I0 Iv - i0 Iscm "3were achieved. These films 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 AIGaAs/GaAs multijunction solar cell structure with silicon and
carbon as the n- and p-type dopants respectively.

C) Carbon doping

Carbon is an attractive alternative to the p-type impurities
used conventionally in metal-organic CVD such as magnesium and zinc
and those used in MBE such as beryllium when high concentrations
are desirable. Carbon is a relatively shallow dopant in GaAs and
AIGaAs, with ionization energy levels of about 26 meV and 40 meV
respectively. Also, carbon has a lower diffusion coefficient in
GaAs than the other potential p-type dopants and thus carbon
represents the ideal dopant for the heavily doped p+ layer of the
interconnecting junction in the multijunction structures. Also,
carbon can be used as a dopant for the contracting layers, thus
reducing parasitic and contract resistance. Several approaches

240



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 CCI 4 as an intentional dopant. Recently,

CCl 4 has also been used for carbon doping of AIGaAs.

We have found that carbon incorporation in GaAs can be

increased by the following: (I) increasing the TMG flux and its

exposure time; (2) decreasing the AsH 3 flux and its exposure time;

(3) reducing the growth temperature. The same trends are also true

for the growth of AIGaAs and here a carrier concentration of about

102o cm "3 was achieved. This very high level of p-type doping of

GaAs and AIGaAs is attractive for the interconnecting tunnel

junction achieved by controlling the above parameters. The

mechanism of carbon incorporation can be outlined according to the

following process.

Carbon doping of GaAs and AIGaAs by ALE is a direct result of

the exposure to TMG or (TMG + TMAI) in the absence of AsH 3 during

the ALE cycle. Thus, reaction products such as CH 3 radicals

resulting from the cracking of metal-organic molecules are assumed

to be adsorbed on the GaAs surface. These CH 3 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 decomposition of AsH 3 allows the formation of CH 4 and

subsequent desorption. In ALE the same process may take place, but

with reduced efficiency owing to the time delay between TMG and AsH 3
exposures. The background carbon levels in ALE GaAs film are

always 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 sites in the bulk lattice, they cannot be easily

removed. The probability of such exchange interaction will be

enhanced by the time delay between TMG and AsH 3 exposures. Also,

the strong AI-C bond for the ALE growth of AIGaAs can impede the

desorption of CH 3 and the formation of CH 4 _uring AsH 3 exposure.

These effects can be compensated for by increasing the AsH 3 flux as
shown in Fig. 2. More work is needed to optimize the growth
conditions of AIGaAs.

D. Conclusion

ALE is a potentially useful technique for the growth of

multijunction solar cells. ALE was used to grow device quality

GaAs and AIGaAs 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 AlxGat.xAs films were grown with

p-type background carbon doping in the ranges i0t5-i02° cm "3 and 1016-

102o cm "3 respectively. The potential applications of the ALE
technique in. the photovoltaic field was discussed.
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Title: Photon and Ion Assisted Doping and Growth of II.VI Compound
Thin Films

Organization: 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. Mt_61ein, and A. Lopez-Otero

This is an investigation of the doping and growth of II-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 (IAD), 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 IAD [2-7], focused on
incorporation of the dopants and yielded carrier densities up to 2 x 1017cm "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 Ld
[8].

Schetzina et al. [9-10] and his students (some of whom have continued to study PAD at other
research groups) [11, 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 Ld, 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 crystalline quality. And, there is also a consensus that
using excess Cd flux during deposition increases both doping and crystalline quality. For
example, Arias eta/. [ 15] found that illumination had little or no effect on doping, but that a Cxi/Te
flux ratio = 1.1-1.3 was necessary to incorporate and electrically activate As during the MBE
growth of p-CdTemregardless 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/Tc 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 f'tlms 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 Ccl/Te flux ratio > 1 shows a strong effect on the electrical properties of
In/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 1016cna-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 CArte flux ratios > 1 is promising, judging from the
large increase in the rectification ratio we observed for In Schottky barriers on the films, and the
consensus of results of other workers. The IAD approach remains a fertile ground for research,
particularly using CArte flux ratios >1.

We are refocusing our research on two areas. The first is a continuation of the lAD work to
include:
(i) The effectsofCA/Tcfluxratios> IduringlAD filmgrowthon doping,self-compensation,

crystallinequality,and,especially,Ld.
(ii)N asa dopant.
(iii)Use ofun-ionizedCd3As2 asadopantsource.
(iv)Post-growthannealingthefilmsinCd vaportoannealoutiondamage,ifpresent,and to

drivethestoichiometrytoCd-richtodeterminewhethertheLd ofLAD samplescan be
improved.

(v) ExtensiontopolycrystaUinethinfilms.

The secondareaistheinvestigationofsingle-crystalandpolycrystallineZnTe films,grown by
CSVT, forlow-resistanceOhmic contactstop-CdTeandasanactivecomponentintandcrncells.

Our ultimategoal isto testthe most promisingtechnique(s)from the studiesabove on
CdS/CdTe(/'ZnTe)heterojunctionsolarcellsbasedon theseIAD doped single-crystaland
polycrystallincCdTe films.
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intensity (blue-green) at substrate is typically 50-100 mW/cm2.. Depositions are typically
homocpitaxial films = 10 pxn 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 discussedbelow.
Generally, the current densities changed with time so as to reduce the rectification ratio, J+2v / J-3v.
T,_= 180°C. ...............

BEFORE and AFTERDARK STORAGE BEFCI_E AFTER AFTER/BEFORE
I i ii iii i

SAMPLE VARIABLE j(.2V) J(-3v) J(+2v) J(-3v) RBL-'rIFICATIQN j(.2V) J(-3V)

Ph- CCDE 1o-5A/crag. I0-5 A/crez 10-5Alcm_ 10-5A/crez , RATIO ....

I D O 0 6. I 9.70 5.2 7.50 0.63 0.69 0.8 5 0.77

2 D O L 2.6 4.00 2.5 3.40 0.65 0.74 0.96 0.85

13 D C L 22 0.07 0.9 0.46 314 1.93 0.04 6.57

16 D C 0 1200 0.34 150 0.17 3529 882 0.13 0.50

17 O O 0 I I0 2. I 0 100 2.00 52 50 0.9 1 0.9 5

18 O C O 6 I0 13.0 12 0.14 47 86 0.02 0.01

19 O O L 2.5 1.90 2.6 1.70 1.32 1.53 1.04 0.89

20 O C L 190 0.34 7.1 1.70 559 4.18 0.04 5.00

14 D O L I 16000 67 16000 67 250 250 1.0 1.0

22 D O L I 190 0.3 700 2 667 350 3.5 6.7.....

1 Samples 14 and 22 were grown with incident Cd3P 2.
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contact values.)
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Fig. 4. In Schottl_ diode current densities 3+2V and J-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 m_ns the same conditions but without illumination. Ts = 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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_: Electronic Processes in Thin F'dm PV Materials

Organization: Department of Physics, University of Utah, Salt lake
City, Utah

Contributors: P.C. Taylor, principal investigator; G.A. Williams,
W.D. Ohlsen, S. Gu, J.M. Viner, K. Gaughan,
S. Hershgold, D. Chen, P. Had

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-SixGe,._:H, a-Si_C,._:H and a-Si_N,._: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_._: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 opticaUy-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
tetmhedrally-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 meta.stabilities (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. _.'-

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 first 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'' The optical and
electronic properties of TBP-doped a-Si:H are, in general, very similar to those obtained in
phosphine-doped films.' Recently we have grown a-Si_C,.x:Halloys 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 czas a function of photon
energy for a-Si_Ci.x:H films produced from mixtures of DTBS and silane. The energy at
t_ = 0' cm" 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 rapidly 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/Sill, with and without the incorporation of DTBS. Undoped samples employing
concentrations of 10% DTBS in silane have conductivities on the order of l0 "t°fl"1cmt; however,
doping with 1% TBP in the 10% DTBS +90% silane mixture increases the conductivity to
3 x 10_ tq-_eta". 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 *C). 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.' 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 CLESR) 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. 5,6 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 SiO, 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/SiN_ 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 D states near the substrate
interface perhaps due to band bending. Recently, we have performed experiments as a function
of film thickness confirm this interpretation, s Using f'flms of 5, 10 and 15 tzm 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, s,9'_°Recently PLE and time
resolved PL spectra at 77 K have been measured over the range 1.1 -1.7 eV 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 carders 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 eV) down to well below the gap (1.19 eV). 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, lH NMR has been employed to study the local environments
of bonded hydrogen and trapped molecular hydrogen (H2) in a-Si:H films deposited by rf
sputtering, l_ All spectra exhibited both broad and narrow components in the _H NMR free
induction decays, that are indicative of clustered and randomly distributed (dilute) hydrogen,
respectively. The T, 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-narr, ow components increases to > 10
in ali samples, and the magnitudes of the T, minima increase to about 1 sec in ali 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 spectroscopies to study the states in the gap in doped and undoped films of a-
Si:H. _._ 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. _2

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 PARC, North Carolina
State University, University of Delaware, Iowa State University, Gifu University, Kanazawa
University and the University of Marburg. Ali 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. ".j'

Conclusions

Major accomplishments of the previous year include (1) the growth of a-Si, C,.,:H alloys using
liquid organic sources (DTBS and NBS) mixed with silane, (2) preliminary doping experiments
on a-SixC,.,: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/SiN, 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-Si, Get.,:H and a-SixN,..: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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Fig. 1. Absorption coefficient vs. energy for a-SiC:H employing

DTBS. (a) 100% Sill,, (b) DTBS/SiH, - 3%, (c) DTBS/Sit_ - 10%,

(d) 100% DTBS.
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Fig. 2. Electrical conductivity at 300 K of (El) TBP-doped a-Si:H and

(,) a-SiC:H produced from ditertiarybutylsilane (DTBS). DTBS/SiH,

= 10% and Eo, - 2.3 eV (see Fig. 1, curve c).
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8.0 PHOTOVOLTAIC MANUFACTURING TECHNOLOGY

(PVMaT) PROJECT

Ed Wit_, (Manager), Rick Mitchell, Dave Mooney

The PVMaT Project is a government/industry photovoltaic (laV) 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 h_ 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 I portion of the PVMaT project, the problem identification phase, was completed early
in 1991. This effort involved competitive bidding opel.: to any U.S. firm with existing
manufacturing capabilities, regardless ef 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 f'mal 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 parti_gants in the Phase 1 effort. It is
anticipated that as many as six subcontracts will be awaxded t_ader 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 ali U.$. 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 wiU address these genetic problem areas through a team
research approach. A Request for Proposals on this generic manufacturing techn31ogy was
released in October 1991 (RR-2-11219: Teamed Research and Development on Photovoltaic
Manufacturing Technology, Phase 3A - Shared Process tssues), with proposals due in January
1992. Participants for these generic .esearch 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: AstroPowcr, Inc. Solar Park, Newark, DE 19711

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 achieve the cost reduction and performance goals.

The Silicon-Film rM process is being developed 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 oi 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 cm 2, 10.9% cornmercial-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 _lmost identical to those found in the conventional single crystal or
polycrystaUine siticen ;echnologies.

A three year plan was del'reed to achieve the following objectives:

1) Improve the productivity of the Silicon-Film m 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 TMwafer
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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Titl_...._e: Manufacturing Technology Development for CuInGaSe 2
Solar Cell Modules

Organization: Boeing Defense and Space Group, Seattle, WA

Contributors: B.J. Stanbery, program manager and principal investigator,
R.M Burgess, W.S. Chert, 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 $/Wp ahead the output capacity

in MWp as a function of time between the years 1994 when the prototype production plant is
expected to be first operational and the year 2000 when the first refined, fully developed fuli-
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 Abrasive Slicing Technique (FAST) for

Reducing Slicing and Silicon Material Costs of Photovoltaic Wafers

Organization: Crystal Systems, Inc.
27 Congress Street, Salem, MA 01970

Contributors: Frederick Schmid, Principal Investigator; Chandra P. Khattak,

Program Manager; Maynard B. Smith, Senior Engineer

Objective

Silicon wafers are a large portion of module cost, and slicing represents nearly
half the wafer cost. Current emphasis on production of high-efficiency

crystalline silicon photovoltaic modules requires development of effective low-
cost slicing technique. The Fixed Abrasive Slicing Technique (FAST) has been

proven effective for slicing silicon wafers. Design and fabrication of a high

throughput double-headed FAST slicer has been demonstrated as a production

technology. Further cost reductions can be achieved by reducing the expendable

materials costs, 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 using fixed diamond on wires as abrasive 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
I0 cm x i0 cm silicon block, the cutting rates degrade. The wire blade

development program was initiated 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. Since the effective pressure on

the diamond tip decreases as the flat increases, diamonds cannot be removed to
allow diamonds at lower elevations to surface and restore effective slicing.

By choice of diamond type, diamond size and dressing 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 contact the workpiece so that the effective pressure

at the diamond tip is not increased and surface damage in the wafer can be kept
10_.

The results of this investigation show the expendable materials costs can be

reduced by minimizing diamond degradation on bladepacks during FAST slicing,
maximizing 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 using

the same bladepack. Higher slicing rates with high yields will result in further
economies. The material utilization can also be improved by using shaped wires

so that the kerf can be reduced significantly.
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Title: 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 programwas 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, ECT), has made
important progress in the development of PV materials, device design, and manufacturing
processes. Among these accomplishments, ECD has pioneered and continues to develop three
key proprietary technologies: 1. a low cost, ro11-to-roUcontinuous substrate thin film solar cell
manufacturing process, 2. a high efficiency, monolithic, multiple-junction, spectrum splitting thin
film amorphous silicon aUoy device structure and 3. a high deposition rate, microwave plasma
CVD process.

Advantages of ECD'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 ECT)for
a number of years using the proprietary roll-to-roU process (typically 2,500 ft. long, 14"wide and
5 mi1 thick stainless steel roUs are processed at approximately 1 ft. per minute). ECD's joint
venture United Solar Systems Corp. CUSSC") has a 2MW production plant located in Troy, MI.
and modules are currenOybeing manufactured. 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 ECT) has also reported on development of a proprietary process for plasma
CVD deposition of high quality amorphous silicon aLloyf'flms at deposition rates 5 to 10 times
greater than those currenOy 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 10-11% 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 deposition 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. Ali 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 Airport, Texas

Contributors: M.J. O'Neill, Program Manager,
A.J. McDanal and J.L. Perry

0biective: 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
fabrication; (ii) photovoltaic receiver assembly; (iii) 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 I0 MW/year of our concentrator modules at prices meeting the
near-term goal of the U.S. Department of Energy. 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
simple, efficient, error-tolerant 21X linear Fresnel lens concentrator module can
realistically meet the near-term Department of Energy goal of 12 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

I. 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-I0057-13, DFW Airport, TX, June 1991.
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Title: Monolithic Amorphous Silicon Modules on Continuous Polymer
Substrate

Organization: Iowa Thin Film Technologies, Inc.

Suite 607, ISIS

ISU Research Park

Ames, IA 50010

Contributor: D.P. Grimmer, principal investigator; F.R. Jeffrey;

S.A. Martens; L. Geier; J. Jackman

Objective:

The objective of this PVMat Phase I study was to examine various

competing processes for the manufacture of monolithic amorphous silicon PV

modules on continuous polymer substrates. From this study, the module

manufacturing process with the lowest cost per watt was to be determined.

Approaches:

The basic approach was to identify process bottlenecks and large capital

equipment costs. A thorough search was conducted for vendors of necessary

manufacturing equipment applicable to the proposed processes. In addition to

the vendor/equipment search, some experimental work was done to insure

feasibility of certain process improvements. A manufacturing simulation

program ran continuing validation studies on the manufacturing processes used

in the a-Si PV module pilot-plant. Economic models were used in tandem with

the manufacturing simulation model, to obtain the lowest cost per watt.

Hence, another use of these models is to decide where to allocate future

capital resources in the production process.

Results:

Three scenarios were examined: a baseline, roll-to-roll processing

without print-etching steps; roll-to-roll deposition with sheet module

processing using automatic feed and a print-etch step; and roll-to-roll

deposition with roll-to-roll module processing and a print-etch step.

Assuming a 6 Wp one ft 2 module, the cases for the baseline roll-to-roll,
print-etch/sheet, and print-etch/roll-to-roll configurations yielded a

manufacturing cost of $0.95/Wp, $0.97/Wp, and $0.94/Wp, respectively.

Conclusions:

From an industrial engineering perspective, methods that do all

deposition processes first will be favored, because the process station

scheduling will be easier. Because the a-Si and ZnO deposition appear to be

the bottleneck steps, adding one each additional a-Si and ZnO machines could

double production output without increasing labor costs.

References:

i. "Monolithic Amorphous Silicon Modules on Continuous Polymer

Substrate," Final Technical Report (March 1991) for NREL PVMat, Phase I, under

subcontract SERI/XC-l-10057-18. Available from NREL: Document No.

SERI/TP-214-4488.
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Title: Manufacturing of Ultra-high Efficiency Thin-film
Concentrator Cells

Organization: Kopin Corporation
Taunton, Massachusetts

Contributors: R.P. Gale, principal investigator; J.C.C. Fan,

M. Spitzer, R.W. McClelland.

Objectives

This project 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 capability. We have investigated the application

of advanced concentrator ce].l and module technology for these purposes.

Approach

The use of a concentrator approach has the potential to satisfy DOE cost

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: (i) use of CLEFT III-V multi-

junction cells for lowest cost and highest possible efficiency, (2) use of

low-loss optics for up to i000 sun concentration, (3) simplified 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 passively cooled VS I000 sun module is the ideal

baseline module for this effort, since it has been proven to work well with

highly efficient cells. Phase i consisted 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

1000X 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 Gm_s solar cells; these cells already exhibit efficiency of about 24%

AMI.5. We will modify the CLEFt cell to form concentrators that perform well
at 500 to i000 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 receiver 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

pilot line, along with the CLEFT concentrator cell. In parallel, we

integrate Kopin's CLEFT GaAs cell technology with the advanced AIGaAs 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-junctlon approach.
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Title: Thin EFG Octagons

0rganization_ Mobil Solar Energy Corporation
4 Suburban Park Drive, Billerica MA 01821

Contributor;. Juris P. Kalej s, Principal Investigator

Objective :

The objective was to identify and characterize as part of Phase i ef
the US DOE PVMaT Initiative: I) current capabilities in Mobil Solar octagon

manufacturing technology for I0 cmx i0 cm crystalline silicon wafers,

produced using the Edge-defined Film-fed Growth (EFG) technique, and for

laser cutting of octagons into wafers; 2) potential manufacturing

improvements due to the decrease of the thickness and to the increase in

laser cut edge quality and in cutting speed that lead to significantly

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 program was formulated and time and cost estimates made for
commercial development of an EFG technology for production (growth and

cutting) of 200 micron thick i0 cmx I0 cm area crystalline silicon wafers.

The EFG process would produce hollow octagonal polygons of sheet silicon,

with each octagonal face having a I0 cm width, grown to a length of 5 m with
continuous melt replenishment. Octagons are cut into wafers using high speed

lasers. The program objectives targeted for crystal growth and cutting, when

implemented, clearly advance Mobil Solar's competitive position by reducing
the cost of the wafer. The PV industry at large will benefit from an

additional source of high quality polycrystalline silicon wafers.

The technical objectives 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 stress acting

during growth); decrease the laser cutting damage and increase the edge

strength of the thinner wafers by a factor of three to improve the

mechanical yield, while at the same time increasing wafering rates by a
factor of three; improve process control and wafer productivity by

implementing advanced intelligent processing strategies and on-line material

property monitoring techniques during crystal growth.

The main problems to be solved in achieving these objectives were

identified as: improvement in thickness unif¢_cmity across the octagon face

(wafer) through implementation of new process control concepts and furnace

designs; improved control of thermoelastic stresses in order to increase
flatness and reduce residual wafer stress; and reduction in edge damage and

possibly elimination of edge microcracks produced in laser cutting with a

new generation of lasers capable of cutting silicon at much higher rates.
If these technical objectives were to be met in EFG technology

development, this would result in lower costs in three integral pares of the
Mobil Solar silicon wafer and module production - silicon material cost

(d_rect 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 i Final Report submitted to NREL.
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Title: Photovoltaic ManufacturingTechnology: Phase I

Organization: Photon Energy, Inc., E1 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 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 manufacturing-related issues.
PEI was awarded a Phase I subcontract.

Specific Goals For The P%_MATSubcontract

The Photovoltaic Manufacturing Technology Initiative is designed to help

accelerate the early stages of this sizable engineering project. Phase I of

the PVMAT subcontract was designed to smooth the Phase 2 proposal-writing

requirements by providing a means for problem identification regarding

manufacturing. The objectives under this Phase I subcontract were four-fold:

* Identification of the current capabilities in manufacturing and process
development,

* Identification of manufacturing potentials envisioned to lead to

significantly increased production capacities and reduced manufacturing

costs,

* Identification of problems likely to impede the achievement of those
potentials,

* Cost and other requirements involved in overcoming the problems in

manufacturing 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 reduction through

automation, have been identified. Technological advancements, engineering and

automation efforts, and improved step-to-step material and module handling can

result in large labor reductions. Effort relating to improvement of the safe

handling and recycling of industrial materials is important to PEI's

commitment to remain an environmentally friendly industry.

Summary

The ability to subsidize the engineering efforts required for low-cost

processing through the Photovoltaic Manufacturing Initiative could allow a

significant acceleration toward the achievement of low-cost, high-performance

photovoltaic products at PEI.
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_: Cost Effective Manufacturing
(_f the SEA 1OX Concentrator Array

Organization: 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
described here, we identified changes to our SEA 10X concentrator
manufacturing techniques that will allow production at a selling price of 71 ¢/W
and that wiU produce AC bus bar electricity at 4 c/KW-hr. 1

The SEA PV concentrator system differs from other PV concentrator systems in a
m_mber 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 10X 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 ___

improved on- and off-track
performance. End caps with
molded-in bearing shafts complete . T,,,c_L

the module assembly. Tracking is j__-__ _:_,._'d=_s
along a single axis in the east-west ,_,L_ ,_,o__o,,Ac_s
direction. Because of the wide _..s_ _
acceptance angle, only a simple, low
precision tracker drive is needed. ,_c_,,_,
The arrays are shipped completely _ _:::::_ _ _I_[_ _ :'_'

assembled and require only setting ___:i':i _'_'°_ '_"_"on a flat surface, installating four ,'_A_s
fasteners, and connecting the wires. SEA,OXCONCENTRATOR

1Kaminar, McEntee, Curchod, Cost Effective Manufacturing of the SEA 10X Concentrator
_.rL_, SERI/TP-214-4479, publication in process.
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Title: Research on Advanced Photovoltaic

Manufacturing Technology

Orqanization: Siemens Solar Industries
Camarillo, California

Contributors: C. Eberspacher, principal investigator;
A.J. Anderson, T. Jester, K.E. Knapp,
R. Probst, and S.A. Vasquez

Phase 1 focused on identifying and quantifying the opportunities
for significant advancement in the scale and economy of high-
volume manufacturing of high-efficiency photovoltaic modules.
Concurrent programs to advance existing commercial-scale
crystalline silicon module manufacturing technology and to

implement pilot-scale thin film CuInSe 2 (CIS) module
manufacturing were defined.

The program for advancing crystalline silicon technology is
targeted at expanding U.S. commercial production capacity,
increasing module performance, and decreasing module
manufacturing costs. U.S. module manufacturing capacity
expansion requires the improvement of silicon crystal ingot
yields and growth rates, and the development of thin wafer sawing
and thin cell processing technologies. Module performance
increases require improvements in silicon crystal quality, in
impurity gettering and junction diffusion processes, in
contacting techniques, and in antireflection coatings and surface
passivation processes. Module manufacturing cost reductions
require cell processing and module assembly automation, module
design and materials improvements, and waste reductions.

The program for implementing thin film CIS module manufacturing
focuses on establishing U.S. pilot production capacity and on
realizing the low manufacturing costs possible with thin film
processing. U.S. manufacturing capacity requires the development
of deposition and patterning processes suitable for high-volume
production of large-area modules, and the integration of module
processing, handling, and transport to minimize labor costs and
maximize productivity. Low manufacturing costs require fully
automated substrate-to-module processing, high materials use
efficiency, and a better understanding of the source materials
specifications needed for high-efficiency module performance.

The implementation of the improvements identified in crystalline
silicon modules technology could halve module cost and double
Siemens Solar's U.S. manufacturing capacity. The implementation
of the opportunities identified in thin film CIS module
technology could create a module technology with high-volume
manufacturing costs substantially below those of any competing
solar technology. Phase 2 will focus on exploring and
implementing the opportunities identified in Phase I.
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Title: High Throughput Manufacturing of Thin Film CdTe
Photovoltaic Modules

Or_ganization: Solar Cells, Inc., Toledo, Ohio

Contributors: 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 manufacture 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.
After an evaluation of the advantages and limitations of competing thin film

technologies, SCI chose CdTe as the serniconducting 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 (4pm/rnin)
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 installations.

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 (60cmxl20cm) 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
60cmxl20cm thin film CdTe modules using the CSS deposition process.
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T_ Photovoltaic Manufacturing Technology- Phase 1

Organization: Solarex Corporation & Solarex Corporation
Crystalline Division Thin Film Division
Frederick, MD Newtown, PA

Contributors: J.H. Wohlgemuth, Principle Investigator; D. Whitehouse,
S. Wiedeman, A. W. Catalano and R. Oswald

OBJECTIVES

In this f'u'stphase of the Photovoltaic Manufacturing Technology 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.

KES!dI,T.S

A detailed description was prepared for the two Solarex process sequences used to manufacture PV
modules, cast polycrystaUine 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 polycrystaUine 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 film 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 trip!ejunction amorphous silicon
.processand more efficient use of materials during the thin film deposition processes. Genetic
issues included handling of cells and glass plates, frameless mounting of modules and
scale-up/automation of processes.

CONtTLUSIONS

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 defined technical
problems can be solved.

REFERENCES

[1] R.G. Chamberlain, Proceedings of 13th IEEE PV Specialist Conf. p. 904, 1978.
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_: Low-Cost Manufacturing of Point-Focus Concentrating
Modules and Its Key Component, the Fresnel Lens.

Oraanization: Solar Kinetics, Inc.
10635 King William Dr.
Dallas, rx 75220

Contributors: Shabbar T. Saifee, Principal Investigator and Andrew Konnerth II1.

The objective of this work was to review the current status of photovoltaic module
fabrication at Solar Kinetics, Inc. (SKI) and specify the approach required to achieve
high- volume manufacturing capability. Low-cost manufactu,ring 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 and 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 (14"x14") to
minimize the cumulative distortions due to humidity and temperature effects as seen in
ali 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. Ali 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; itwill require high investment in fixed tooling; lt will aid in the prototype stage
and during production.

References

1. Saifee, S. T., and A. Konnerth IZI. "Low-Cost Manufacturing of Point-Focus Con-
centrating Modules and Its Key Component, the Fresnel Lens.' SERI Subcontract
No. XC-1-10057-15. Golden: Solar Energy Research Institute, 1991.
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Titl___e: Photovoltaic Manufacturing Technology, Phase I
Dendritic Web Photovoitaics

Organization: Solar Web, Inc.
Pittsburgh, PA
(Subcontractor to Westinghouse Electric Corp.)

Contributors: J. Easoz, Principal Investigator;, R. Herlocher, D. Kulik,
R. Rosey, R. Sprecace, C. Quinter

Objective

The objective of this program was to identify current manufacturing capabilities, and potentials
for significantly increasing production capacities and reduced manufacturing costs for single
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.

_Aooroach

The approach for this program started witk 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 defined and
development programs were formulated, costed, and scheduled.

Results and Conclusions

The program efforts resulted in a document a 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, SERI/FP-214-4487.
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Photovoltaic Manufacturing Technology - Phase I

Spectrolab Inc., Sylmar, CA 91342

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 and GaAs/Ge cells and receivers to obtain the desired cost
and performance objectives. The simplest "cell discussed was a silicon
concentrator cell; modeled at 22% 200X AMI.5, this cell can be fabricated for
less then $.12/kWh. Another candidate solar cell is the GaAs/Ge concentrator
cell, which is anticipated to have a 28% 400X AMI.5 efficiency. 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 1992, will reduce costs by improving uniformity, cycle
time and material utilization. Two specific multi junction concentrator designs
were also discussed, they are based on discrete GaAs and Ge cells and are
capable of achieving over 30% AMI.5D efficiency at 300X.

A technology roadmap was developed to achieve the performance and cost
objectives for candidate cells and receivers. Of the cell designs considered,
the silicon concentrator cell requires the least development. The
manufacturing capability exits today to meet the short term cost goals,
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 substratesand
uniform MOCVD GaAs growths. The programs specifiedon the roadmap will bring
us closer to making photovoltaic concentrator power generation a viable
economic energysource.
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Title' Photovoltaic Manufacturing Technology Program

Organization: Spire Corporation, Bedford, Massachusetts

Contributors: S. Hogan, program manager; M. Nowlan, principal investigator;
G. DarkazaUi, J. Murach, S. Sutherland, and D. V anAmburg

Objectives: This research examined the needs of the photovoltaic industry to achieve
production of modules at a reduced cost, and a method to satisfy those needs. The effort focused
on problems associated with production of modules with thin (< 200 ttm) cells of crystaUine or
semi-crystalline silicon.

Technical Approach: Spire has produced module manufacturing equipment for over ten
years and has a broad experience in manufacturing issues. This experience has been strengthened
by both the installation of equipment and the establishment of complete production facilities with .
technology transfer around the world. Using this broad base, we developed a detailed production
sequence and generated statistics on production pricing as a function of yield, production volume,
materials prices, and labor costs. This detailed cost sensitivity analysis identified the key drivers
in achieving reductions.

Results: The reduction of module manufacturing costs for silicon technology will require
several key factors: volume, yield, and materials. We found in this and previous studies the
necessity to approach between 5 to 10 MW per year of production to take advantage of
economies of scale. The yield of present production was analyzed to examine the loss
mechanisms in the production process. The largest loss occurs during the interconnecting pro-
cess. We presented a machine design to perform this operation with improved throughput and
yield when compared to existing technology. The materials cost in the module is driven by the
cost of silicon; therefore, a reduction in the use of silicon will have a significant impact on the
module cost. The use of thinner silicon for cell production is the expected method of cost
reduction in this area. However, the use of this fragile thin silicon presents many challenges in
module processing to maintain a high yield. The equipment we conceptually envisioned
addressed this problem of thin cell handling, with anticipated excellent results. Table I presents
the financial results of our 10 MW per year production analysis for the three cases of existing
technology, thin cells with existing interconnect methods, and finally thin cells with the advanced
stringing machine.

Table I Summary of lOMW/yr financial analysis.

Case 1 Case 2 Case 3
] III I]

Manufacm.ring Methods Present Present Improved
Cz-Si thickness (microns) 300 200 200
Cell cost ($fW) 2.43 2.16 2.16
Yield loss (%) 95.9 85.9 96.8
Module cost (S/W) 3.73 3.72 3.29

•Yield loss (cells/yr) 306,000 1,168,000 232,000
Cost of cell loss ($/yr) 1,048,000 3,557,000 707,000

275



Title: Phase I- PV Manufacturing Technology Project

OrKanization: Utility Power Group, Chatsworth, CA

Contributors: M.J. Stern, principal investigator; G. Duran,

K.K. Mackamul, and D.D. Metcalf

OBJECTIVE

The objective of this Phase I subcontract was to identify techni-

cal obstacles to reducing the manufacturing cost of PV modules.

APPROACH

UPG analyzed its current manufacturing process for specific areas

in which improvement would yield substantial benefits. Assuming a

specific degree of improvement in the identified areas, a future
manufacturing process was described and evaluated.

RESULTS

The primary obstacles to manufacturing cost reduction were the

lack of a reliable and low cost substitute material for glass as

a rear surface in the encapsulation process, and the lack of com-

mercially available high volume termination and module packaging

equipment. Although raw materials utilization was found to be a
critical area, reduction in labor was by far the controlling
factor.

CONCLUSIONS

Elimination of the identified obstacles will result in a 26%

reduction in the per watt manufacturing cost of PV modules pro-

duced in UPG's existing production facil_ty, and an 81% reduction
to $1.24 per watt for PV modules produced _._ a future production

facility optimized in terms of production economies-of-scale.
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9.0 PHOTOVOLTAIC (PV) MODULE AND SYSTEM PERFORMANCE
ANtD 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: (I) 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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Title.___A: 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 highlighte5 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 designed 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 1991, the initial literature review efforts had begun.
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Title-- Management and Administration of the IEC/PV/TC.82
Secretariat and U.S. Participation in International
Standards Development

Onzanization: Solar Energy Industries Association (SEIA), 777 North
Capitol Street, N.E., Suite 805, Washington,
D.C. 20002-4226

Contributors: R. Klein, Principal Investigator

°

This contract is for Management and Administration ef 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: WG1, Glossary; WG2, Modules; WG3, Systems; and WG4, Storage. The Secretariat
coordinates all TC-82 meetings and IEEE SCC21 PV Standards meetings.

FY '91 Accomplishments:

InternationalPV 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 Photovoltaic (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 IEEE/SCC 21 meetings were held during the year to deliberate on various PV standards
being discussed by the committee. IEEE PV Standards 928 "IEEE Recommended Criteria for
Terrestrial Photovoltaic Power Systems" and IEEE PV Standard 929 "lEE Recommended
Practice for Utility Interface of Residential and Intermediate Photovoltaic (PV) Systems" were
reaffirmed.

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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Title: Long Term Environmental Effects on Roof.Mounted
Photovoltaic Modules

Organization: SouthwestTechnologyDevelopmentInstitute
Contributors: RobertHammond

Objectives

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 objectivesofthiseffortare:to conducta methodicalevaluationofmoduledegradation,and
todocumentmodule operatingtemperaturesasa functionofroof-mountdesign.

Approach

In coordination with NREL staff, the Southwest Technology Development Institalte (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 data
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 _o that
each module is electrically terminated at a terminal strip to facilitate taking individual module
IV curves. Each of thes_e 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 ali module mounting designs installed at
SWTDI _ong 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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Title'. Solar Resource, Utility Load Matching Assessment

Organization: Atmospheric Sciences Research Center, State University of New
York at Albany

Contributors: Richard Perez

Objectives

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 h

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 de_,elopment. Future activities
could include deployment of solm resource measuring equipment, high value systems, and/or
demonstration systems.

Approach

The subcontractor will work with NREL and EPRI personnel 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 form_.l 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 NYPA 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.tobedetermined

On March 29,199I,thesohcitationRF-I-11061entitled"Amorphous SiliconUfility/'Industry

PhotovoltaicPower Project"was releasedtothegeneralpublic.The objectivesoftheproject
areI)toassistinthe_velopmcnt andqualificationofutility-scalemonolithicmultijunction
amorphoussiliconphotovoltaicmodules,2)toimprovethereliabilityofutility-scaleamorphous
siliconmondulesandutilitygrid-connectedsystems,3)todemonstratepotentialmarketsfor

amorphoussiliconphotovoltaicmodulesandsystems,and.4)toformudliry/manufacmmrluser
teamstopromotephotovoltaicswithintheutilitysector.Responseswerereceivedon _'une3,
1991 and currently am underevaluation.
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Title_'. Evaluation of DSM Incentive Opportunities for Photovoitaics

Organization: Center for Energy and Urban Policy Research, University of
Delaware

Contributors: John Byme

Objectives

• 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.

e"

Approach
i

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 ali 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 vAll 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 wiU 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 fine-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 fLrst 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 SILICON FY 1991

APS Stable Hi-Efr. Large Area 06003-1 1000.0 1000.0 !/9 t
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 81313101 504.5 130.0 5/91

W. Paul a-SiGe:H Alloys 4/92
1350 Mass. Ave.

Cambridge, MA 02138

NASA/JPL Electron Cyclotron Reson- 11100i01 325.0 325.0 1/91
Y. Shing ance Deposition of a-Si:H 1/94
Pasadena, CA 91109 and its Alloys

National Institute of Diagnostics/Glow Discharges 404C78 631.7 99.9 4/88
Standards & Tech. Used for a-SiGe:H Alloy
11/90

A. Gallagher Deposition
Boulder, .CO 80303

Solarex Corp. Stable Hi-Efr. a-Si 01903301 1099.5 2099.4 5/90
A. Catalano Multijunction Modules 6/93
Newtown, PA 18940

Univ. of Delaware Photo-CVD of a-Si Alloy 81809201 1046.9 32.0 5/88
J. Mea.ken Materials & Devices 3/91
Newark, DE 19716

North Carolina Univ. Recombination & Metasta- 110063-5 91.7 91.7 2/91

M. Silver bility in a-Si & Si 1/92
Chapel Hi.II, NC 27599 Ge ALloys

Univ. of Oregon Origin of Metastable 110063 106.3 106.3 4/89
J. Cohen Light-Induced Changes 5/91
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-Efr. Multigap 119033 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. Louis, MO 63130

Xerox Corporation Research on Electronic 11006309 200.0 200.0 11/86
R. Street & Structural Properties 8/90
3333 Coyote Hill Rd. of a-Si Silicon Alloys
Palo Alto, CA 94304

POLYCRYSTALLINE THIN FILMS FY1991

Astropower, Inc. Dev. of Large-Area Mono- 1106401 485.7 485.7 5/91
J. Rand lithically Integrated Si- 2/94
Newark, DE 19711 Film PV Devices

Boeing Defense Poly CuGaInSe 2 Thin Films 11901906 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 CuInSe 2 Thin Film Contacts

Colorado State Univ. Role of Polycrystallinity 01004601 160.0 80.0 4/90
J. Sites in CdTe & CuInSe 2 5/93
Fort CoUins, CO 80523

Georgia Tech. Hi-Efr. CdTe & ZnTe 70603101 757.6 149.9 6/87
A. Rohatgi Thin Film Cells 3/93
Atlanta, GA 30332

ISET Hi-Efr. CulnSe 2 & 01901902 623.4 623.4 7/90
V. Kapur CuInSe2-Alloy Films 9/93
Inglewood, CA 90301
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Total FY 1991 Start/

Contractor, Principal Work Title Contract Funding Funding End
Investigator, Address (Research Activity) Number ($K) ($K) Dates

POLYCRYSTALLINE THIN FILMS FY 1991

Martin Marietta Sputtering Techniques 11107001 395.6 395.6 9/91
M. Misra for CIS and CdTe 11/93
Denver, CO 80201 Modules

Photon Energy Hi-Efr. Large Area 01901901 1360.3 - 699.9 6/90
S. Albright CdTe & CdHgTe 8/93
E1 Paso, TX 79924 Panels

Univ. Colorado Novel Thin Film 01001201 50.4 14.9 3/90

A. Hermann CulnSe 2 Fabrication 4/9i
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-Elf. CulnSe 2 5/92
809 S. Wright St. & CuInSe 2
Champaign, IL 61820

Univ. of S. Florida Thin Film CdTe, ZnTe, & 81809101 824.6 199.9 7/88

T. & S. Chu Hgl.xZnxTe 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 CuInSe 2 10/90
W. Lafayette, IN 47907 & CdTe Solar Cells

Siemens Solar CuInSe 2 Modules 11901905 700.0 700.0 5/91
K. Mitchell 5/92

CamadUo, CA 903011

Solarex Poly Submodules Based 11901904 600.0 600.0 11/90
Ro Arya on CuInSe 2 Materials 12/93
Newtown, PA 18940

,,

Univ. of Toledo CdTe PV Cells and 01901903 285.4 285.4 7/90

A. Compazn 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 FY 1991

Duke Univ. Point Defects & Their 81809701 288.6 44.9 7/88
U. Gi3esele Influence on Solar Cell 9/90

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 81809702 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 8189703 363.3 57.4 7/88
J. Corbett Solar Cell Silicon 10/91

Albany, NY 12201

Univ. of Southern CA Electric Characterization 81815401 45.3 19.6 10/88

S. Forrest Support for Crystalline 11/91
University Park Silicon
Los Angeles, CA 90089

ADVANCED HIGH EFFICIENCY FY 1991

Boeing Aerospace New Plasma Source of 11914208 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-Efr. Thin-Film GaAs 01914204 597.5 298.9 7/90
J. Fan & Ternary HI-V Solar 8/93
Taunton, MA 02980 Cells

Purdue Res found New III-V Cell Design 01914201 •398.7 199.9 8/90
M. Lundstrom Approaches for Very 9/93
W. Lafayette, IN 47907 High Efr. Cells
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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 A1CaAs/CaAs CaSCa

NEW IDEAS FY 1991

Res. Triangle Instil An Inverted AlGaAs/GaAs 01811002 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 18110-1 100.0 100.0 1/90
R. Birkmire ZnTe Films by a Solution 1/91
Newark, DE 19716 Growth Technique

Univ. of S. California High Efficiency Epitaxial 01811003 92.8 92.8 1/90
D. Dapkus Optical Reflector Cells 2/91
Los Angeles, CA 90089
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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-Efr. 91814101 318.4 79.5 7/89
S. Bedair Solar Ceils 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 84112

PHOTOVOLTA/C 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 19711

Solarex Corp. PV Manfg. Technology 10057-3 49.9 49.9 1/91
1335 Piccard Dr. Phase I 3/91
RockviUe, MD 20850

Siemens Solar Indust. PV Manfg. Technology 10057-4 46.2 46.2 3/91
P.O. Box 6032 Phase I 5/91
Camarillo, CA 936011

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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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 91311

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
11534 Gondola Dto 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
E1 Paso, TX 79924

E.C.D. PV Manfg. Technology 10057-11 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 1/91
10635 King Wilms Dr. Phase I 3/91
Dallas, TX 75220
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PHOTOVOLTAIC MANUFACTURING TECHNOLOGY 1991

Chronar Corp. PV Manfg. Technology 10057-16 49.0 49.0 I/91
195 Clarksville Rd. Phase I 3/91
Lawrenceville, NJ 08648

Crystal Systems PV Manfg. Technology 10057-17 50.0 50.0 1/91
27 Congress St. Phase I 3/91
Salem, MA 01970

Iowa TF Tech. Inc. PV Manfg. Technology 10057-18 47.8 47.8 1/91
Suite 607, ISU Phase I 3/91
Ames, lA 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 1/91
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 XR211248-1 96.9 96.9 10/91
J. Byrne Opportunities for PV 12/92
Newark, DE 19716

Atmos. Sci. Rsch. Cntr Solar Resource, Utility XRlll168-1 106.3 106.3 9/91
Richard Perez Load Matching Assessment 9/93
State Univ. of NY

Albany, NY 12222
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Contractor, Principal Work Title Contract Funding Funding End
Investigator, Address (Research Activity) Number ($K) ($K) Dates

MODULE AND SYSTEM PERFORMANCE TESTING AND ENGINEEI_NG

Florida Solar Energy Evaluation of Roof- HR21202-1 49.9 49.9 11/91
Kirk Collier Integrated PV Module 5/92
Univ./Central FL
Orlando, FL 32816

Solar Energy Management & Administration lC010083-1 70.0 26.8 5/90
Industries (SEIA) Secretariat & U.S. Patti./ 4/30
P. Klein International Standards Dev.

Washington, DC 20002
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11.0 PV SUBCONTRACTED RESEARCH
FY 1991 BIBLIOGRAPHY

Subcontractor Reports and Publications

Abou-Elfotouh, F. A.; Kazmerski, L. L.; Bakry, A. M.; A1-Douri, A. (1990). "Correlations of Single-
Crystal CulnSe2 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, T. C.; Chyi, J. I.; Morkoc, H. (1 March, 1991). "Minority-Carrier

Lifetime in AlxGa_.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, Univzrsity of Illinois at Urbana-Champaign, Urbana, Illinois.

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 ar,d Electronics Engineers, Inc.; pp. 432-436. Work

performed by Solar Energy Research Institate, 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/TP-211-4034. 46 pp. Work

performed by Photon Energy, Inc., El Paso, Texas. Available NTIS: Order No. DE91002117.

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/TP-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 PolycrystaUine Thin Film Materials and Devices, Final Subcontract

Report, 16 January 1989 - 15 January 1990. SERI/TP-211-4133. 97 pp. Work performed by
the Institute of Energy 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 CulnSe 2 Solar Cells, Final Subcontract
Report, 16 January 1987 - 15 January 1989. SERI/TP-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 CulnSe 2
Based Cascade Cells, Final Subcontract Report, 16 January 1987- 15 January 1989. SERI/TP-
211-3914. 32 pp. Work performed by Institute of Energy Conversion, University of Delaware,
Newark, Delaware. Available NTIS: Order No. DE9(K)_363.
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FY 1991 BIBLIOGRAPHY (continued)

Basol, B. M.; Kapur, V. K.; Mitchell, R. L. (1990). "Cdl.xZnxTe Films Obtained by the Sol_d-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). "CuinSe2 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. IC (November 1990). Low-Cost CdZnTe Devices for Cascade Cell Application,
Final Subcontract Report, 15 May 1989 - 15 May 1990. SERI/TP-211-4033. 27 pp. Work

performed by International Solar Electric Technology, Inglewood, California. Available NTIS:
Order No. 91002116.

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.; Rajah, 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. (1990). "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

CuinSe 2 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; SERI Workshop in the Role of Point Defects/Defect Complexes in Silicon Device
Fabrication, (August 1990). SERI/CP-211-3976. 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 lransient Microwave Reflectance." Conference Record of the
Twenty First IEEE Photovoltaic Specialists Conference - 1990; Kissimmee, Florida; May 21-2£
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, _'Zew York.

Branz, H. M.; Silver, M. (15 October 1990). "Potential Fluctuatiom 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 Resgarch
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). lon-Assisted Doping of ll-Vl Compounds During Physical Vapor Deposition, Final
Subcontract Report, 1 September 1985 - 30 August 1989. SERI/TP-211-3907. 89 pp. Work
performed by Department of Materials Science and Engineering, Stanford University, Stanford,
California. Available NTIS: Order No. DE90000358.

Bur_ck, J.; Glatfelker, T. (1990). "Outdoor Performance Studies of a-Si Alloy Multi-Junction Solar Cells
Using Simulated Solar illumination." 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 Devi,res, Inc., Troy, Michi_,an.

Catalano, A.; Arya, R. R.; Bennett, M.; Fieselmann, B.; Morris, J.; Newtown, J.; Podlesny, R.; Tawseme,
E.; Wiedeman, S.; Yang, L.; Rcthwarf, A.; Shapiro, F. (September 1990). Research on High-
Efficiency, Large-Area. Amorphous Silicon Based Solar Cells, Final Subcontract Report,
1 Februa_ 1989 - 28 February 1990. SER//TP-211-3906. 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.; AO.a, R. R.; Bennett, M.; Fieselmann, B.; Golclstein, 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 III, Semi-Annual Subcontract Report,
1 February 1989 - 31 July 1989. SERJ/TP-211-3805. 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 7-11, 1991).

Delong, M. C.; Taylor, P. C.; Olson, J. M. (6 August 1990). "Excitation Intensity Dependence of

Photoluminescence in Ga0_s2Ino.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 III-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 Gao_s2Ino.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 CulnSe 2 and
CulnGaSe 2 Cells and Materials Research, Final S,.,,b,contract Report, 1 November 1987 - 31
October 1989. SERI/TP-211-3909. 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 SemicrystaUine 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.



FY 1991 BIBLIOGRAPHY (continued)

Fortmarm, 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 CulnSe 2 and
CulnGaSe 2 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. SER//TP-214-4141. 43 pp. Work performed by Department of
Chemistry, Harvard 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/TP-211-3918. 157 pp. Work performed by Energy Conversion Devices, Inc., Troy,
Michigan. Available NTIS: Order No. DE99000364.

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 En.gineers, Inc.; pp. 1057-1061.
Work performed at University of Notre Dame, Notre 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). "DX-Center in Se-Doped

AlxGal.xAS. '' Impurities, Defects and Diffusion in Semiconductors: Bulk and Layered Structures,
Materials Research Society Symposium Proceedings, Volume 163, Wolford, D. J.; Bernholc, J.;
and Hailer, E. E. Pittsburgh, PA: Materials Research Society; pp. 781-784. Presented at the MSR

Fall Meeting, November 27 - December 1, 1989, Boston, Massachusetts. Work performed by
Department of Physics, University of Denver, Denver, Colorado; Solar Energy Research Institute,

Golden, Colorado; Research Triangle Institute, Research Triangle Park, North Carolina.

Hass, K. C.; Davis, L. C.; Zunger, A. (15 August 1990). "Electronic Structure of Random AI0.5Gao.sAs
Alloys: Test of the "Special-Quasirandom-Structures" Description." Physical Review. B, Condensed
Matter (42:6); pp. 3757-3760. Work performed by Research Staff, Ford Motor Company,
Dearborn, Michigan, and Solar Energy Research Institute, Golden, Colorado.

Hegedus, S. S. (1990). "Capacitance Studies of a-SiGe:H p-i-n 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. 1544-1549. Work
performed by the Institute of Energy Conversion, University of Delaware, Newark, Delaw_e.

Luft, W. (1990). "Research in the U.S. on High-Efficiency Amorphous Silicon Photovoltaic Devices."

International Journal of Solar Energy, (8:3); pp. 155-160.

Lundstrom, M. S.; Melloch, M. R.; Pierret, R. F.; Carpenter, M. S.; Chuang, H. L.; Keshavarz!, A.;
Klausmeier-Brown, M. E.; Lush, G. B.; Morgan, J. M.; Stellwag, T. B. (July 1990). Basic
Studies of lll-V High Efficiency Cell Components, Annual Subcontract Report, 15 August 1f_88 -
14 August 1989. SERI/TP-211-391M. 120 pp. Available NTIS: Order No. DE90000360.

Materials Science and Engineering Division Technical Summary Report, January, 1991. (January 1991).
SERI/MP-210-4206. 24 pp.

Melloch, M. R.; Tobin, S. P.; Bajgar, C.; Keshavarzi, A.; Stellwag, T. B.; Lush, G. B.; Lundstrom, M.
S.; Emery, K. (2 July 1990). "High Efficiency Alo_.2Gao.78As Solar Cells Grown by Molecular
Beam Epitaxy." Applied Physics Letters (57:1); pp. 52-54. Work performed by School of
Electrical Engineering, Purdue University, West Lafayette, Indiana; Spire Corporation, Bedford,
Massachusetts; and Solar Energy Research Institute, Golden, Colorado.

Melloch, M. R.; Tobin, S. P.; Bajgar, C.; Stellwag, T. B.; Keshavarzi, A.; Lundstrom, M. S.; Emery, K.
(1990). "High-Efficiency GaAs and AlGa.As Solar Cells Grown by Molecular Beam Epitaxy."
Conference Record of the Twenty First IEEE Photovoltaic Specialists Conference - 1990;
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