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ABSTRACT

We report the application of a novel material,
lnGaAsN, with bandgap energy of 1.05 eV as a
junction in an lnGaP/GaAs/lnGaAsN/Ge 4-
junction design. Results of the growth and
structural, optical, and electrical properties
were demonstrated, showing the promising
perspective of this material for ultra high
efficiency solar cells. Photovoltaic properties
of an as-grown pn diode structure and
improvement through post growth annealing
were also discussed.

INTRODUCTION

High efficiency solar cells are very important
for use in space power systems. Increased solar
cell efficiency results in reduced satellite mass
and launch cost, and increased payload and
satellite mission life. Current state-of-the-art
design includes lnGaP (bandgap energy
Eg-1 .85 eV) and GaAs (Eg=l .42 eV) junctions
interconnected by a quantum tunnel junction
grown on either GaAs or Ge substrates.[1 ] A
proper epitaxial growth process can make the
Ge (Eg=O.67 eV) junction active, yielding the
third junction. It was demonstrated that the air
mass O (AMO) efficiency from lnGaP/GaAs
tandem-junction solar cells is -25-27Y0 [2,3] in
laboratories and -22-24% in production. [4]
However, there is a major loss mechanism
inherent to the material combination of this
tandem junction design. The large energy
difference between the bandgaps of Ge and
GaAs, -0.75 eV, results in a significant amount
of super-bandgap energy loss in the form of
heat. Solar photons of energy hv absorbed in

the solar cell layers with bandgap Eg result in
an energy loss of hv-Eg. This loss can be

having a bandgap between those of Ge and
GaAs. For example, a material with bandgap of
-1 eV and lattice-matched to GaAs would be
suitable. [5] Attempts have been made to
circumvent this super-bandgap loss in the Ge
cell of the 3-junction lnGaP/GaAs/Ge ce 1I
design or sub-bandgap loss in an lnGaP/GaAs
dual-junction design by introducing a material
with bandgap energy of -1.05 eV, such as
strain-relaxed lnGaAs,[6] ZnGeAs~,[7] T i
compound, and wafer bond lnGaAsP junction
grown cm lnP to GaAs substrates where the
lnGaP/GaAs junctions were grown. [8] However,
all these efforts have failed to produce high
enough quality materials for this application to
date. We elected to use an ln~Gal.~AsYNl-Y
compound for this application. [9] With this
design, four-junction
lnGaP/GaAs/lnGaAs&Ge cascade solar cel I
will give a theoretical “Alv10efficiency of -41 YO.

If the top junction lnGaP material is replaced
with a Eg -2 eV quaternary inGaAIP, lattice-
matched to GaAs, the top junction can be
made infinitely thick optically unlike the
current design where the top junction has to be
thinned to achieve current-matching .[1 O]
Assuming infinite optical thickness for solar ce II
junctions and ideal characteristics for all the
junctions, the AMO efficiency could
theoretically be as high as 42.3%. Projected
values for individual solar cell junction open-
circuit voltage (V~.), short-circuit current (L), fi II
factor (FF), and etilciency (EFF) are shown i n
Figure 1.

minimized through the use of a material
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Historical Perspective

Site characterization for the WIPP began around 1975. At that time, petroleum industry drilling
and good scientific practices controlled the work. As time progressed, industty Standads and
DOE Orders began to be incorporated into the WIPP QA program. In the early 1980’s the WIPP
moved towads a nuclear QA program and became increasingly more rigorous. The EPA
formally imposed three nuclear-industry standards, NQA-I, NQA-2, and NQA-3, in early 1996.
Prior to that, the Project had already begun to incorporate these standards into the program.
They are the QA basis for the work used in certif@ng the VWPP.

The large span of time from first data collection to applying for the compliance certification caused
not only the specific QA requirements to evolve, but also the interpretation of those requirements
became more conservative. As a result, much of the eady data had to go through a qualification
process to meet the QA requirements stated in 40 CFR Pad 194. The Project used two of the
approaches described in NUREG-I 298, Qualification of Existing Data for High-Leve/ /Vuc/ear
Waste Repositories (6). This general technical position paper, produced by the U.S. Nuclear
Regulatory Commission, provides for the qualification of data by four methods:
● Peer review,
● Corroborating data
. Confirmatory testhg, and
● Demonstration of QA program equivalency.

Through the use of QA program equivalency and formal, external peer review, the Project was
able to qualify all of the early data used for certification. The peer review process was based on
NUREG-I 297, Peer Review for High-Leve/ Nut/ear Waste Repositories (7).

Summary of CIA Program

The SNL QA program is based on the 18 criteria found in NQA-I. These criteria address such
areas as: organization, quality assurance program (including personnel training and
qualification), design, procurement, document development and review, analyses and
calculations, calibrations, sample management, corrective action, records, assessments, data
collection, and software qualification. The most important procedures relative to the type of work
performed by SNL are those that apply to data collection, analyses, and software.

Currently, the SNL QA program is described in 18 procedures and is based on the 18 criteria
from NQA-1, as well as additional requirements. NQA-2 requirements for the development,
procurement, maintenance, testing, and use of computer software; and NQA-3 requirements for
scientific investigations, and data traceability and identification are also addressed.

QA Program Implementation

For successful implementation, strong commitment to the QA program must begin at the highest
levels of management. The SNL WIPP Project Manager ensured that staff knew their
responsibilities with respect to the QA program and held them accountable for fulfilling those
responsibilities. Whhout strong leadership and management support, implementation would have
been extremely diticult and may not have been successful.

In order to assist the technical staff with QA program implementation, several QA Coordinator
positions were created. The Coordinators, QA professionals with technical backgrounds, were
assigned to functional work groups (e.g., chemistry, hydrology, performance assessment). They
assisted with the development of test and analysis plans, and reviewed many project documents
such as contracts, procedures, scientific notebooks, analysis records packages, data record
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packages, and reports. Dedicating these QA resources to the technical staff was a key success
factor.

Another activity that contributed to successful QA implementation was a strong assessment
program. Activities were independently reviewed for compliance with upper tier QA requirements.
If a deficiency was found, corrective action was taken. Corrective action usually consisted of
remediating the problem, conducting investigations to determine if similar instances of the
deficiency had occurred, determining the impact from any deficiencies, and taking action to
preclude recurrence of the defidency. Additionally, an annual analysis was conducted on the
deficiencies to uncover any trends.

Key Elements of a QA Program

During the certification process, much was learned about the benefits of an well-implemented QA
program. Quality assurance practkes and scientific studies suppoti decision making in
radioactive waste disposal, such as licensing or perrn”tiing. These decisions are open to public
review and are largely based on documented evidence of the activities used to supporl the
decisions.

In terms of providing defensible results, a QA program, regardless of upper-tier requirements
should ensure that the activities used for decision making are:
. Traceable, i.e., the source and justification of data and other inputs can be understood.
. Transparent, i.e., the logic, calculations, and other actions can be followed.
. Reviewed, i.e., technical, QA, and managerial reviews are documented.
● Reproducible, i.e., the results can be duplicated.
. Retrievable, i.e., documentation attesting to the above four benefits can be retrieved.

Conclusion

In conclusion, SNL successfully developed and implemented a QA program that adequately met
the requirements described in applicable federal regulations. Upper tier requirements were
addressed in QA procedures, QA Coordinators were assigned to the technical work groups, and
a rigorous, independent assessment program was deployed. These actions contributed to a QA
program that ensured the activities conducted by SNL were traceable, transparent, reviewed,
reproducible, and retrievable. As a result, regulators and stakeholders were able to evaluate and
ultimately certify and accept the WIPP.

%ndia is a multiprogram laborato~ operated by Sandia Corporation a Lockheed Martin Company, for the
United States Department of Energy under contract DE-AC04-94AL8500.
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