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Cover Photos (clockwise from lower right):

On August 8, 2005, President George W. Bush visited the National Solar Thermal Test Facility at
Sandia National Laboratories as part of his signing of the Energy Bill. R.J. Montoya Photo

National Renewable Energy Laboratory researchers use a computer-controlled data acquisition
system at the laboratory’s Outdoor Test Facility to characterize the performance and reliability of
PV cells and modules. Jim Yost, PIX14094

A Cornell University student cleans the solar-powered rooftop of his team’s entry in preparation
for the 2005 Solar Decathlon competition in Washington, D.C. Stefano Paltera/Solar Decathlon

Global Solar Energy, a member of the Thin Film PV Partnership, produces PV material by
depositing CIGS (copper indium gallium diselenide) on a lightweight, flexible polymide substrate
in roll form. Global Solar Energy, PIX13419



The DOE Solar Energy Technologies Program

Raymond A. Sutula, Manager, DOE Solar Energy Technologies Program

The Solar Energy Technologies Program, within the U.S. Department of Energy's Office of
Energy Efficiency and Renewable Energy (EERE), is responsible for developing solar energy
technologies that can convert sunlight to useful energy and make that energy available to satisfy
a significant portion of our nation's energy needs in a cost-effective way. The Solar Program
supports research and development that addresses a wide range of applications, including on-
site electricity generation, thermal energy for space heating and hot water, and large-scale power
production.

This is a great time to be involved with solar energy. Photovoltaic (PV) systems are being
installed in the United States and around the world in unprecedented quantities. The
concentrating solar power industry has broken ground on its first major plant in more than

10 years, and, with strong support from the Western Governor’s Association, more plants are
planned over the next few years. One of the largest segments of the solar industry is solar pool
heating, and we are working with U.S. industry to leverage this expertise into new solar water
heating products for residential and commercial use.

Mission and Goals

We in the Solar Program are committed to developing solar technologies that provide the country
with economic energy options and help U.S. industry remain the world leader in these
technologies. Research, design, and development of technology are combined with value
analysis, an integrated-systems approach, and partnering to attain the Solar Program's goals and
objectives.

Our mission is to improve America's security, environmental quality, and economic prosperity
through public-private partnerships that bring reliable and affordable solar energy technologies to
the marketplace. Our goals are to reduce the cost of solar energy to the point that it becomes
competitive in relevant energy markets (e.g., buildings and power plants) and for solar technology
to reach a level of market penetration to enable a sustainable solar industry.

Program Areas

The Solar Program consists of three subprogram areas. The first two, Photovoltaics and Solar
Thermal, are technical and cover five key activity areas:

Photovoltaics
e Fundamental Research
e Advanced Materials and Devices
e Technology Development

Solar Thermal
e Concentrating Solar Power
e Solar Heating and Lighting



The third subprogram, Systems Integration and Coordination, covers crosscutting activities that
reflect a new Systems-Driven Approach to managing the Solar Program. This subprogram
provides a framework and the analysis tools to explore alternative pathways and identify critical
technology needs to guide planning and management of the entire solar portfolio.

This subprogram is divided into five crosscutting areas:
Systems Integration and Coordination
Technology Portfolio Integration

Stakeholder Collaboration

Communications, Education, and Outreach
Planning, Budget, and Analysis

Future Program Direction

We have ambitious plans for the next few years. Our focus is on realizing the benefits identified
for EERE in the Government Performance and Results Act (GPRA) of 1993. The principal metric
is gigawatts of capacity (electric or equivalent) installed in the United States during the mid- and
long-term horizon. To accomplish these goals, our efforts must impact markets whose potential
size can be measured in gigawatts. And, we must meet levelized energy cost goals that will open
those markets.

Analytical techniques, based on the Systems-Driven Approach, are used to optimize our research
portfolio. We must invest in partnerships with the private and public sectors, using the balance of
near-, mid-, and long-term research and related activities that will have the most impact on
gigawatts installed. Risk is being factored into this analysis, as well as the use of outside experts
to ensure our analysis is robust.

Our multi-year program plan, annual operating plan, and subcontracts contain robust milestones,
as defined in the stage-gate model for both commercialization and research paths. With the
assistance of external experts, we continue to evaluate proposed activities and milestones
against a number of criteria, such as strategic fit, market impact, technical feasibility and risk,
critical success factors and showstoppers, and plans to proceed. The stage-gate process is being
applied to graduate programs to the next phase or to recycle, suspend, or end efforts.

On top of all this, we have some major events scheduled. The biggest one is the Solar Decathlon
in October 2005—an effort that is being closely worked on not only by us, but also by our top
management at DOE. The inaugural event in 2002, which featured teams of college students
vying to design and build the most effective solar-powered house, captured the attention of the
American public. It put solar technologies on center stage for several weeks before, during, and
after the competition, and we expect even bigger results in 2005.

About This Report

In the body of this report, you will read about R&D results and achievements from across our
Program. The work performed at the participating DOE national laboratories—National
Renewable Energy Laboratory, Sandia National Laboratories, Oak Ridge National Laboratory,
and Brookhaven National Laboratory—is highlighted, along with the vital contributions of our
industry and university partners. A CD of Proceedings from the 2005 Solar Program Review
Meeting is also included as part of this document. This annual meeting reviews developments
and achievements within the DOE solar energy arena during the preceding year.

We who have the opportunity to work in the field of solar energy are the luckiest people in the
world. Solar offers virtually limitless promise of vast quantities of clean, affordable, renewable
energy for our nation’s future.
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Photovoltaic R&D Subprogram Overview
Richard J. King, Team Leader, Photovoltaic R&D

The bulk of the Photovoltaic Subprogram’s activities are carried out through two primary research
centers: the National Renewable Energy Laboratory (NREL) in Golden, Colorado, and Sandia
National Laboratories (SNL), in Albuquerque, New Mexico. Brookhaven National Laboratory
(BNL), in Upton, Long Island, New York, provides program support in the area of environmental
health and safety. NREL, SNL, and BNL are all partners in the National Center for Photovoltaics
(NCPV), which provides guidance to DOE PV research efforts. In addition, DOE’s Golden Field
Office (GO), in Golden, Colorado, and the Albuquerque Operations Office (ALO), in Albuquerque,
New Mexico, administer and manage contracting activities assigned by headquarters.

The PV Subprogram research is focused on increasing domestic capacity by lowering the cost of
delivered electricity and improving the efficiency of modules and systems. We emphasize long-
term innovative research, thin-film development, manufacturing R&D, and systems development
and reliability. Long-term research is focused on “leapfrog” technologies such as polymers and
nanostructures. In thin films, new levels of efficiency and stability in prototype modules have
been achieved, as well as higher laboratory cell efficiencies. Near-term research is focused on
reducing cost through manufacturing advancements and by improving system reliability.

Goals and Objectives

By 2006, the goal is to reduce the average cost of all grid-tied (battery-free) PV systems to the
end user to $4.50/watt (W), from a median value of $6.25/W in 2000. This requires a reduction in
the direct manufacturing cost of the PV module itself to $1.75/W, compared with a cost of
$2.50/W in 2000. The result would be a reduction in the average cost of electricity generated by
PV systems from $0.24/kWh in 2000 to $0.18/kWh in 2006. These are broad program goals that
must be refined for specific applications. Objectives for utility-scale applications go beyond the
general goal because of the nature of utility applications. Objectives for residential grid-connected
systems are somewhat less aggressive than the overall goal because of specific conditions in
these applications.

Results and Accomplishments

NREL-supported research resulted in 13.5%-efficient crystalline silicon and 11%-efficient thin-film
modules being made commercially in the United States, an important JOULE milestone. Equally
significant, world-record efficiencies were attained for six solar cells and one module. The Boeing-
Spectrolab cell world record of 39% efficiency is the highest achieved for any monolithic cell
under concentrated sunlight. In addition, the charge-state defect that causes light-induced
metastability in B-doped Czochralski-grown crystalline silicon was identified for the first time,
representing a significant research contribution toward improving the semiconductor used in more
than 90% of the solar cells sold in the market last year. These accomplishments advance the
long-term objectives for low-cost PV and competitive electricity.

The NREL Measurements and Characterization Division assisted more than 70 PV research
partners in the areas of analytical microscopy, surface analysis, electro-optical characterization,
and cell and module performance. The division achieved a very significant priority 3 milestone in
FY 2005 by expanding its ISO 17025 accreditation to include primary reference cell and
secondary module calibration, in addition to the existing accreditation for secondary reference cell
calibration under ASTM and IEC standards, making NREL the only laboratory in the world to hold
accreditations for both. This is significant because module certification and qualification test
laboratories require module and cell calibrations from an ISO 17025 accredited source. 1SO
accreditation provides manufacturers with confidence that the performance reported for these
products is verifiable and internationally accepted.

1 Photovoltaic R&D



The Thin Film PV Partnership supported the transition to successful first-time manufacturing of
key thin-film technologies during the fiscal year. This is viewed as the Partnership’s most
important activity in the short term, because it will help establish thin films in the marketplace,
improve their chances of future growth and success, and help define the transition of
technologies that have been successfully developed by DOE funding to the private sector. Global
Solar Energy fabricated a 10.2%-efficient, 88.9-W thin-film CIGS power module, the highest-
wattage CIGS module in the world. First Solar and United Solar Ovonic broke ground on major
thin-film factory expansions (50 MWp of cadmium telluride and 25 MWp of amorphous silicon,
respectively). Overall, production of thin films in the United States grew from 12 MWp in 2003 to
an estimated >40 MWp in 2005.

The PV Manufacturing R&D Project received a 2005 R&D 100 Award with Sinton Consulting for a
quasi-steady-state photoconductance Silicon Evaluation System. This process gives
manufacturers information to identify substandard silicon before it is made into PV cells, thereby
increasing the number of efficient cells produced, boosting yields, and reducing manufacturing
costs. The evaluation system will enable the solar industry to keep up with product demand and
growth and to produce consistently better silicon at the lowest possible price. Manufacturing R&D
achieved major technical progress in other areas, as well, by: implementing production-line
improvements that resulted in an 85% increase in yield and a 13% increase in cell efficiency (ITN
Energy Systems); demonstrating the integration of diagnostic equipment and statistical methods
for high-speed monitoring of wafers, cells, and processes in 60-MW manufacturing facility,
resulting in a 15% increase in throughput (RWE Schott Solar); and initiating manufacturing of PV
modules using new Gemini ll-based String Ribbon silicon wafers (Evergreen Solar).

Construction of the Science and Technology Facility (S&TF) at NREL is well under way, with the
grand opening of the completed facility expected in May 2006. The new facility will provide 71,000
square feet of office and laboratory space. The S&TF includes a substantial investment in new
equipment that will be capable of greater process integration. Researchers will be able to
experiment in conditions much closer to the situation likely to be found in manufacturing. This will
dramatically narrow the gap between discoveries in the laboratory and their application in the
market.

The second Solar Decathlon, an intercollegiate competition that tests which team can build the
most effective solar-powered home, began in late September, just as FY 2005 was drawing to a
close. Eighteen teams brought their houses to the National Mall in Washington, D.C., where they
competed in ten contests encompassing architecture, livability, and power generation to heat and
cool space, heat water, and power lights, appliances, and an electric car. The Solar Decathlon
reaches out to the public in a major way. Between the two Decathlons (held in 2002 and 2005),
as many as a quarter of a million people have come to learn about the architectural appeal and
myriad benefits of solar energy in the built environment.

A Growth Industry

For the past decade, the average growth of the world PV market has exceeded 30%, which
makes the PV industry one of the most consistent high-growth industries in the world. Critical to
the success of PV technologies in the marketplace has been DOE'’s role in advancing module
efficiencies, costs, and reliability; inverter performance, reliability, and cost; and improvements in
balance of systems. Continued success will depend on a strong government R&D program and
the resources, scientific and technological approaches, and continued efforts of the “best and
brightest” among industry, laboratory research organizations, and our educational institutions.

Photovoltaic R&D 2



Fundamental Research

Fundamental or basic research investigates the physical mechanisms of charge carrier transport,
band structure, junction formation, impurity diffusion, defect states, and other physical properties
of photovoltaic and photoelectrochemical materials. This area also includes solar resource
characterization and environmental health and safety.

Among the research topics are innovative ideas and technologies with the potential to “leapfrog”
current approaches. This high-risk research leads to new, nonconventional concepts that could
dramatically improve cost effectiveness in the long term.

Fundamental research is key to the continued advancement of photovoltaic technology necessary
to meeting the 2015 goal of achieving $0.05/kWh to $0.10/kWh battery-free, grid-tied systems.
Industry and university researchers work in partnership with national laboratories to improve the
efficiency of cell materials and devices by investigating their fundamental properties and
operating mechanisms. This teamed research approach works to identify efficiency-limiting
defects in cell materials and analyze their electrical and optical properties.

FY 2005 marked a host of accomplishments in the Fundamental Research area, including these:

Measurements and Characterization

e Provided measurement support in the areas of analytical microscopy, surface analysis,
electro-optical characterization, and cell and module performance to more than 70 PV
research partners in industry, academia, and NREL.

e Expanded ISO 17025 accreditation from secondary reference cells to include primary
reference cells and modules.

Electronic Materials and Devices
¢ Invented fire-through agents that enable inkjet-written Ag contacts to silicon solar cells
through silicon nitride antireflection coating.

e Achieved major improvements and record efficiencies in new and conventional PV devices,
including: 16.2% in a CIGS cell produced from a 1-micron-thick absorber layer; 14% in CdTe
solar cells, with absorber layers of half the conventional thickness; and 37.9% (10 suns
concentration) in a novel inverted growth structure used to produce a thin-film
GalnP/GaAs/GalnAs triple-junction solar cell.

Crystalline Silicon Project

e With the University of California at Berkeley, identified and characterized metallic defects
affecting most commercially available c-Si solar cells as a function of processing conditions,
including a defect-engineering solution to the "dirty silicon" problem.

e With various research partners, achieved a number of record high efficiencies on readily
manufacturable screen-printed, low-cost-material PV cells.

High-Performance Photovoltaics

o Demonstrated a four-terminal polycrystalline thin-film tandem cell consisting of a CdTe-based
top cell and a CIS-based bottom cell, officially measured by NREL at 15.3% efficiency.

¢ With Boeing Spectrolab, demonstrated a 39%-efficient GalnP/GalnAs/Ge cell verified by
NREL at 236 suns.

Solar Resource Characterization
e Evaluated performance of three candidate solar radiation models for the National Solar
Radiation Data Base (NSRDB) and developed recommendations for an NSRDB update plan.

Environmental Health and Safety

e Conducted a life-cycle analysis of the balance of systems of the Tucson Electric Power
Springerville 3.5-MW c¢-Si plant; computed energy payback times to be 70% lower than the
previously published estimates.

Photovoltaic R&D
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Measurements and Characterization

Performing Organization: National Renewable Energy Laboratory (NREL)
Key Technical Contact: Peter Sheldon, 303-384-6533, peter_sheldon@nrel.gov
DOE HQ Technology Manager: Jeffrey Mazer, 202-586-2455, jeffrey.mazer@ee.doe.gov

FY 2005 Budget: $6,895K

Objectives
e Provide routine and specialized measurement and characterization support for PV program
research and industry teams.
e Lead and contribute to collaborative research that addresses critical issues in PV technologies.
o Develop and implement novel measurement techniques that enhance the ability to understand
and advance fundamental PV research and development.
e Develop diagnostic tools that advance manufacturing research and development.

Accomplishments

e Provided measurement support in the areas of analytical microscopy, surface analysis, electro-
optical characterization, and cell and module performance to more than 70 PV research partners
in industry, academia, and NREL.

o Expanded our ISO 17025 accreditation from secondary reference cells to include primary
reference cells and modules.

e Carried out detailed investigation of the structural, chemical, and electrical properties of the
crystalline Si/famorphous Si interface in HIT cells.

e Organized the 15" Workshop on Crystalline Silicon Solar Cell Materials and Processes.

e Investigated surfactant-assisted growth of CdS thin films, leading to a substantial improvement of
thin-CdS/CIGS device performance.

o Developed, constructed, and tested an automated resonant-coupled, photoconductive decay
(RCPCD) minority-carrier lifetime mapping system (one- or two-dimensional) that incorporates
auto-tuning, and is capable of accepting samples up to 6” in diameter.

e Studied plasma surface modification of polymer backsheets to investigate the origin of interfacial
barrier/backsheet failure.

o Developed a prototype minority-carrier lifetime measurement system capable of accurately
measuring both crystalline and multicrystalline Si wafers in an in-line manufacturing environment.

e Developed a scanning tunneling microscope within a scanning electron microscope (SEM) and
investigated the transport properties of grain boundaries in polycrystalline thin films.

¢ Investigated the nature, origin, and generation mechanism of defects in lattice-matched and
lattice-mismatched IlI-V structures.

e Completed a secondary ion mass spectrometry (SIMS) study of elemental diffusion during solid-
phase crystallization of amorphous silicon films.

o Completed international module intercomparison involving PV module calibration and certification
laboratories.

Future Directions
e Provide measurement support in the areas of analytical microscopy, cell and module
performance, electro-optical characterization, and surface analysis to at least 70 PV research
partners in industry, academia, and NREL.
e Maintain ISO accreditation for secondary cell and module measurements. Complete periodic
audits.
¢ Organize the 16th Workshop on Crystalline Silicon Solar Cells Materials and Processes.

Photovoltaic R&D
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o Complete capability to evaluate multiple junction concentrator cells and modules to 1000x with

lowest possible uncertainty.

e Investigate the structural, chemical, and electrical properties of front and back screen-printed
contacts to industrial Si cells. Demonstrate improved process robustness and performance.
e Develop a prototype tool capable of screening Si wafers with microcracks in an in-line

manufacturing environment.

e Conduct experiments to examine the structural, chemical, and electrical properties of the c-Si/a-Si
interface in HIT cells and correlate these properties with device performance.

e Conduct a study correlating composition and structure of moisture barrier layers grown on flexible
substrates with growth conditions, water vapor transport rates, and adhesion properties.

e Study the reaction kinetics of nanoscale Cu,Te films.

e Conduct studies of wet-chemical processing of PV material surfaces.

e Plan and initiate operations in the Science and Technology Facility.

1. Introduction

The Measurements and Characterization Division
provides test, measurement, and analysis support
and research for the National Photovoltaics
Program. It supports all PV material technologies
and involves essential collaborations with internal
research groups, external research partners in
university and industry laboratories, and PV
manufacturers. Each year, this project assists
clients with the test and analysis of thousands of
materials and device samples, helping them to
understand and direct work on their research and
commercial product development.

These activities address one or more of the three
areas crucial to meeting the EERE goal of
reducing the levelized cost of energy for PV to
$0.06/kWh by 2020. The three areas are (1)
improving device and module performance, (2)
reducing manufacturing costs, and (3) improving
device/module reliability. This is accomplished by
selecting projects that address key issues for a
broad spectrum of technologies, including c-Si, a-
Si, thin Si, CIS, CdTe, llI-Vs, and future-generation
materials. For each technology, we allocate
resources to: (1) provide routine and specialized
measurement and characterization support for
research and industry partners; (2) lead and
contribute to collaborative research that addresses
critical issues in these PV technologies; (3)
develop and implement novel measurement
techniques that enhance our ability to understand
and advance fundamental PV R&D; and (4)
develop  diagnostic  tools that advance
manufacturing R&D.

2. Technical Approach

The project is composed of four core competency
research tasks and a management/coordination
task. The four research tasks are Analytical
Microscopy, Cell and Module Characterization,
Electro-Optical Characterization, and Surface
Analysis. The major non-support research
activities pursued in FY 2005 are outlined below
by task. Although a significant portion of our work
involves working with industry to solve research
and manufacturing problems in a timely manner,
these activities are not reported in this document
because of their proprietary nature. However,
during the past year, we have collaborated with
well over 70 research groups from industry,
universities, and national laboratories. FY 2005
priority milestones in each task are listed below.

2.1 Analytical Microscopy Task

e Study the nature, origin, and three-
dimensional distribution of structural defects in
lattice-matched and  mismatched  llI-V
structures on Si substrates.

e Investigate the chemical, structural, and
electrical properties of the c-Si/a-Si interface in
Si HIT cells.

e Complete the development of a scanning
tunneling microscope within an SEM and
investigate the transport properties of grain
boundaries in polycrystalline thin films.

A summary of progress on these milestones is

outlined in section 3.1.

2.2 Cell and Module Performance Task

e Maintain ISO 17025 Accreditation for
secondary cell calibration under ASTM and IEC
standards and expand to include primary
reference cell and secondary module
calibration.

Photovoltaic R&D
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o Complete International Module Intercomparison
study and publish results.

A summary of progress on these milestones is

outlined in section 3.2.

2.3 Electro-Optical Characterization Task

e Organize the 15th Workshop on Crystalline
Silicon Solar Cell Materials and Processes.

e Develop a prototype minority-carrier lifetime
measurement system capable of accurately
measuring both crystaline and multi-
crystaline Si  wafers in an in-line
manufacturing environment.

e Apply Dessis 2-D device modeling software to
elucidate fundamental limitations in crystalline
and polycrystalline PV device designs. Submit
at least one peer-reviewed paper that leads to
an improved understanding of device
performance and/or reliability.

e Develop, construct, and test an automated
RCPCD minority-carrier lifetime mapping
system (one- or two-dimensional) that
incorporates auto-tuning and is capable of
accepting samples up to 6” in diameter.

A summary of progress on these milestones is

outlined in section 3.3.

2.4 Surface Analysis Task

e Study plasma surface modification of polymer
backsheets to investigate the origin of
interfacial barrier/backsheet failure.

e Investigate surfactant-assisted CBD growth of
CdS thin films in CdS/CIGS devices.

e Complete SIMS study of elemental out-
diffusion during solid phase crystallization of
amorphous silicon films on glass substrates.

e Specify and order mobile Auger tool for
Science and Technology Facility.

A summary of progress on these milestones is

outlined in section 3.4.

Budget allocations by task are provided below.

. FY 2005
Task Title Budget ($K)
Analytical Microscopy 1,750
Cell and Module Performance 1,410
Electro-Optical Characterization 1,710
Surface Analysis 1,360
Management/Maintenance 665

3. Results and Accomplishments

Research results outlined in this section address
only FY 2005 priority 3 and 4 milestones, which
represents only a portion of all support and
research activities within the division. A more

Photovoltaic R&D
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complete summary of all division research
activities can be found in our bimonthly reports.
Highlights for each task are outlined below.

3.1 Analytical Microscopy Task

The nature, origin, and three-dimensional
distribution of structural defects in lattice-matched
and mismatched IlI-V structures on Si substrates:
In collaboration with NREL'’s IlI-V Group, GaP and
GaP(N) epitaxial layers on Si substrates, which
were grown by metal organic chemical vapor
deposition (MOCVD), were investigated by
transmission electron microscopy (TEM) and
cathodoluminescence (CL). These structures are
being developed for multijunction devices on Si.
Particular emphasis was placed on the initiation of
growth on Si substrates, because that determines
the structural quality of the device layers. By
optimizing MOCVD nucleation and growth
conditions, nearly defect-free GaP(N) layers have
been grown on Si substrates. A low-density misfit
dislocation network was observed at the Si/GaP
interface. However, very few threading
dislocations propagate from it. Using these as
templates, the first 11I-V/Si lattice-matched tandem
cells were fabricated. We also obtained the first
experimental evidence of atomic ordering in
GaNP(As) dilute nitride alloys. This may have a
marked effect on the alloy bandgap. We also
investigated the structural properties of lattice-
mismatched GaAsP on GaP(N) on Si. Both direct
deposition and a variety of grading schemes were
examined. The growth conditions for achieving the
lowest density of dislocations were ascertained.
Relatively low defect density (<10° cm™) MOCVD
GaAsP layers were obtained by use of
compositionally step-graded buffer layers (Fig. 1).

Step-graded buffer

- GaAsP

GaAsP
step grade

st

Fig. 1. TEM cross section of a step-graded GaAsP
layer on GaP(N) on Si substrate



The chemical, structural, and electrical properties
of the c-Si/a-Si interface in Si HIT cells:

In collaboration with  NREL's Si Group, the
microstructure and interface properties of Si
heterojunction (SHJ) cells were investigated.
Such cells have recently demonstrated world-
record efficiency on single-side, untextured Si HIT
structures. The atomic structure and electronic
properties of the crystalline silicon/hydrogenated
amorphous silicon (c-Si/a-Si:H) interface were
examined by high-resolution transmission electron
microscopy (HRTEM), atomic-resolution Z-
contrast imaging, and electron energy loss
spectroscopy. We found that all high-performance
SHJ solar cells exhibit atomically abrupt and flat c-
Si/a-Si:H interfaces and high disorder of the a-Si:H
layers. These atomically abrupt and flat ¢c-Si/a-Si:H
interfaces can be realized by direct deposition of
a-Si:tH on c¢-Si substrates at a substrate
temperature below 150°C by hot-wire chemical
vapor deposition from pure silane.

Figure 2(a) shows a Z-contrast image of the front
(100) c-Si/a-Si:H interface in a double-
heterojunction SHJ solar cell with a high V. of
680 mV. The intrinsic and doped a-Si layers are
not distinguishable in the images. On the c-Si side,
the elongated bright spots directly represent the
two closely spaced (110) silicon columns, or
silicon “dumbbells.” The amorphous feature is
shown as continuous background in the Z-contrast
image. Combining this Z-contrast image with other
HRTEM images, we conclude that the interface is
atomically abrupt and flat. To understand the
electronic structure change across the interface,
EELS spectra were taken at different points
around the interface.

Figure 2(b) shows the Si-L edges spectra taken
from three points indicated as p1, p2, and p3 in
Fig. 2(a). Point 1 is inside the a-Si:H layer, point 2
is at the interface, and point 3 is inside the c-Si. It
is seen that the intensity of the first peak (as
indicated by black arrows) is reduced as the
electron beam is moved from the c-Si region to the
interface. It is further reduced when the electron
beam is moved into the a-Si:H layer. The Si-L
edges spectra represent the transition from the
silicon 2p band to the conduction band. The
intensity reduction of the first peak indicates that
the density of states is reduced around the
minimum of the conduction band. The reduction at
the interface and in the a-Si is likely caused by the
disorder. Thus, the intensity of this peak tells us
the quality of the a-Si:H layer, i.e., the lower the
intensity, the more disorder, i.e., better a-Si. The

EELS spectra in Fig. 2(b) indicate a high-quality a-
Si:H layer is achieved.
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Fig. 2. (a) Z-contrast image of the front c-Si/a-Si:H
interface in a double-heterojunction SHJ solar cell,
and (b) Si-L edges spectra taken from different
points around the c-Si/a-Si:H interface.

3.2 Cell and Module Performance Task

ISO 17025 Accreditation for secondary cell
calibrations (MYTP M-4, T-1):

The Cell and Module Performance Group
achieved a very significant priority 3 milestone by
expanding ISO 17025 accreditation to include
primary reference cell and secondary module
calibration under ASTM and IEC standards. The
American Association for Laboratory Accreditation
(A2LA) awarded the accreditation to NREL on
September 12, 2005.

Quality calibration plays a critical role in the
product-manufacturing process. ISO accreditation
provides our customers with confidence that the
performance reported for these products is
verifiable and internationally accepted. Many of
our PV industry partners currently have 1ISO 9001
quality programs in place. These companies rely
on NREL for calibrations of reference cells and
modules they use to measure their products.
Certified module qualification facilities such as
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Arizona State PV Testing Laboratory and Florida
Solar Energy Center (FSEC) require their
reference cell calibrations to be traceable to a
certified laboratory. All PV calibrations performed
by the group are traceable to primary reference
cells calibrated by NREL. NREL is one of four
calibration laboratories in the world certified to
perform world Photovoltaic Scale Primary
reference cell calibrations. For this reason, it was
critically important that NREL attain an ISO
accreditation for the reference cells we calibrate
for the PV community. The ISO 17025
accreditation provides NREL with international
credibility and recognition. This process took two
years to complete and involved establishing a very
structured quality system, detailed work
procedures, detailed document control
methodology, formalized record-keeping process,
rigorous management review process, corrective
action plan process, and an instrument calibration
validation process. Implementing and maintaining
an I1SO 17025 program is a significant and
critically important task.

L

THE AMERICAN
ASSOCIATION

FOR LABORATORY
ACCREDITATION

ACCREDITED LABORATORY
A2LA has accredited

NATIONAL RENEWABLE ENERGY
LABORATORY (NREL)
Golden, CO

for technical competence in the field of

Calibration

For the callbrations to which this accreditation applies,
please refer to the laboratory's Calibration Scope of Accreditation.

Fig. 3. In FY 2005, the scope of NREL’s A2LA ISO
17025 accreditation (awarded in FY 2004) was
expanded to include primary reference cell and
secondary module calibration under ASTM and
IEC standards.

Reach the 90% completion point for the
International  Module Intercomparison  study
(MYTP M-24, T-6):

In FY 2005, the Cell and Module Performance
Group had a priority 3 milestone to complete the
next in series international intercomparisons. This
is an important activity because it compares
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measurement procedures and results from all the
key measurement organizations throughout the
world. Currently, eight of the nine participants
have tested the modules identified for this study.
The groups participating are NREL, SNL, Arizona
State Photovoltaic Testing Laboratory, FSEC,
European Solar Test Installation, Fraunhofer
Institute for Solar Energy Systems, and TUV in
Germany. The modules have also been sent to
the final participant, AIST, in Japan. China was
removed from the list of invited participants based
on a lack of interest. The study has been
completed and was summarized at the 2005 Solar
Program Review Meeting. An abstract has been
submitted for the Forth World PV Conference.

3.3 Electro-Optical Characterization

Organize the 15th Workshop on Crystalline Silicon
Solar Cell Materials and Processes:

The 15th Workshop on Crystalline Silicon Solar
Cells & Modules: Materials and Processes was
held on August 7-10, 2005, in Vail, Colorado. It
was representative of eight countries and was
attended by more than 135 scientists from 51
different colleges/universities, the Department of
Energy GO and HQ offices, 53 industry members,
and 2 DOE national laboratories (SNL and NREL).

The Silicon Workshop is geared to help the PV-Si
industry by (1) bringing together the industry,
research, and academic communities, (2)
disseminating scientific and technical information
by nurturing collective views on critical research
areas, and (3) providing feedback to NREL/DOE
on important research tasks, as seen by the
community.

This is achieved at the workshop through a
combination of oral presentations by invited
speakers, poster sessions, and discussion
sessions, all of which review recent advances in
crystal growth, new cell designs, new processes
and process characterization techniques, and cell
fabrication approaches suitable for future
manufacturing demands. In keeping with the
tradition of guiding the fundamental research, the
theme of this year's workshop was "Providing the
Scientific Basis for Industrial Success," which
reflected the workshop's contributions to
advancing the fundamental science behind
industrial development and to the success of the
PV industry.



Develop a prototype minority-carrier lifetime
measurement system capable of accurately
measuring both crystalline and multi-crystalline Si
wafers in an in-line manufacturing environment:

We have designed and built a prototype system
that is capable of quickly and accurately
measuring the decay of photoexcited carriers in
crystalline and multicrystalline silicon and
determining the carrier lifetime from these data.
This system could be incorporated into an
automated manufacturing environment with an
estimated throughput of 6 to 12 wafers per minute.

This development was driven by the fact that
commercially available equipment is limited to
microwave reflection and quasi-static
photoconductivity. Microwave reflection is costly
and probes only a shallow skin depth, which
potentially causes the results to be dominated by
surface recombination. The quasi-static system is
less expensive and avoids the skin depth issues,
but there are concerns that this technique cannot
account for changing silicon parameters that exist
at grain boundaries (GBs) in polycrystalline silicon
and thus gives questionable results.

Our goal was to combine the advantages of both
techniques by using a relatively low frequency and
calculating the lifetime based on fitting the actual
photoconductive decay transient. The sensitivity
is relatively high for measuring in the low-injection
regime, which gives the most accurate minority-
carrier lifetime. We achieve high sensitivity by
tuning the sample as part of a resonant circuit;
thus, we have described the system as resonant-
coupled photoconductive decay, or RCPCD.
Multiple wavelengths are available to change
excess carrier profiles near the surface and
provide information about surface recombination.

Apply Dessis 2-D device modeling software to
elucidate fundamental limitations in crystalline and
polycrystalline  photovoltaic  device designs.
Submit at least one peer-reviewed paper that
leads to an improved understanding of device
performance and/or reliability:

Solar cell modeling has generally been limited to
one-dimension and current-voltage curves. A new
effort within our group in the past year has
developed two-dimensional solar cell modeling
and the ability to simulate multiple experiments
including  current-voltage  curves, quantum
efficiency, time-resolved photoluminescense,
near-field scanning optical microscopy, electron-
beam-induced current (EBIC), and
cathodoluminescence.

This tool has been applied to understand how GBs
affect Cu(In,Ga)Se; solar cell performance and the
electro-optical experiments listed above. A
number of recent articles indicate that CIGS GBs
are positively charged. This has led many
researchers in the Cu(In,Ga)Se, community to
surmise that positively charged GBs screen out
holes, attract electrons, and form minority-carrier
current  channels that enhance  device
performance. Some claimed that this is why
polycrystalline Cu(In,Ga)Se, (and CdTe) solar
cells outperform their single-crystalline
counterparts. Although the study was limited to
Cu(In,Ga)Se,, it should be noted that strong
minority-attractive charge has been measured in
Si, GaP, GaAs, and many other solar cell
materials. The simulations showed that, although
it is true that the GBs can form minority-carrier
current channels, recombination is often
increased, and device efficiency suffers. GB
charge that is sufficiently large enough to actually
increase efficiency causes quantum efficiency to
approach unity, measured lifetimes to decrease
drastically, and EBIC diffusion lengths to be very
large. These experimental signatures are
generally not observed in Cu(ln,Ga)Se; solar cells.
These findings are important to understand what
material properties do and do not contribute to
solar cell efficiency, and to understand how grain
boundaries affect electro-optical characterization.
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Fig. 4. Current density map incorporating grain
boundaries
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Develop, construct and test an automated RCPCD
minority-carrier lifetime mapping system (one- or
two-dimensional) that incorporates auto-tuning
and is capable of accepting samples up to 6” in
diameter:

Polycrystalline wafers and ribbons avoid the high
cost of growing single crystal ingots, but non-
uniformity and grain boundaries can degrade solar
cell performance. Measuring the minority-carrier
lifetime with spatial resolution across
polycrystalline silicon can provide information
toward understanding how detrimental these
regions are. One of the reasons for the high cost
of the commercially available microwave reflection
lifetime measurement system described above is
its scanning capability. Our goal was to develop a
less costly scanning system with approximately
the same spatial resolution of about 1 mm using
the RCPCD system described above.

We have designed and built a one-dimensional
scanning system capable of measuring the lifetime
of crystalline and multicrystalline silicon. This
system (Fig. 5) is capable of rapidly analyzing
heterogeneities in as-grown and processed
material. The mapping capability will prove very
useful in tracking and understanding the non-
uniformities that are known to exist in
multicrystalline silicon.

Fig. 5. Lifetime Mapping System

3.4 Surface Analysis

Complete experiments that correlate surface
chemistry to the adhesion of polymer encapsulant
and edge-seal materials used in module
packaging  designs. Investigate  adhesion
properties under both normal and damp heat
conditions, with goal to facilitate 25-year module
warranties:
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Flexible polymer backsheet materials are being
investigated as possible replacements for glass in
double-glass thin-film module designs. The
permeable nature of polymers, however, makes
them unsuitable for long-term encapsulation. One
possible solution is to deposit a thin moisture
barrier on the polymer backsheet surface. The
barrier efficacy is measured by its ability to impede
moisture and by its adhesion to the polymer and
the encapsulant. This project is jointly conducted
with members of NREL’s Module Reliability team,
who are investigating the use of silicon oxynitride
layers on polyethylene terphthalate for such
applications. The barrier films were deposited by
plasma-enhanced chemical vapor deposition
(PECVD) onto DuPont ST504 PET. Initial barrier
results were inconsistent, and X-ray photoelectron
spectroscopy (XPS) analysis found that the
DuPont product had two different sides (i.e., one
had been treated with an acrylic formulation, and
this had not been tracked prior to the barrier
depositions). A second issue was that the surface
of the PET was treated with a plasma pre-etch
step in the PECVD system prior to barrier layer
deposition. Although initial performance of the
barriers was generally good, the films on plasma-
pretreated PET delaminated during damp heat
testing. XPS was able to determine that failures
were occurring at the PET/barrier film interface.
Further, high-resolution XPS analysis from
plasma-pretreated PET  surfaces showed
significant changes to the polymer, specifically
chain scissioning with the concomitant creation of
new chemical functionalities in a thin surface layer
(<100 A). Several experiments were performed to
understand the stability of the reaction products.
Temperature-programmed XPS was performed in
which a treated PET film was heated in-situ while
the photoelectron spectra for C1s, O1s, and N1s
were monitored. Loss of nitrogen (N is indicative of
plasma pretreatment) began at 70°C, near the
polymer glass transition, with gradual restoration
of the C and O signals of pure PET as the
temperature was increased to the lamination
temperature of 150°C. In addition, a plasma-
treated film that had been water washed and
transferred through inert atmosphere into the XPS
also showed disappearance of the altered layer.
Damp heat testing is performed at 85°C and 85%
relative humidity (85/85). Our results yield a
plausible explanation for loss of adhesion during
damp heat testing; unstable reaction products at
the PET surface create a weak interfacial layer
that is affected by both temperature and humidity.
Recent XPS depth profiles indicate that barrier film
composition and thickness require better



characterization to aid understanding of the 85/85
test results. Work has been hampered by
problems with the PECVD system, however, this
project will be continued in the coming fiscal year.
Based on the success of the XPS results, Surface
Analysis project personnel will lead more of this
work in the coming year.

Complete experiments to quantify distributions of
detrimental elements in recrystallized thin-film Si
on foreign substrates:

The original intent of this work was to study
crystallization of hot-wire CVD a-Si:H on a variety
of substrates, however, because of technical
challenges, it was decided to focus on glass
substrates for this portion of the work. SIMS
analysis of recrystallized films on stainless steel
showed that without a barrier layer, large
quantities of transition metals diffused into the Si
films during recrystallization. Although SixN, layers
proved to be effective diffusion barriers, the nitride
films tended to crack during recrystallization
because of the large mismatch in the thermal
expansion coefficient with the steel. Films on
SnO,-coated glass proved problematic due to the
rough nature of the substrate-film interface, which
degraded depth resolution and obscured diffusion
information in the depth profiles. As a result, most
of the studies were performed on borosilicate
glass (Corning 1737F). Solid-phase crystallized
(SPC) films on glass showed no evidence of
impurities from the glass, even up to annealing
temperatures of 575°C for up to 24 h. In addition,
there was no change in the oxygen content, which
remained at 10" at/cm®. This level is actually
lower than the amount of oxygen present in CZ-
grown Si (generally 10 at/cm3). Experiments
were performed to study the devolution of
hydrogen from SPC a-Si:H films. Hydrogen is
known to diffuse from a-Si during high-
temperature anneals even without
recrystallization, so it is important to know at what
point in the nucleation and crystallization hydrogen
is evolved from the material. Comparisons were
made between films grown with high (14%) and
low (4%) initial concentrations of hydrogen. The
films with high hydrogen must be grown at lower
substrate temperatures and therefore contain
more oxygen. After annealing, the hydrogen levels
were found to remain higher in the initially “high”
level films. This may indicate higher defect
densities, possibly also affected by the higher
oxygen levels in these films. We also studied the
diffusion of dopants from n- and p-type layers into
i-layers. SIMS results show that B diffusion is
lower than P for all temperatures studied, although

1"

n-type P doped layers also had dopant
concentrations of 1x10?' at/cm® versus 2x10"
at/cm® for the p-type doped layers. Phosphorus
diffusion could be inhibited by annealing the n-type
layer prior to deposition and crystallization of the i-
layer. This work will continue in the coming year.

Conduct experiments to quantify surface reactions
that occur when using aqueous bath chemistries in
the deposition of window layers on CIGS films:

We have used our cluster tool for in-situ studies of
the changes in surface chemistry and electronic
structure that occur during chemical bath
deposition of CdS. Results from this project can be
roughly divided into three areas. (1) XPS and UPS
determination of the chemical and electronic
changes in the surfaces of CIGS thin films that are
brought about by components (water and
ammonia) of typical chemical bath deposition
(CBD) of CdS window layers. We find that Group
Il elements are preferentially removed by
aqueous ammonia, and that water alone is
responsible for many but not all of the changes.
Increasing duration air exposure of the ammonia
treated surface results in the expected oxide
formation, but also in the eventual increase in
sodium. (2) XPS and ultraviolet photoelectron
spectroscopy (UPS) determination of select
electronic properties that are affected by exposure
to aqueous reagents and how these changes are
a function of the copper and gallium content of
CIGS. We find that hot agueous ammonia causes
the n-type surface of as-grown CIGS to revert to p-
type behavior as measured by quantitative
determinations of the energetic position of the
CIGS valence band maximum (VBM) relative to
the Fermi energy. Band bending induced by the
dopant cadmium was quantified and found to
depend on the CIGS composition. The CIGS
VBMs were found to be a function of copper
content, as predicted theoretically, and to be n-
type for very Cu-poor surfaces (Cu/(In+Ga) <0.3).
These results are important in understanding the
microscopic mechanism responsible for junction
formation in the alloys that comprise CIGS. In the
third part, (3) we have demonstrated an improved,
surfactant-modified method of depositing CdS
buffer layers with an aqueous chemical bath. We
find that a non-ionic surfactant can be used as an
additive in the chemical bath deposition of CdS
buffer layers on CIGS and SnOj/glass substrates
without changing the chemical or electronic
properties of the CdS layers, and that for very thin
buffer layers, addition of the surfactant leads to
CIGS-based PV cells with significantly higher
performance relative to standard CBD. The
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mechanism of this improvement is the elimination
by the surfactant of bubbles on the substrate in the
chemical bath.

4. Planned FY 2006 Activities

A list of selected FY 2006 planned activities is
given below. A more complete list of planned
activities and milestones can be found in the
Measurements and Characterization FY 2006

Annual Operating Plan. In FY 2006, we will

complete the following milestones:

e Provide measurement support in the areas of
analytical microscopy, surface analysis,
electro-optical characterization, and cell and
module performance to more than 70 PV
research partners in industry, universities, and
NREL.

e Maintain ISO accreditation for secondary cell
and module measurements and complete
periodic audits.

e Organize the 16th Workshop on Crystalline
Silicon Solar Cells Materials and Processes.

e Complete capability to evaluate multiple-
junction concentrator cells and modules to
1000x with lowest possible uncertainty.

e Conduct a study correlating composition and
structure of moisture barrier layers grown on
flexible substrates with growth conditions,
water vapor transport rates, and adhesion
properties.

e Investigate the structural, chemical, and
electrical properties of front and back screen-
printed contacts to industrial Si cells.
Demonstrate improved process robustness
and performance.

e Develop a prototype tool capable of screening

Si wafers with microcracks in an in-line
manufacturing environment.
e Conduct experiments to examine the

structural, chemical, and electrical properties
of the c-Si/a-Si interface in HIT cells and

correlate these properties with device
performance.

e Study the reaction kinetics of nanoscale CuyTe
films.

e Conduct studies of wet-chemical processing of
PV material surfaces.
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Diffusion”

C.R. Osterwald, J. Pruett, T. Moriarty “Crystalline
Silicon Short-Circuit Current Degradation Study:
Initial Results.”

M.W. Wanlass, T. Moriarty, et al.,, “Lattice-
Mismatched Approaches for High Performance,
[1I-V Photovoltaic Energy Converters.”
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Electronic Materials and Devices

Performing Organization:

Key Technical Contact:

National Renewable Energy Laboratory (NREL)

John Benner, 303-384-6496, john_benner@nrel.gov

DOE HQ Technology Manager: Jeffrey Mazer, 202-586-2455, jeffrey.mazer@ee.doe.gov

FY 2005 Budget: $6,860K

Objectives

¢ Develop data mining tools and diagnostics for combinatorial methods in thin-film cells.
o Demonstrate inkjet writing of contacts for silicon solar cells, achieving 10% efficiency.
¢ Improve cost potential by demonstrating high efficiency in thinner CdTe and CIGS absorber

layers.

e Complete a combinatorial-temperature stress system with illumination cycling capability for CIGS

and CdTe devices.

e Achieve 34% efficiency with a novel, lattice-mismatched multijunction structure as a first step

toward higher efficiency.

Accomplishments

¢ Invented fire-through agents that enable inkjet-written Ag contacts to silicon solar cells through

silicon nitride antireflection (AR) coating.

e Achieved 16.2% efficiency in a CIGS cell produced from an absorber layer that is only 1 micron

thick.

e Achieved 14% efficiency in CdTe solar cells, with absorber layers that are half the conventional

thickness.

e Demonstrated a CdTe/CIS polycrystalline thin-film tandem cell with total-area efficiency of 15.3%,
exceeding a FY 2006 milestone of the DOE/NREL High-Performance PV Project.

e Achieved 37.9% efficiency (10 suns concentration) in a novel inverted growth structure used to
produce a thin-film GalnP/GaAs/GalnAs triple-junction solar cell.

Future Directions

e Apply inkjet processing to the fabrication of absorber layers for solar cells.
e Design and implement a CIGS processing cluster to explore new pathways to improving

manufacturability.
¢ Achieve 40%-efficient concentrator cell.

¢ Relocate and initiate operations in the Science and Technology Facility (now under construction).

1. Introduction

The Electronic Materials and Devices Project
carries out research in semiconductor materials,
device properties, and fabrication processes to
improve the efficiency, stability, and cost of
photovoltaic solar energy conversion. This
research can be characterized in three forms.
First, we apply our capabilities to assist industry
and the National Research Teams in addressing
current problems. Second, we explore specific
techniques and processes to develop and transfer
technology improvements that industry will soon
need. Finally, we seek to create new technologies

and lead the development of the knowledge base
and tools for the future of PV. Through these
activities, the project supports both flat-plate and
concentrator PV technologies at the cell and
module level, in all of the application targets and
time frames identified in the DOE Solar Program
Multi-Year Technical Plan. During FY 2005,
research in the silicon task was consolidated with
subcontracted research to form the new
Crystalline Silicon Project. These closely related
studies are reported in the next section.

Our base of operations in the United States
presents several unique opportunities for our PV
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community. First, our industry leads the world in
the development of thin-film technologies. This is
the fastest growing segment of the PV market and
is widely perceived to hold significant production
cost advantages. Second, the U.S. solar
resources are well suited to the wuse of
concentrator systems technologies for large-scale
power generation. Finally, the relatively low cost
of electric power in the United States will drive PV
production to a lower cost-point than is needed in
most of the rest of the world. This requires new
processes that enable production methods that
avoid vacuum processing (which is costly),
minimize mechanical stress (to reduce breakage
and increase yield), or dramatically increase
throughput.  Exploration and development of
technologies to exploit these three opportunities
compose the three primary tasks of the Electronic
Materials and Devices (EM&D) Project.

2. Technical Approach

The project is composed of three primary research
tasks and management. The management task
coordinates project planning and operations within
the PV Subprogram and interactions with projects
of related interests from other agencies and
private sources. Funds are also consolidated in
this task for planned major costs for equipment
upgrades and unanticipated major repairs. The
research tasks and areas of investigation follow.

2.1 Process and Advanced Concepts
e Development of combinatorial
science deposition, diagnostics,
analysis

Inkjet processing of electronic materials
Organic and nanocomposite solar cells

In-situ diagnostics for thin-film growth
Process-evaluation Cooperative Research and
Development Agreements (CRADAs) (GTI,
Evergreen Solar, and AKT).

materials
and data

2.2 Thin-Film Polycrystalline Compounds

e Examination of device performance
progressively thinner absorber layers.

e Transparent conducting oxides (TCOs) for
thin-film solar cells

e Develop simplified and improved processes
for CdTe and CIS manufacture

e Thin-film intrinsic device stability

e Wide-bandgap absorbers for polycrystalline
thin-film tandem solar cells.

in
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2.3 Concentrator Crystalline Cells

e Inverted growth of a lattice-mismatched cell for
separation from the substrate

e Dilute nitrides for 4-junction
GalnP/GaAs/GalnAsN/Ge or similar cell

e  Multijunction IlI-V on silicon

¢ Novel lattice-mismatched cell.

Budget allocations by task are provided below.

. FY 2005
Task Title Budget ($K)
Erocesses and Advanced 1,800
oncepts

Thin-Film Polycrystalline 2,860
Compounds

Concentrator Crystalline Cells 1,900
EM&D Technical Coordination 300

3. Results and Accomplishments

2.1 Process and Advanced Concepts

The major thrust of this task is development of
technology to enable combinatorial materials
science. Conventional materials science and
device research has traditionally operated in a
linear fashion: i.e., performing an experiment,
analyzing the results of the experiment, and then
using these results to decide on the next
experiment. The now ubiquitous use of computers
for both data acquisition and analysis has enabled
high-throughput approaches to materials discovery

experiments:  i.e., parallel rather than serial
sample  preparation, characterization, and
analysis. Here many nearly simultaneous

experiments are performed and analyzed at each
step. This parallel approach can greatly
accelerate the rate at which science can be done
and knowledge acquired. As an example, the
chemical industry has found that complex
catalysts have been discovered 10 to 30 times
faster than they would have been using
conventional approaches. Perhaps the biggest
challenge of combinatorial science is that vast
amounts of data from hundreds, thousands, or
millions of experiments must be usefully and
rapidly analyzed or else the benefits of this parallel
approach are largely lost. This is typically
accomplished by developing “data mining”
software with the ability to mine the data for
important trends and results. Such combinatorial
experimental methods, combined with intelligent
experiment choice based on the traditional
scientific method, are becoming the foundation of
new knowledge discovery in a number of areas,
including catalyst discovery, drug discovery,



polymer optimization, phosphor development, and
chemical synthesis.

The basic scientific approach can be viewed as
consisting of three basic areas: (1) deposition of
libraries, (2) analysis of libraries, and (3) mining of
data.

Deposition of Libraries. We have developed a
number of deposition capabilities for producing
libraries, including two sputter systems, which
produce compositionally graded samples, and a
multi-head inkjet printing system, which can
deposit samples with either continuously graded or
discrete local compositions. The routinely used
approaches based on physical vapor deposition
(PVD) have produced hundreds of libraries in
those material systems mentioned above that are
specific to the PV Subprogram, as well as on other
materials systems for outside customers. The
inkjet system is fully developed, but has not yet
been used extensively for combinatorial
experiments.

Analysis of Libraries. A major focus in the
program has been the development of analytical
tools specific to combinatorial research and to
coordinate this effort with NREL’s Measurements
and Characterization Division to ensure that
eventually most tools will be able to handle
combinatorial libraries. Specific tools have been
developed to do optical (Raman, reflection/
transmission) characterization, electrical (4 point
probe), structural (x-ray diffraction and atomic
force microscopy) characterization of the libraries
above in a high-throughput fashion. These tools
are broadly applicable to the materials science
problems being pursued by EERE.

Mining of Data. This really consists of two
separate areas. First is the development of
information archiving and display for the vast
amounts of data being acquired and, in this area,
we have been successful in developing databases
and data-handling approaches that make data
taking and initial analysis quite facile. The second
area is in the development of smart software tools
to analyze multi-dimensional phase space so as to
extract key data and trends.

Custom software tools must be developed to
extract useful information from the large amounts
of characterization data produced using our
automated mapping characterization  tools
described above. In addition, with appropriate
modeling and fitting, the optical data can vyield
structural and electronic information such as the
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local film thickness, the carrier concentration, and
the carrier mobility. For TCOs, we have
developed tools to aid in the display and analysis
of optical data. In Fig. 1, we use color intensity to
show an optical reflectivity map from 0.3-25 pm
for a combinatorial TCO library. From the plasma
wavelength  (A;), which is determined by
simultaneous fitting of the reflection and
transmission data to the Drude (free-carrier) model
and overlaid in black, one can determine the
electrical carrier concentration.
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Fig. 1. Top: Typical R (color), T (black) spectra
for an 1ZO. Bottom: Color intensity map of
reflectance spectra for an 1ZO library with variation
in plasma wavelength (A;) overlaid.

A second major area of investigation is
development of new technologies for very low-cost
processing. Our current focus is to develop inkjet
printing as a deposition system for electronic
materials.  This approach has a number of
inherent advantages, including that it is very
materials efficient and allows direct patterning,
writing on 3D and flexible surfaces, and the use of
multiple sources to write complex compositions or
layers. Key to the approach is the development of
inks with the correct rheological and compositional
characteristics. To evaluate the efficacy of the
approach, we have focused initially on the direct
writing of contacts for solar cells.

Developing contacts for crystalline silicon cells
requires new inks, agents to burn through AR
coatings, and techniques for writing contacts with
optimum aspect ratio. As silicon wafers become
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thinner and more fragile, inkjet-patterned contacts
are ideal as they are applied without direct contact
to the cell surface. Silver lines 250 ym wide and
10 um thick were inkjet-printed on SiN,-coated Si
ribbon p/n junctions provided by Evergreen Solar.
Al back contacts of 1 um thickness were deposited
by e-beam evaporation. The two contacts were co-
fired in a single annealing step at 850°C for 10 min
in air, forming a solar cell with 8% efficiency,
Voc=0.529 V, J,= 22.67 mA, and a fill factor of
0.65. In this experiment, the ohmic contact
between Ag and Si was formed through the SiN,
layer without the use of glass frits. The high
temperature and long time required for the
penetration of the Ag through the AR coating can
be detrimental for the junction. Facilitating the
process of burning through the AR coating is
desirable to lower the temperature and time of
annealing for inkjet-printed contacts.

2.2 Thin-Film Polycrystalline Compounds

The project leads the development of thin-film
CdTe, CIGS, and related materials for use in high-
performance and stable single-junction solar cells.
The objectives are to support near-term
manufacturing, build the knowledge and
technology base for future manufacturing
improvements, and sustain innovation that
supports progress toward the future and the long-
term Solar Program goal of 15%-efficient
commercial modules. Over the past decade, we
have steadily improved the quality of the layers in
the CdTe device and achieved a world-record
efficiency of 16.5%. Our work in CIGS set the
world record at 19.5%. Our polycrystalline tandem
solar cells of semi-transparent CdTe on top of CIS
set the record at 15.3%, exceeding the FY 2006
milestone  (15%) in DOE/NCPV’s  High-
Performance PV Project.

The price of indium has risen sharply in recent
times, and the concern about using it in large
quantities resurfaces from time to time. Reducing
the thickness of the absorbers from 2.5 ym to
<1 um reduces the quantity of In used in the cell.
This must be done without adversely affecting the
efficiency. This aspect has been studied
previously by the group at Upsala University in
Sweden, who showed a decrease in efficiency
when the absorber thickness is reduced below
1 um. We have revisited the growth of thin
absorbers by using a modified three-stage process
and a co-evaporation process. To apply the three-
stage process for thinner films, the deposition
rates of all the elements were reduced in the first
two stages, and the heating rates were also

Photovoltaic R&D
Fundamental Research

18

adjusted. Compositional monitoring was still
possible in spite of the reduced film thickness. In
the co-evaporation process, film growth was
initiated in a Cu-rich CuGaSe, layer, and the
overall composition was converted to device
quality, Cu-poor Cu(InGa)Se,. This type of growth
often resulted in some voids and poor adhesion at
the Mo interface. However, compositional
uniformity was easily achieved, and the deposition
time was considerably shorter (5—10 min) than that
used for thicker, record-efficiency cells. With the
latter, it was possible to produce dense and
smooth thin films. The distribution of Ga through
the depth of the film was governed by the ramp
rates and the kinetics of the reaction between the
binary selenides. Hence, we observed a difference
in the solar cell properties fabricated from
absorbers made by the two methods. The
following table shows the properties of the best
solar cells fabricated as a function of absorber
thickness.

Properties of Thin CIGS Solar Cells

Thickness | Voc (V) | Jsc FF Eff.
(um) (mA/em®) | (%) | (%)
1.0(3-stg) | 0.654 | 31.6 783 | 16.2
1.0 (codep) | 0.699 | 30.6 754 | 16.1
0.75 0.652 26.0 74.0 12.5
(codep)

0.5 (codep) | 0.607 23.9 60.0 8.7

0.4 (3-stg) | 0.565 |21.3 75.7 | 9.1

The project also investigates several other

materials systems and device concepts. We lead
the development of thin-film CdTe solar cells.
During the year, these devices have been adapted
to serve as the top cell of high-performance
tandem thin-film solar cells. We have successfully
applied a Cu,Te back contact to fabricate high-
efficiency transparent CdTe cells, as required to
pass lower energy light through to the CIS bottom
cell. In the past, almost all R&D activities in this
area focused on developing a transparent back
contact with Eg larger than the Eg of the top cell,
such as ZnTe:Cu or ZnTe:N with Eg of ~2.26 eV,
or ITO with Eg of ~3.9 eV. The best result is a
10.1%-efficient CdTe cell with a ZnTe:Cu back
contact that has a 60%—85% film transmission in
the near-infrared (NIR) region. However, we
exploited a thinner Cu,Te back contact and
modified device structure to fabricate high-
efficiency poly-CdTe thin-film solar cells with
higher NIR transparency. We fabricated several
CTO/ZTO/nano-CdS:0O/CdTe/Cu,Te/ITO/Ni-Al grid
cells with efficiencies of more than 13% by this
technique. The best cell has an NREL-confirmed,



total-area efficiency of 13.94% (V,:=806.1 mV,
Jsc=24.94 mA/cm?, FF=69.22%, and
area=0.41 cm?) with ~60%—40% transmission in
the wavelength range of 860-1300 nm. When
combined with our CIS cell, this tandem device
reached 15.3% efficiency.

Stability measurement infrastructure was improved
by the design and construction of a combinatorial
temperature stress system adopted from an earlier
successful design. Both systems wuse a
commercial Atlas Suntest CPS+ environmental
chamber modified with heated substrate holders
positioned under the chamber (Fig. 2). This
system represents an improvement over other
systems in the program because of its small
footprint, long running capability, and in particular,
its use of a calibrated solar AM 1.5 spectrum.
Because of the latter advantage, the heater plates
are designed to hold bandpass filters for testing
under selective wavelengths.

Fig. 2.
= 96 sample capability

1500 hour continuous runs

Continuous temperature monitoring

V¢ bias testing

AM 1.5 calibrated solar spectrum.

Solar Matched Stress Test System

2.3 Concentrator Crystalline Cells

We have embarked on a new approach for ultra-
high-efficiency concentrator tandem solar cells
based on inverted IlI-V heteroepitaxial structures
that combine both lattice-matched and lattice-
mismatched component subcells in a monolithic
structure. In an ideal tandem solar cell, the top
solar cell produces most of the total power. Each
cell underneath contributes progressively less, but
all serve to boost the total efficiency. Thus, the
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design of a process to produce the tandem cell
must ensure that the top cell is of the very best
quality. In conventional designs, where the cell is
grown on a substrate from the bottom cell to the
top, all current designs to develop a bottom cell at
the optimum bandgap of 1 eV degrade the
crystalline structure of the top cell. In the new
inverted cell, the lattice-matched GalnP and GaAs
cells are grown upside down on the GaAs wafer,
as shown on the left panel of Fig. 3. A transparent
grade changes the lattice constant, in preparation
for growth of the GalnAs (1 eV) bottom cell. After
growth, the sample is attached to a convenient
handle, the original substrate is removed, and the
grids are applied (right). These ultra-thin
devices have many systems-level advantages and
a realistic potential to exceed 40%-efficient
terrestrial concentrator conversion. In initial work,
we have already demonstrated a record efficiency
of 37.9% for concentrator tandem cells using our
new approach.

!ra!e

GaAs middle

Substrate

GaAs middle

e

Fig. 3. Inverted growth and handle-mounted thin-
film high-efficiency solar cell.

We have successfully grown, processed, and
tested monolithic, series-connected, handle-
mounted, ultra-thin GalnP/GaAs/GalnAs tandem
solar cells. Quantum efficiency and reflectance
data are given in Fig. 4. The data generally show
excellent carrier collection across a broad spectral
range for all of the subcells. The reflectance data,
however, show that photocurrent gains are still
possible at the far edges of the tandem response
range. Improving the two-layer ZnS/MgF, ARC will
be a focus of future work.

A second area of investigation is to develop very
high performance devices on silicon. We are
exploring lattice-matched GaNPAs-on-Si as a
tandem cell combination. 1ll-V semiconductors
grown on silicon substrates are very attractive for
lower-cost, high-efficiency multijunction solar cells.
A two-junction device consisting of a 1.7-eV
junction on a 1.1—eV silicon junction has the
theoretical potential to achieve nearly optimal
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efficiency for a two-junction cell. Most of the
previous work in such a structure focused on IlI-V
top cells that were lattice-mismatched to the
silicon bottom cell. Under the best conditions, this
leads to a high density of threading dislocations in
the 1lI-V top cell.  This dislocation density
decreases the electronic quality of the top cell to
the point that a lattice-matched tandem solar cell
with a less optimal bandgap combination, such as
GalnP/GaAs, is much more efficient. The IlI-V
alloy GaNP1..y As, (GaNPAs) is a direct-gap that
can be grown lattice-matched to Si with very low
structural defect densities. We have proposed the
use of lattice-matched GaNPAs on silicon for high-
efficiency multijunction solar cells.  During this
year, we have fabricated this monolithic Ill-V-on-
silicon tandem solar cell. The cell is functionally
comprised of an n-on-p silicon bottom
homojunction, IlI-V tunnel junction, and 1.8-eV
n-i-p GaNPAs top junction. The epitaxial portions
of the structure are composed mainly of GaNPAs
and GaNP layers that are lattice-matched to the
single-crystal silicon.
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Fig. 4. Composite spectral absolute external
quantum efficiency (solid lines) and spectral
reflectance (dotted line) data for an ultra-thin,

handle-mounted  GalnP/GaAs/GalnAs  series-
connected tandem solar cell.
The electrical quality of GaNP(As) is highly

dependent on growth conditions. In particular,
growth conditions that minimize unintentional
carbon and hydrogen contamination provide the
highest carrier lifetimes. Thus, the GaNPAs top
junction was grown at 700°C and a growth rate of
1 ym/h. Similar to the case of most GalnNAs
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material, GaNPAs grown to date appears to have
very short diffusion lengths, even when special
care is taken to minimize H and C contamination.
Figure 5 shows how the spectral response of
GaNpp2Pogs grown on  silicon increases
dramatically with the depletion width. Thus, an
n-i-p device employing field-aided collection was
used to maximize quantum efficiency (QE). Unlike
GalnNAs material grown by metal organic
chemical vapor deposition, intrinsic GaNPAs has
relatively low carrier concentrations so that high
QEs can be achieved in an n-i-p structure.
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Fig. 5. Spectral response of GaNg ,Po9s grown on
silicon for a variety of n-type doping levels. The fit
implies short diffusion lengths.

We have demonstrated the first lattice-matched
I11-V-on-silicon tandem solar cell. It reached onI%/
a Vo of 1.53 V, FF of 54%, and Js of 6.3 mA/cm”,
resulting in an AM1.5G efficiency of 5.2% without
any AR coatings. For such a tandem solar cell to
achieve efficiencies greater than current state-of-
the-art silicon cells and compete with
GalnP/GaAs/Ge solar cells, the performance of
the top GaNPAs junction and tunnel junction must
be further improved. These improvements will
require better control over nucleation of IlI-V on
silicon substates, doping of GaP and GaNP(As)
materials, and material quality of GaNP(As).

4. Planned FY 2006 Activities

During FY 2006, much of our attention will be
focused on relocating facilities and building new
tools in the new Science and Technology Facility.
This is an important milestone for the PV
Subprogram, requiring that most of the research



will shut down for the last half of the year. Despite

this interruption, this project will also complete

several other accomplishments, including:

e Appling combinatorial methods to identify
optimum material and demonstrate
conductivity >6200 S/cm in In-Ti-O system

e Initiating deposition and processing of CIGS
using inkjet-written precursor layers

e Designing and implementing a CIGS
processing cluster to explore new pathways to
improve manufacturability

e Demonstrating 40%-efficient PV conversion.

5. Major FY 2005 Publications

M.F.A.M. van Hest et al., “Titanium-Doped Indium
Oxide: A High-Mobility Transparent Conductor,”
Applied Physics Letters 87, 032111 (2005).

M.P. Taylor et al., “Combinatorial Growth and
Analysis of the Transparent Conducting Oxide
Zn0O:In (120),” Macromolecular Rapid
Communications 25, 344 (2004).
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K. Ramanathan et al., “Properties of High-
Efficiency CIGS Thin Film Solar Cells,” Thin Solid
Films 499, 480-481 (2005).

X. Wu et al. “13.9%-Efficient CdTe Polycrystalline
Thin-Film  Solar Cells with an Infrared
Transmission of ~50%,” accepted for publication,
Prog. In Photovoltaics: Research and Applications,
(August 2005).

Proc. 31st IEEE Photovoltaic Specialists
Conference, Orlando, FL, January 3-7, 2005:

M.P. Taylor et al., “Direct Write Contacts for Solar
Cells.”

D.J. Friedman et al., “Analysis of Depletion-Region
Collection in GalnNAs Solar Cells,” p. 691.

M.W. Wanlass al.,, “Lattice-Mismatched
Approaches for High Performance IlI-V
Photovoltaic Energy Converters,” pp. 530-535.

et
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Crystalline Silicon Project

Performing Organizations: National Renewable Energy Laboratory (NREL)

DOE Golden Field Office (DOE/GO)

Key Technical Contacts: David Mooney (NREL, Primary Contact, Project Lead),

303-384-6782, david_mooney@nrel.gov

Glenn Doyle (DOE/GO), DOE PV Center of Excellence,
303-275-4706, glenn.doyle@go.doe.gov

Howard Branz (NREL) C-Si PV: Materials and Device R&D
Richard Matson (NREL) University C-Si Research Project
Brent Nelson (NREL) Science and Technology Facility

DOE HQ Technology Manager: Jeffrey Mazer, 202-586-2455, jeffrey.mazer@ee.doe.gov

FY 2005 Budgets: $3,910K (NREL), $950K (DOE/GO)

Objectives

Further the fundamental understanding and implementation of performance-enhancing features
of low-cost, high-efficiency crystalline silicon (c-Si) solar cells.

Support the Crystalline Silicon Center of Excellence for optimizing solar cells through
university/industry collaborations on production processes.

Address issues and further device performance through efforts in heterojunction a-Si:H/c-Si
passivation and PV devices, B-O pair defects in p-Czochralski (CZ) wafers, theory and
experiment, and c-Si films on glass. Develop novel approaches to low-cost deposition of
advanced high-quality ¢-Si films on glass.

Direct university research born of fundamental technological concerns of the c-Si PV industry.
Design and procure a c-Si cluster tool for conducting process-integration R&D in the new NREL
Science and Technology Facility

Accomplishments

Demonstrated a 17%-efficient heterojunction silicon (a-Si/c-Si) solar cell.

Demonstrated a 12.9%-efficient bifacial heterojunction Si solar cell for p-CZ wafers.

Deposited 0.4 micron of homo-epitaxial Si on Si by the hot-wire chemical vapor deposition
(HWCVD) process for use in templated c-Si film on glass technology.

Identified and characterized metallic defects affecting most commercially available c-Si solar cells
as a function of processing conditions, including a defect-engineering solution to the "dirty silicon”
problem (University of California at Berkeley [UC Berkeley]).

Demonstrated a correlation between in-plane stresses in Si sheet, cell processing, and the critical
issue of wafer breakage (Georgia Institute of Technology [Georgia Tech], University of South
Florida).

Achieved a number of record high efficiencies on readily manufacturable screen-printed, low-cost
material cells (mc: 18.4%, mc-heat exchanger method [HEM]: 17.1%, edge-defined, film-fed
growth [EFG]: 16.6%, String Ribbon: 16.8%) and on ¢-Si (float zone [FZ]: 19%, Ga-doped CZ:
17.7%) (Georgia Tech).

Achieved first proof of concept of strong light-bending using silicon textured with a photonic
crystal backside (Massachusetts Institute of Technology [MIT]).

Achieved scalable, uniform, high-pressure, low-temperature, fast HWCVD SiN, antireflection
[AR]/passivation coating on String Ribbon (n=>12.4%) (California Institute of Technology
[Caltech]).

Developed high-sensitivity technique for the detection and characterization of hydrogen and its
role in passivation of Si to complement predictions from first principles (Texas Tech
University/Lehigh University).
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Future Directions

Study and mitigate factors limiting the high-yield manufacture of cost-effective PV devices by identifying and
addressing issues related to c-Si materials, cells, and modules through:

Facilitating an overall integrated effort in the ¢-Si PV community to produce the next-generation c-

Si technology and technologists through university, industry, and NREL partnerships and

collaborations.

Recompeting the c-Si University Project in light of the above more integrative, comprehensive

approach to the combined DOE c¢-Si R&D efforts.

Finalizing current R&D tasks on high-efficiency, low-cost crystal Si production processes and

recompete current Center of Excellence award.

Developing novel approaches to low-cost deposition of advanced high-quality crystalline silicon films
on glass by employing a combination of foreign template buffer layers, solid-phase crystallization, and

epitaxial Si growth. Create the scientific understanding that will underlay this development.

Developing improved heterojunction passivation of c-Si surfaces by use of HWCVD amorphous

silicon. Developing both emitter and collectors for silicon heterojunction (SHJ) cells.

illumination of p-type CZ-Si due to O-B pairs.

Applying theoretical techniques to understand the mechanism of the increase in recombination after

1. Introduction

Beyond the technological mandates for lower cost,
higher performing, more durable PV, provisions of
the DOE Solar Program Muilti-Year Technical Plan
(MYTP) specifically call for fundamental R&D
involving our colleges and universities and, as a
corollary, the development of the next generation
of solar technologists as a complement to NREL
PV research. This directed, yet fundamental and
exploratory, R&D project covers a spectrum of
R&D, ranging from synchrotron studies of atomic-
level defects in solar-grade c-Si to collaborative
manufacturing research efforts; from theoretical
studies of the role of hydrogen in passivation to the
role of crucible contaminants, wafer sawing, and
device processing on device performance; from
NREL's leading-edge a-Si/c-Si heterojunction
devices to world-class measurement and
characterization facilities.

There are currently four distinct components of the
DOE Crystalline Silicon Research Project: 1) the
NREL in-house fundamental and exploratory
research effort, 2) the subcontracted university
research effort, 3) the DOE-funded PV Center of
Excellence at Georgia Tech, and 4) NREL's new
Science and Technology Facility (S&TF), where
integrated material and device research, as well
as cell manufacturing R&D, will be performed by
individuals and groups throughout the c-Si
research community. (The S&TF is under
construction and scheduled to open June 2006.)

Given the near-term recompetition of both the
university c-Si research projects and DOE's PV
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Center of Excellence contract, coupled with a
constellation of other emerging pro-c-Si PV forces
within the PV community, this is an optimal time to
review the overall architecture of all the program
efforts in light of new possibilities and new thinking
(e.g., the Systems-Driven Approach). A fresh look
at the needs of the technology as a whole, the
considerable  resources inherent in  our
universities, industry, and DOE labs, and a
reconsideration of every group's strategic position
in the game will most likely make for a more
effective orchestration of the resources and,
therefore, a greater technological impact.
Facilitating this process is an ambition for the
project in FY 2006.

2. Technical Approach

NREL researchers are working primarily on
heterojunction  devices, wafer passivation,
theoretical and experimental fundamentals of the
boron-oxygen defect in Si, thin-film c-Si on foreign
substrates, modeling of optical, thermal, and
electrical properties and SiN passivation, and
some limited work on feedstock issues and crystal
growth. Invaluable to the c-Si community at large
are the annual NREL-sponsored Workshops on
Crystalline Silicon Solar Cells and Modules:
Materials and Processes. These workshops are a
technical and practical mainstay for the whole
community, theoreticians and industrialists alike.

Next, the task for the Georgia Tech Center of
Excellence in Silicon Photovoltaics is to advance
the current state of c-Si solar cell technology to
make it more competitive with conventional
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energy. It emphasizes fundamental and applied
research appropriate for education and advanced
degrees, while also performing industry-relevant
research.

Complementing the foregoing R&D is the
University Crystalline Silicon Research Project,
which currently provides applied and exploratory
research in c-Si on research topics that serve
industry's technical needs as determined by a
consensus among the c¢-Si PV industry, the
universities, and NREL staff and management.
These topics currently include development of
improved silicon nitride hydrogenation, methods
for handling and processing thin wafers with high
yield, neutralization of bad regions in wafers, rear-
surface  passivation, hybrid  heterojunction
emitters, and innovative c-Si technologies.

. FY 2005
Task Title Budget ($K)
NREL c-Si Material and Device 2.260
Group
University c-Si PV Research
; 870
Project
DOE/GO Center of Excellence,
; 950
Georgia Tech
Process Integration (S&TF), c-Si
500
Component
Technical Coordination 425

3. Results and Accomplishments

3.1 NREL c-Si Research

In 2005, the NREL cSi team developed a 17.1%-
efficient heterojunction silicon (a-Si/c-Si) solar cell
and demonstrated a bifacial heterojunction silicon
solar cell process for p-type c-Si wafers that
resulted in 12.5%-efficient cells. The team is also
working with I0SIL, a company that has licensed
the NREL c¢-Si group’s chemical vapor transport
process and is looking for venture capitalists.

In the NREL cSi/aSi heterojunction work, the
crystallinity of the deposited layer was determined
to be very sensitive to the deposition temperature
and crystal orientation of the substrate.
Crystallinity, in turn, affects an SHJ solar cell's
performance dramatically. The best NREL
HWCVD heterojunction cell had the following
properties: 663 mV, 34.57 ma/cm?, 77.75 fill factor
(FF) with 17.5% efficiency. The group also
developed new approaches to low-cost deposition
of advanced high-quality c-Si films on glass by
employing a combination of foreign template buffer
layers, solid-phase crystallization, and epitaxial
growth.
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3.2 DOE Center of Excellence for Photovoltaic
Research, Education, and Collaboration Program
This group achieved record-high-efficiency 4-cm?
cells on low-cost materials wusing 1)
photolithography on low-cost materials (17.9%—
18.6%) and 2) the more -cost-effective and
manufacturable screen-printed contacts on low-
cost materials (16.1%-18.1%). They also
developed screen-printed contacts on textured
high-resistance emitters, resulting in 1.2%
efficiency enhancement.

3.3 University c-Si Research Project

The project continued targeting c-Si research
toward industry needs, as identified at the
DOE/NREL Crystalline Silicon Workshop. The
research revealed defect passivation in SiN, films
via the growth of high-H content SiN, films by
HWCVD (Caltech); increased the lifetime in ribbon
silicon materials 100-fold using a 1-s process
(Georgia Tech); and identified and characterized
the metallic defects affecting a wide range of
commercially available solar cell materials (from
four U.S. and five European PV companies) for
different processing conditions, using synchrotron-
based analytical techniques (UC Berkeley). Other
university projects achieved the first quantitative
detection of hydrogen introduced into bulk c-Si by
the post-deposition annealing of a SiNx AR
coating (Texas Tech/Lehigh U.); proved a
correlation between in-plane stresses in silicon
sheet, cell processing, and the serious problem of
wafer breakage (Georgia Tech); and further
developed a first proof of concept of strong light-
bending using textured silicon with a photonic
crystal backside (MIT).

3.4 Crystalline Silicon PV Research Project
Management

This component supports the management
activities needed for high-quality research within
project budgets. Activities include peer reviews,
solicitations for proposed research, budget
planning, contract negotiation, contract monitoring,
reporting of project results through conferences
and publications, and partnering with other
government, state, and private entities to leverage
related research.

3.6 Summary of Technical/Technological Impacts
Crystalline silicon solar cells have demonstrated a
long and consistent history of continued
performance improvements and cost reductions.
The consensus in the global ¢c-Si PV community is
that this trend will continue if adequate resources
are applied to Si R&D. Given the abundance of



possible solar-grade and purer silicon, evolving
methods for expanding the utility of the anticipated
silicon feedstock, a comparatively enormous
technological infrastructure to leverage any
improvements in the cost and/or performance
characteristics of c-Si PV, the global bet (=94%
market share) is placed on c¢-Si PV for the
foreseeable future—most likely at least for the
next decade. As such, there is a very compelling
case for a dramatically increased U.S.
engagement in the global c-Si PV competition in
parallel with its existing R&D programs in other PV
material and device systems. The most immediate
and cost-effective way of augmenting the current
U.S. strategic position in this race is to optimally
configure existing resources. The National Center
for Photovoltaics, DOE PV Center of Excellence,
University c-Si Research Project, as well the c-Si
PV industry itself represent pools of considerable
talent and resources to bring PV to the next level
in performance and cost.

4. Planned FY 2006 Activities

e |ssue a request for Letters of Interest for new
university c-Si research projects.

e Finalize current research and development on
high-efficiency, low-cost c¢-Si  production
processes and recompete current Center of
Excellence award.

e Continue array of sophisticated experimental

and theoretical investigations into the
properties of efficiency-limiting defects in c-Si
and other material systems and their
remediation.

e Form a systematic and integrated effort
among the DOE-supported c-Si PV R&D
efforts—NREL, Georgia Tech, subcontracted
universities, and industry—specifically aimed
at reducing costs, increasing performance,
and improving manufacturing technologies.
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5. Major FY 2005 Publications

T.H. Wang, E. Iwaniczko, M.R. Page, D.H. Levi, Y.
Yan, V. Yelundur, H.M. Branz, A. Rohatgi, and Q.
Wang, "Effective Interfaces  in Silicon
Heterojunction Solar Cells," Proc. 31st IEEE
Photovoltaic Specialists Conference, 2005, p. 955.

T.H. Wang, E. Iwaniczko, M.R. Page, D.H. Levi, Y.
Yan, H.M. Branz, and Q. Wang, “Effect of Emitter
Deposition Temperature on Surface Passivation in
Hot-Wire Chemical Vapor Deposited Silicon
Heterojunction Solar Cells,” Thin Solid Films, in
press (avail. online), 2005.

C. Wang, H. Zhang, and T. Wang, “Solidification
Interface  Shape Control in a Continuous
Czochralski Silicon Growth System,” J. Crystal
Growth, in press, 2005.

M.-H. Du, H.M. Branz, R.S. Crandall, and S.B.
Zhang, Self-Trapping Enhanced Carrier
“Recombination at Light-Induced Boron-Oxygen
Complexes in Silicon,” submitted to Phys. Rev.
Letters, July 2005.

Y. Yan, Q. Wang, M. Page, M.M. Al-Jassim, H.M.
Branz, and T.H. Wang, "Z-contrast Imaging of the
Atomic Structure of c¢-Si/a-Si:H Interfaces,"
submitted to Appl. Phys. Letters, Sept. 2005

D.H. Levi, C.W. Teplin, E. Iwaniczko, Y. Yan, T.H.
Wang, and H.M. Branz, “Real-Time Spectroscopic
Ellipsometry as an In Situ Probe of the Growth
Dynamics of Amorphous and Epitaxial Crystal
Silicon for Photovoltaic Applications,” Materials
Research Symposium Proceedings, Vol. 862
A14.2, 2005.

T.H. Wang, E. lwaniczko, M.R. Page, Q. Wang,
D.H. Levi, Y. Yan, Y. Xu, and H.M. Branz, “High-

Performance Amorphous Silicon Emitter for
Crystalline  Silicon Solar Cells,” Materials
Research Symposium Proceedings, Vol. 862,

A23.5, 2005.
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6. University and Industry Partners

These organizations partnered in the project’s research activities during FY 2005 (no cost share).

University c-Si PV Research Project

Organization/ Location/e-mail Description/Title of Research FY 2005
Principal Investigator Activity ($K)

California Institute of Pasadena, CA Si Passivation and CVD of Si
Technology haa@caltech.edu Nitride 43
Harry Atwater )
UC Berkeley Berkeley, CA Efficiency Improvement of Si Solar 112
Eicke Weber weber@gsonet.org Cells
Georgia Tech Atlanta, GA Fundamental R&D for Improved 112
Ajeet Rohatgi ajeet.rohatgi@ee.gatech.edu Crystalline Solar Cells
Texas Tech Lubbock, TX Hydrogen Passivation of Si Solar 124
Stefan Estreicher Stefan.estreicher@ttu.edu Cells
North Carolina State .
University Ralelgh,_ NC d Improved Efficiency and Yield R&D 81
George Rozgonyi rozgonyi@ncsu.edu

. Atlanta, GA s . .
Georgia Tech ’ Birefringence of Stresses in Thin Si
Steven Danyluk thel]/en.danyluk@ma.gatech. Sheet 113
MIT Cambridge, MA Super Reflector for Thin Crystalline 65
Lionel Kimerling Ickim@mit.edu Si Cells

DOE Center of Excellence in Crystalline Silicon Project
Organization/ Location/e-mail Description/Title of Research FY 2005
Principal Investigator Activity ($K)

. University Photovoltaic Research,

Georgia Tech Atlanta, GA Education, and Collaboration 950

Ajeet Rohatgi

ajeet.rohatgi@ee.gatech.edu

Program

Photovoltaic R&D
Fundamental Research

26



mailto:haa@caltech.edu
mailto:weber@gsonet.org
mailto:rohatgi@ee.gatech.edu
mailto:estreicher@ttu.edu
mailto:rozgonyi@ncsu.edu
mailto:danyluk@ma.gatech
mailto:lckim@mit.edu
mailto:rohatgi@ee.gatech.edu

High-Performance Photovoltaics
Performing Organization: National Renewable Energy Laboratory (NREL)

Key Technical Contact: Martha Symko-Davies, 303-384-6528,
martha_symko_davies@nrel.gov

DOE HQ Technology Manager: Jeffrey Mazer, 202-586-2455, jeffrey.mazer@ee.doe.gov

FY 2005 Budget: $6,230K

Objectives
The High-Performance Photovoltaics (HiPerf PV) Project aims to explore the ultimate performance limits
of PV technologies, approximately doubling their sunlight-to-electricity conversion efficiencies during its
course. This work includes developing:
e Thin-film tandem cells and modules toward 25% and 20% efficiencies
e  Multijunction precommercial concentrator modules able to convert more than one-third of the
sun’s energy to electricity.
¢ High-risk/high-payoff third-generation PV technologies, primarily high-efficiency and exciton-
based solar cells, aimed at substantially surpassing the performance of existing solar cell
technologies
e Scientific and technical research opportunities for minority undergraduate and graduate students
in solar energy technologies via the Minority University Research Associates project.

Accomplishments

e The NREL polycrystalline group demonstrated a four-terminal polycrystalline thin-film tandem cell
consisting of a CdTe-based top cell and a CIS-based bottom cell, officially measured by NREL at
15.3% efficiency.

e The Institute of Energy Conversion (IEC) demonstrated an 11.9% CIGSS (1.5eV) top cell material
of the polycrystalline thin-film tandem.

e Boeing Spectrolab demonstrated a 39%-efficient GalnP/GalnAs/Ge cell that was verified by
NREL at 236 suns.

o NREL demonstrated a 37.9%-efficient inverted GalnP/GaAs/GalnAs tandem structure.

e Concentrating Technologies demonstrated a concentrator system using I1l-V multijunction solar
cells.

¢ Quantum yields of up to 300% (three electron-hole pairs per photon) have been measured in
PbSe and PbS quantum dots at photon energies four times the quantum dot bandgap.

e Princeton discovered a new material Ru(acac); that is useful as an exciton-blocking layer in
organic PV cells.

Future Directions
The project will continue to address key R&D issues in supporting the next phase, “Implementation of
Pathways,” in late FY 2006.
e Continue development of wide-bandgap material, tunnel junction, and bottom cell toward a 25%-
efficient polycrystalline thin-film tandem cell.
¢ Demonstrate a 40% IlI-V multijunction solar cell incorporated into a high-concentration module.
e Design approaches for fabricating solar cells with >50% efficiency, in quantity, in 5 years.

Photovoltaic R&D
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1. Introduction

The HiPerf PV Project aims to explore the ultimate
performance of PV technologies, approximately
doubling their sunlight-to-electricity conversion
efficiencies during its course. The project is
expected to enable progress of high-efficiency
technologies toward commercial-prototype
products. This begins with the investigations of a
wide range of complex issues and provides initial
modeling and baseline experiments of several
advanced concepts.

Categories within the HiPerf PV Project are: (1)
subcontracted research in polycrystalline thin-film
tandems; (2) subcontracted research in IlI-V
multijunction concentrators; (3) subcontracted
Future Generation research; (4) high-efficiency
novel concepts conducted by NREL’s in-house
Basic Sciences Center, and (5) the Minority
University Research Associates (MURA) task.

Near-term milestones for the R&D tasks under the
project follow and are listed in the DOE Solar
Program Multi-Year Technical Plan (MYTP).
Throughout the project’'s term, there will be
opportunities to reach established program goals
by both disruptive technology advances and/or
multiple incremental improvements.

This development of R&D will lead the pathway
toward new record cell efficiencies and
commercial prototype products. For concentrating
photovoltaics (CPV), gaining a position in the
marketplace could portend the emergence of CPV
systems in the next 2-5 years at installed system
costs of $3 per watt.

2. Technical Approach

The project consists of three phases for the
polycrystalline thin-flm tandems and IlI-V
multijunction concentrators, which focus on a
specific approach to solving the challenges
associated with high efficiencies. The first phase is
critical as it provides a means to accelerate toward
the most promising paths for implementation,
followed by commercial-prototype products.

Sixteen groups, selected competitively, for HiPerf
PV Phase IB, “Accelerating and Exploring Ultimate
Pathways,” will be ending in FY 2006 (see section
6 below).

The Future Generation Project funds in-house and
university teams developing high-risk innovative
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concepts (such as organic solar cells and novel
solar conversion processes) with the potential for
ultra-high efficiency (>50%) and very low cost.
These tasks are well leveraged by related science
supported by DOE’s Office of Science, Basic
Energy Sciences.

The MURA task provides scientific and technical
research opportunities for minority undergraduate

students to work on various solar energy
technology projects.
- FY 2005
Task Title Budget ($K)
High-Performance PV
900
Management
Technical Coordination 340
Thin-Film Polycrystalline Tandems 1,100
11I-V Multijunction Concentrators 1,400
Future Generation Project 700
MURA 390
High-Efficiency Concepts 1,400

3. Results and Accomplishments

All results reflect an MYTP milestone and will be
discussed after the milestone is stated.

3.1 High-Performance PV Management
e Assessed research on exploring pathways
to high-efficiency PV and developing plans
for the implementation phase. (09/05)

MYTP: Task 1 of Section 4.1.2

The subcontracts under the Polycrystalline Thin-
Film Tandems and the IlI-V Multijunction
Concentrators are aimed toward exploring and
accelerating issues that will lead into the
implementation phase. This implementation phase
is expected to occur 01/31/06. The Future
Generation subcontracts have been awarded and
will be funded for 3 years. MURA subcontracts
have been awarded and will be funded for 3 years.

3.2 Thin-Film Polycrystalline Tandems

e Demonstrated 14%-efficient polycrystalline
thin-film tandem. (11/05) MYTP: Task 1 of
Section 4.1.1.5

The NREL Polycrystaline Thin-Film  Group
recently demonstrated a four-terminal
polycrystalline thin-film tandem cell consisting of a
CdTe-based top cell and a CIS-based bottom cell,
officially measured at NREL with efficiency of
15.3%. The top CdTe-based cell structure is:
Corningglass/Cdstannate/Znstannate/CdS:O/CdT




e/Cu,Te/ITO. The transparency of this structure is
about 50%. The device parameter of this cell
measured at: V.. = 0.786 volts, Jsc = 25.55
ma/cm?, FF = 68.9, efficiency = 13.8%. The CIS
bottom cell structure is: glass/Mo/CIS/CdS/ZnO.
Its efficiency as measured under the transparent
CdTe cell is 1.5%. This achievement represents a
benchmark and a first step for this device; work is
ongoing to design material improvements and
develop a more optimal structure.

Improved efficiency has been demonstrated by
IEC for the Cu(InGa)(SeS), absorber layer. This
process uses a bilayer evaporation process, which
results in through-flm S and Se compositional
gradients. The resulting devices have higher fill
factors, up to 78%, than previous Cu(InGa)(SeS),
cells. This is attributed to improved -current
collection. The best cell had Voc = 0.77V, Jsc =
20.6 mA/cm®, FF 75.2 %, and efficiency =
11.9%. The complete cell structure for each is:
glass/Mo/Cu(InGa)(SeS),/ZnO/ITO/Ni-Al  grid /
MgF,. This Cu(InGa)(SeS), absorber layer had
average composition over the top ~1 uym, as
measured by EDS, of 23.9% Cu, 11.8 % In, 13.9%
Ga, 28.5% Se, and 22.2% S. This composition
indicates a bandgap of E; = 1.61 eV. However,
because of the compositional gradient in the film,
the bandgap is not uniform through the film
thickness. Therefore, a more relevant measure of
Eg is obtained from the long wavelength edge of
the quantum efficiency (QE) by comparison with a
CulnS, device, which has a known bandgap of
1.53 eV and a steep edge in the QE. In this case,
the Cu(InGa)(SeS), cell has the same bandgap of
1.53 eV.

3.3 llI-V Multijunction Concentrators

e Demonstrated a 39%-efficient "-v
multijunction cell under concentration. (09/05)
MYTP: Task 1 of Section 4.1.2

e Addressed the operating issues assessed for
high-efficiency multijunction cells under a
Fresnel lens. (09/05) MYTP: Task 1 of
Section 4.1.2

The IlI-V Multijunction Concentrator Group at
NREL demonstrated an inverted
GalnP/GaAs/GalnAs tandem  structure. This
structure was measured at 37.9% efficiency under
10.1 suns.

Boeing Spectrolab achieved a record efficiency of
39.3% for a three-junction terrestrial concentrator
cell. This is the highest NREL-confirmed
efficiency ever measured for any PV device. This
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record used three-junction GalnP/GalnAs/Ge
concentrator solar cells grown on a Ge substrate
incorporating epitaxial device features to optimize
their performance under the concentrated
terrestrial spectrum and processed at Boeing
Spectrolab.

The California Institute of Technology (Caltech)
demonstrated the fabrication of the first direct-
bond interconnect multijunction solar cell
(GaAs/InGaAs  two-junction  cell).  Amonix
addressed the operating issues assessed for high-
efficiency multijunction cells under a Fresnel lens
and will continue efforts.

3.3 Future Generation

The provisions of the MYTP (Sect. 4.1.1)
specifically call for fundamental R&D involving our
colleges and universities and, as a corollary, the
development of the next generation of solar
technologists. The following accomplishments
support this activity.

Northwestern University identified donor-dopants
and negligible grain boundary effects in CdO, the
transparent conducting oxide (TCO) with the
highest electrical conductivity, and which has
potential  for  high-efficiency  organic PV
applications. Princeton University discovered a
new material Ru(acac); that is useful as an
exciton-blocking layer in organic solar cells.

3.4 Novel High-Efficiency Concepts

The High-Efficiency Concepts effort was
recompeted to target emerging state-of-the-art,
high-efficiency concepts. This group listed in the
following table is from the Basic Sciences Center
and works directly with NCPV scientists.

Researchers discovered a strong causal link
between recombination and transport in dye-
sensitized solar cells; demonstrated that the
morphological properties of core-shell nano-
particle films are profoundly affected by the core;
measured extremely high quantum yields of 300%
(three excitons per photon were created via
efficient multiple-exciton generation [MEG] in
quantum dots [nanocrystals]) and developed a
totally new theory to explain this phenomenon;
and developed a quantitative assessment of the
probability of (1) carrier multiplication and (2) hot
electrons in quantum dots for solar cells.

Efforts are under way on monolithic multijunction
tandem ultra-thin strain-counterbalanced solar
photovoltaic converters with optimal subcell
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bandgaps. The approach involves inverted, lattice-
mismatched heterostructures that can contain two
to five (or possibly more) subcells (i.e., absorber
bandgaps). The inverted structures allow the
monolithic integration of high-, medium-, and low-
bandgap materials through the use of transparent
compositionally graded layers.

NREL High-Efficiency Concepts Group

Principal Title/Research Activity
Investigator
Arthur Frank Dye Cell Research
Arthur Nozik Quantum Dots
Angelo .
Mascarenhas Solid State Spectroscopy
Su-Huai Wei Co.mputatlonal Materials
Science
Alex Zunger Solid State Theory

3.5 Minority University Research Associates
Continuation of awards from the RFPs of fall 2003
includes eight minority-serving universities (six
HBCUs and two Hispanic-serving universities).
Accomplishments include: identification and
integration of a software tool for the design and
analysis of solar concentrating systems;
development and implementation of simulation
tools for analysis of solar concentrating systems
(University of Texas at Brownsville); and
fabrication of ZnO thin film and nanorods, TiO, thin
film and nanorods, and the development of highly
transparent and durable nanolayer polymer
substrate in collaboration with Case Western
Reserve University. The Renewable Energy
Academic Partnership (REAP) Review Meeting
was held August 7-10, 2005, in conjunction with
the Crystalline Silicon Workshop in Vail, CO.
Presentations generated interesting discussions,
which demonstrated great enthusiasm by
participants towards the individual projects. The
DOE NREL MURA Program is receiving worldwide
recognition for its unique efforts. The MURA effort
produced 43 publications during the year.

4. Planned FY 2006 Activities

The planned activities directly support the MYTP
under Task 1, sections 4.1.1.5and 4.1.2.5.

Next-phase implementation efforts in the area of
Polycrystalline Thin-Film Tandems and IlI-V
Multijunction Concentrators are expected to result
from the subcontracts and in-house R&D under
the FY 2005 activities. The stage-gate process will
provide go/no-go decisions. The Future
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Generation subcontracts will continue as planned.

MURA subcontracts will continue as planned.

e Finalization of subcontracts under "Exploring
and Accelerating Pathways towards High
Performance PV: Phase [|-B" through FY
2006/2007. Begin Implementation efforts and
solicitation for letters of interest to be issued.
This will be based on the stage-gate process.
Complete an award under this Implementation
phase by January, 2007.

e Demonstrate 15%-efficient polycrystalline thin-
film tandem.

e Demonstrate a 40%-efficient IlI-V multijunction
cell under concentration.

e Continue modeling of the enhanced
performance of quantum-dot-based solar cells
ial configurations to see how far one can push
the MEG effect in various PV cell
configurations to maximize cell efficiency.

e Continue studies of properties and determine
dopability of wide-gap top cell candidate
materials, including CuGaSe, and related
compounds.

e Target 10% efficiency for organic solar cells.

e Continue R&D of ultra-high efficiency solar
cells targeting >50% efficiency.

e MURA: Ensure progress on projects currently
under way and invite additional universities to
participate in the REAP Conference through
partnerships with other similar programs.

5. Major FY 2005 Publications
R. McConnell, M. Symko-Davies, S. Kurtz,

“Concentrator Photovoltaic Technologies,” ISES
Refocus Magazine, July/August (2005).

R. McConnell, M. Symko-Davies, “DOE High
Performance Concentrator PV Project,”
International Solar Concentrator Conference,
(2005).

M. Symko-Davies, “High Performance PV Future:
Polycrystalline Thin-Film Tandems” (presentation
and paper), 20" European PV Solar Energy
Conference and Exhibition, Barcelona, Spain,
June 2005.

McConnell, R., Symko-Davies, M., S. Kurtz, PV
FAQs. “What's New in Concentrating PV?” U.S.
Department of Energy, EERE, NREL Report No.
CD-520-35349.

R.D. McConnell and M. Symko-Davies, “High-
Performance PV Future: [lI-V  Multijunction



Concentrators” (plenary presentation and paper),

M. Symko-Davies, “Status of High Performance

20™ European PV Solar Energy Conference and  PV: Polycrystalline Thin-Film Tandems,” 37st
Exhibition, Barcelona, Spain, June 2005. IEEE PVSC, Florida, 2005.
6. University and Industry Partners
The following organizations partnered in the project’s research activities during FY 2005.
N Cost
. O_rganlzatlop / Location/e-mail Description/Title of Research Activity FY 2005 Share
Principal Investigator ($K) ($K)
Polycrystalline Thin-Film Tandems
Georgia Institute of Atlanta, GA - .
Technology Ajeet. Rohatgi@ece.gatech Th|n_-F|Im Si Bottom Cells for Tandem 13(3 0
) . Device Structures 20
Ajeet Rohatgi .edu
University of Delaware Newark, DE High-Performance PV-Polycrystalline 211 0
Bill Shafarman wns@udel.edu Thin-Film Tandem Cells
Xlnl_veg;sny of Toledo Toledo, OH Sputtered 11-VI Alloys and 235 0
vin ~-ompaan adc@physics.utoledo.edu | Structures for Tandem PV 20*
. . . . . Identification of Critical Paths in the
o Efficiency CGS/CIS Tandems
Identifying the Electronic Properties
. . Eugene, OR .
University of Oregon dcohen@darkwin Relevant to Improving the Performance 104 0
David Cohen LOregon.com 9- of High Band-Gap Copper-Based I-llI- 14*
gon. VI2 Chalcopyrite Thin Film PV Devices
Oregon State University | Corvallis, OR Novel Materials Development for 160 0
Douglas Keszler Douglas.keszler@orst.edu | Polycrystalline Thin-Film Solar Cells
llI-V Multijunction Concentrators
Spectrolab, Inc. Sylmar, CA Ultra-High-Efficiency Multijunction Cell 207 40
Raed Sherif rsherif@spectrolab.com and Receiver Module 50*
Design and Demonstration of a Greater
Amonix, Inc. Torrence, CA than 33% Efficiency High-Concentration 232 50
Vahan Garbushian drvahan@earthlink.net Module Using 40% III-V Multijunction 48*
Devices
California Institute of Pasadena, CA Four-Junction Solar Cell with 40%
Technology haa@daedalus.caltech. Target efficiency Fabricated by Wafer 207 0
Harry Atwater edu Bonding and Layer Transfer
Toward 40% Efficient Mechanically
JX Crystals Issaquah . WA Stacked llI-V Terrestrial Concentrator 159 0
Lew Fraas Ifraas@jxcrystals.com Cells 12
University of Delaware Newark, DE Novel High Efficiency PV Devices Based 55 0
Christiana Honsberg honsberg@ece.gatech.edu | on the IlI-N Material System 16*
Ohio State Universit Colombus, OH Optimized 111-V Multijunction
Steve Ringel y ringel@ee.eng.ohio- Concentrator Solar Cells on Patterned 90 0
9 state.edu Si and Ge Substrates
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Cost

Clark Fuller

cfuller@prodigy.net

countries.

Organization/ . . _r . - FY 2005
Principal Investigator Location/e-mail Description/Title of Research Activity ($K)® S(I;aKr)e
Concentratllng Huntsville, AL A Scaleable High-Concentration PV
Technologies kusek@bellsouth.net System 75 0
Steven Kusek ) y
. . . . Development of IEC Design
f‘igﬁonj‘i State University Eigﬁemi)éc’b_,ﬁszul com Qualification Standard for Concentrator 10 0
9 g Jgus.ul PV Modules
Future Generation Project
. . . . Approaching 10% Efficient Cells Using
Princeton University Princeton, NJ. Tandem Organic PV Cell with Enhanced 95 0
Steve Forrest forrest@ee.princeton.edu - .
Optical Coating
University of Colorado- Boulder, CO Ultra-High Efficiency Excitonic Solar
Boulder michlj@colorado.edu Cells 225 0
Josef Michl ) '
Northwestern University | Evanston, IL Interface and Electrodes for Next- 105 0
Tom Mason tmason@northwestern.edu Generation Organic Solar Cells 42*
. . Theoretical and Experimental
gﬂlr\ll;:::'tlg ?_:‘ol?gls(\el\;gre Ec?rﬁirtle(r,g%@Eee udel.edu Investigation of Approaches to >50% 73 0
) ’ Efficient Solar Cells
Minority University Research Associates Project
Southern University and | Baton Rouge, LA ;
Rambabu@arentphy i, | Sucert ssearch procis etedie | 41|
Rambabu Bobba edu
University of Texas, El El Paso, TX Investigat'ion,. fabrication, . 40
Paso lush@gerdau.com characterization, and modeling of solar 0
Gregory Lush 9 : cells
Fisk University Nashville, TN Development of Si Q-dots for advanced 28 0
Richard Mu rmu@fisk.edu solar cells with maximum efficiency
Developing automation/strategies to
Howard University Washington, DC improve power management and 39 0
J.M. Momoh jmomoh@msn.com distribution of renewable energy
resources
N. Carolina Central Fabricating and characterizing bulk and
University purham, NC non-phase PV materials for student 49 0
jmd@nccu.edu
Joe Dutta research.
UnlverS|ty of Texas, Brownsville, TX Student{faculty teams for des_lgnlng and 33
Brownsville . developing computer-simulation tools for 0
mijblanco@utb.edu ) .
M. Blanco design of solar concentrating systems.
N. Qaro]lna A&T State Greensville, NC Modeling performance.of a grlFJ— _ 48
University ash@ncat.edu connected PV system in a residential 0
G. Shahbazzi ' area.
Central State University | Wilberforce, OH Renewable energy t.echnology. and 58
technology transfer in developing 0

* Funded with prior year (FY 2004) funds.
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Solar Resource Characterization
Performing Organization: National Renewable Energy Laboratory (NREL)
Key Technical Contact: Dave Renné, 303-384-7408, david_renne@nrel.gov
DOE HQ Technology Manager: Jeffrey Mazer, 202-586-2455, jeffrey.mazer@ee.doe.gov

FY 2005 Budget: $450K

Objectives
e Produce a 10-year update (1991-2000) of the National Solar Radiation Data Base (NSRDB).
e Produce an enhanced 10-km gridded data solar product for the United States.
¢ Organize and implement a new task called “Solar Resource Knowledge Management” under the
International Energy Agency (IEA) Solar Heating and Cooling (SHC) Programme.

Accomplishments
o Evaluated performance of three candidate solar radiation models for the NSRDB.
¢ Developed recommendations for an NSRDB update plan.
e Task 36 “Solar Resource Knowledge Management” approved by the IEA SHC with NREL serving
as Operating Agent.

Future Directions
e Produce and distribute a 10-year update along with single-year annual updates.
¢ Investigate methods of producing a 10-km gridded data set for 199-1998.
e Produce reports through the IEA Task 36 that benchmark and quantify various solar resource
assessment approaches developed by different countries and international institutions, including
NREL’s NSRDB.

1. Introduction 1991-2000 update of the NSRDB and devised a
proof-of-concept project to investigate solutions to
This project addresses solar resource assessment  several obstacles, including the switchover by the
as outlined in the DOE Solar Program Multi-Year ~ National Weather Service (NWS) to the
Technical Plan. This includes access to data and Automated Surface Observing System for routine
characterization of the solar resource, as well as meteorological observations.
the needs of designers, modelers, and resource
assessment interests, both in the United States In 1998, NREL hosted the first workshop on
and internationally. This is a multi-year project to satellites for solar resource assessments, bringing
update the 1961-1990 National Solar Radiation  together international researchers on the topic.
Data Base (NSRDB) and to implement the IEA  Two follow-up workshops were held, one in 2000
“Solar Resource Knowledge Management” Task  and one in 2003, leading to the development of a
for benchmarking international solar resource data  concept paper and work plan for an International
sets. Work performed in FY 2005 included: (1) Energy Agency “Solar Resource Knowledge
recommendations for an NSRDB update and (2) Management” task. In June 2005, this task was
development of an updated plan and Annex and approved as Task 36 under the Solar Heating and
IEA approval of the “Solar Resource Knowledge  Cooling Programme, and NREL was selected as

Management” task. the Operating Agent. This task links NREL'’s
domestic NSRDB research activities with the
In 1992, NREL released the 1961-1990 NSRDB, international solar resource assessment work

a 30-year, 239-station data set of measured and conducted by several agencies around the world.
modeled solar radiation and accompanying
meteorological data for the United States. In 2003,
NREL investigated the feasibility of producing a
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2. Technical Approach

Two tasks are under way in the Solar Resource

Characterization Project: (1) a domestic task

focused on updating the NSRDB and (2) an

international task that allows the NSRDB to be

benchmarked against international solar resource

assessment methods. With the solar resource

model performance evaluations completed, we are

now in a position to produce an updated NSRDB.

By examining tools, availability of input data,

processing constraints, and uncertainties of the

output product, we developed an NSRDB update

plan and continued work to:

e Make recommendations on which model to
use.

o Develop recommendations for NSRDB update
methods.

e Solicit input from NSRDB stakeholders.

e Develop an NSRDB update plan.

e Produce a draft 10-year NSRDB update.

The IEA/SHC Solar Resource Knowledge
Management task provides a collaborative
mechanism to allow researchers from a number of
international research institutions to compare and
benchmark various approaches for assessing
solar resources, allowing for the new NSRDB to
be benchmarked against these other methods. A
technical Annex and Work Plan were finalized and
approved at the Solar Heating and Cooling
Executive Committee meeting in June 2005, and
NREL was selected as the Operating Agent.
Preparations are under way for the first task
meeting, to be held at DLR near Munich,
Germany, November 16-18, 2005. A second task
meeting is contemplated for July 2006 in
conjunction with Solar 2006 in Denver, Colorado.
A first-year technical report will be issued in
September 2006. Two task meetings per year are
contemplated over the 5-year duration of the
project, and a number of deliverables, spelled out
in the Work Plan, will be produced as a result of
the task work.

Total project funding for FY 2005 was $450K,
broken down in the following table:

. FY 2005
Task Title Budget ($K)
IEA Task 36 Solar Resource 100
Knowledge Management
NSRDB Update 350
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3. Results and Accomplishments

3.1 National Solar Radiation Data Base

The changeover to automated stations by the
National Weather Service eliminated the human
observed total and opaque sky cover amounts
used for inputs to the METSTAT model, which was
used for the 1961-1990 NSRDB. To adapt the
model to currently available data sets, we derived
equivalent sky cover inputs (total and opaque
cloud cover) from a combination of Automated
Surface Observing System (ASOS) and ASOS
supplemental cloud measurements (the latter
derived from Geostationary Operational
Environmental Satellite [GOES] satellite data).
ASOS detects clouds to 12,000 ft (3660 m),
whereas the ASOS supplemental cloud
measurements provide sky cover estimates for
heights above 12,000 ft for a 50 km x 50 km area
centered on the ASOS station.

A significant part of our effort was to find, acquire,
and quality-assess surface solar measurements to
form a data set for model evaluation. For the
model evaluation work, 33 sites with nearby
meteorological stations were identified and data

acquired from various solar measurement
networks, including the Surface Radiation Budget
Network  (SURFRAD), Integrated  Surface

Irradiance Study (ISIS), University of Oregon,
University of Texas, and the NREL Historically
Black Colleges and Universities (HBCU) network.
All available data were downloaded to NREL
computers and imported to an interim database for
evaluation with quality-assessment tools.

One goal of the updated NSRDB is a spatial
resolution greater than the ancillary interpolated
products that were originally produced from the
239 NSRDB meteorological stations. Toward that
end, the project evaluated a model from the
Atmospheric Sciences Research Center (ASRC)
at SUNY Albany. This SUNYA model derives 10-
km pixel solar estimates based on differences
between a pixel’s clear-sky reflectance as seen by
the satellite and the brighter values that occur with
increasing cloud reflectance of incoming solar
radiation.

The analysis of the test data sets included those
hours from all sites for which measured and output
data for all models were concurrent and compared
the measured data to the output for each model
using the statistical measures of root square mean
error (RMSE), mean bias error (MBE), frequency



distributions, probability distributions, correlation,
and autocorrelation.

In the figure below, the analysis reveals little
significant differences among the three candidate
models (Northeast Regional Climate Center,
SUNYA, and METSTAT).
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Our analysis illustrates not only the closeness of
the model performance, but also the similarity of
excursions for all models in site-to-site variability.
These excursions may indicate a common bias in
the models or input data, or an error in the ground
validation data. Whatever the cause, it is important
in this context to note that all models perform
similarly.

3.2 “Solar Resource Knowledge Management” IEA
Task 36

The three subtasks in Task 36 will contribute to
achieving the vision of fast and easy access to
relevant, qualified, and reliable solar resource
information that has been benchmarked to
international standards.

Subtask A: This is a standard qualification for solar
resource products. This subtask will develop and
produce deliverables designed to provide:

e Coherence and benchmarking of models
producing surface irradiance values from
satellite data (these will include SUNYA,
NREL Climatological Solar Radiation (CSR)
model, and NASA Surface Meteorology and
Solar Energy (SSE) models, which are also
being used for the NSRDB updates)

e Accessibility and coherence of ancillary model
input data such as atmospheric conditions and
land surface parameters

e Sensitivity analyses
Ground truth validations with high-quality data
Definition of validation protocols and
measures of end-product confidence

e Cross-satellite and cross-model

comparisons.

platform

An example of visual benchmarking approaches is
shown in the figures below, which compare the
SUNYA with the NREL CSR model results applied
for Central America.
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SUNYA

NREL CSR

Subtask B: Common structure for archiving and

accessing resource products. This subtask will

develop and produce deliverables designed to
provide:

e Development of worldwide networking
between distributed data centers, resulting in a
global coverage for high-quality solar resource
data

e Development of
exchange protocols

e Reliable and fast end-user access

e Preparation of data documentation for specific
end-user applications.

information and data

The main outcome of Subtask B will be a unique
Web entry point that performs a smart network of
resources and products. Specifically, Subtask B
will build on the existing knowledge and precursor
Web services, such as the portals SoDa or NASA
services, to construct an advanced prototype of
the information system. Resources (e.g., a
database) will comprise a Web server and will be
connected on a voluntary basis to this information
system. Providers of such resources (e.g., NASA,
German Aerospace Center [DLR]) are deemed to
have a strong strategic interest in maintaining
these resources, whether on a free or commercial
basis. In the latter case, other sources of revenues
may be obtained by opening to other domains
such as agriculture or tourism. The Web service
(entry point) will be made of core software only
and will be easy to maintain, transfer, operate, and
duplicate (to ensure reliability). This service will be
maintained by motivated partners, such as
Armines, with possible commercial revenues.

solar
This

Subtask C: Improved techniques for
resource characterization and forecasts.
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subtask mainly covers R&D work and will result in

deliverables providing:

e Short-term (hours) to medium-term (days)
solar resource forecasting

¢ Climatological analysis of long-term variability
and trends of solar resources

e Improved exploitation of existing satellite
resources (e.g., very high spatial resolution for
plant micro-siting)

o Adaptation of
techniques to the
generations of satellites

e Development of new methods to provide
improved products, such as spectrally or
angularly resolved information.

resource assessment
capabilies of new

4. Planned FY 2006 Activities

At the current level of funding, the planned release
of the updated 1991-2000 NSRDB will occur in
2006, which will leave even the most recent data 5
years old. Part of our production plan includes a
method to produce incremental annual updates,
which will be immediately applied to years 2001—
2005, then annually through 2009. In 2011, a
2001-2010 decade update will be produced,
funding permitting. Additional products, such as
Typical Meteorological Year and Data Manuals,
will also be produced.

Benchmarking with International Data Sets: IEA
Task 36 will provide standardization, better data
reliability and availability, and improved spatial and
temporal coverage, with customized solar
resource products, including reliable solar
radiation forecasts that are easily accessible to
energy developers and planners throughout the
world. In FY 2006, two technical workshops will

be held to implement this work. The first will be
held at DLR in Germany, November 16-18, 2005,
where the three subtask leaders will develop final
subtask plans and begin the process of
assembling existing relevant studies and data. A
follow-on workshop is planned for Denver in July
2006, where subtask participants will present
activity progress and the first-year technical report
will be drafted.

5. Major FY 2005 Publications

Gueymard, C. and R. George, “Gridded Aerosol
Optical Depth Climatological Datasets over
Continents for Solar Radiation Modeling,” Proc.
Solar World Congress, International Solar Energy
Society, 2005.

Myers, D., S. Wilcox, W. Marion, R. George, M.
Anderberg, “Broadband Model Performance for an
Updated National Solar Radiation Data Base in
the United States of America,” Proc. Solar World
Congress, International Solar Energy Society,
2005.

Wilcox, S., M. Anderberg, W. Beckman, A.
DeGaetano, R. George, C. Gueymard, W. Marion,
D. Myers, R. Perez, M. Plantico, D. Renne, P.
Stackhouse, F. Vignola. “Progress on an Updated
National Solar Radiation Data Base,” Proc. Solar
World Congress, International Solar Energy
Society, 2005.

Renné, D.S. and Task Participants, 2005: “ Work
Plan and Annex, Solar Resource Knowledge
Management,” Task 36 of the I|IEA SHC
Programme.

6. University and Industry Partners

The following organizations partnered in the project’s research activities during FY 2005.

Organization/ Location/e-mail Description/Title of Research FY 2005 schoasr:e
Principal Investigator Activity ($K) ($K)
. . Produce 10-km gridded data for
State University of New Albany, NY the United States; Investigate
York, Albany . . 25 8.1
Richard Perez perez@asrc.cestm.albany.edu methods of interpolating 1-
degree grid to 10-km grid.
Solar Consultant New Myrna Beach, FL Inevr?sﬂggigourzizanjgirll of model
Services Chris@SolarConsultingServices. P d TCJ | y 15 0
Chris Gueymard com measured aerosol values versus
monthly mean data sets.
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Environmental Health and Safety

Performing Organization: Brookhaven National Laboratory

Key Technical Contact: Vasilis Fthenakis, 631-344-2830, vmf@bnl.gov

DOE HQ Technology Manager: Alec Bulawka, 202-586-5633, alec.bulawka@ee.doe.gov

FY 2005 Budget: $420K

Objectives

Assist in preserving the safe and environmentally friendly nature of photovoltaics and in
minimizing environmental health and safety (EH&S) risks and associated costs, to ensure the
public support and economic viability of PV systems.

Identify potential EH&S barriers of PV materials, processes, or applications and define strategies
to overcome such barriers.

Maintain the EH&S Research Center as the world’s best source on PV EH&S, providing accurate
information related to EH&S issues and perceptions.

Accomplishments

Conducted a life-cycle analysis (LCA) of the balance of systems (BOS) of the Tucson Electric
Power Springerville 3.5-MW c-Si plant; computed energy payback times to be 70% lower than the
previously published estimates (paper was accepted for publication in Progress in Photovoltaics).
Advanced CdTe recycling by accomplishing a 99.99% separation of Cd from Te at a projected
cost of 2¢ /W.

Conducted fire-simulating experiments on CIGS PV modules.

Prepared an Environmental Inventory Analysis of Metals (Zn, Cd, In, Ge, Ga, Cu, Se, Te) in PV
modules.

Began a project to compare greenhouse gas emissions during the life cycle of PV and nuclear
fuel cycles.

Conducted experiments of leaching indium and selenium from CIGS modules.

Assisted DayStar Tech, First Solar, and the University of Toledo with site-specific EH&S issues.
Organized a workshop for the International Energy Agency in conjunction with the 20"
EURPVSEC, Barcelona, Spain.

Answered several requests for EH&S information from the public and the industry.

Future Directions

Update LCAs of all commercial PV technologies.

Conduct and coordinate LCA-based comparisons of environmental and societal benefits and risks
of PV versus other energy technologies.

Continue industry outreach with guidance on hazard analysis and other EH&S issues.
Communicate to the public, technical community, business partners and policy makers.

Guide the pollution prevention and waste management in PV manufacturing facilities.
Advance the technical and economic feasibility of recycling of manufacturing waste and spent
modules.

Assess safer delivery options for toxic and flammable materials in PV manufacturing.

Assess safer alternative sources for toxic and explosive gases in PV manufacturing.

Assess and guide fluorocarbon use and emissions reduction in current and future (large-scale)
PV manufacturing.

Contribute to studies for higher material utilization in PV manufacturing.

Study potential EH&S issues related to new PV technologies, processes, and materials.
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1. Introduction

The activities of the Environmental, Health and
Safety (EH&S) Research Center focus on
minimizing potential EH&S impacts associated
with current and future photovoltaic energy
systems and applications.  This objective is
accomplished by proactive research, rigorous
industry, and technical communications.

The overall goal is to preserve the safe and
environmentally friendly nature of PV and
minimize EH&S risks and associated costs, to
ensure the public support and economic viability of
PV systems. Minimization of EH&S risks and
costs is paramount for achieving the Solar
Program’s goal of $0.06/kWhr by 2020, while
having the support of the public is a prerequisite
for existence and growth to the scale that would
support this low cost.

Also, the Center serves as the world’s best source
on PV EH&S, providing accurate information
related to EH&S issues and perceptions. This
activity supports the overall communications and
outreach objectives of the Solar Program. The
Center works closely with the Thin-Film PV
Partnership and other NREL projects.

2. Technical Approach

The major areas of Brookhaven National
Laboratory’s (BNL's) activities are Hazard
Identification and Characterization, Hazard

Management, Industry Outreach, and Information
Dissemination.  Ongoing efforts are required
because the PV industry is undergoing changes in
type and quantities of materials, manufacturing
processes and scale, and because continuous
vigilance is required in safety and loss prevention.

Task 1: Identification and Characterization of
EH&S Issues. In FY 2005, we conducted: (1) a
life-cycle analysis (LCA) of the BOS of the Tucson
Electric Power (TEP) Springerville plant; (2) fire-
simulating experiments on CIGS modules; (3)
quantification of emission factors for all the
metallic elements used in PV modules; and (4)
collaborative work on LCA-based comparisons of
PV and nuclear power generation.

Task 2: Hazard Management. In FY 2005, we
advanced the recycling of CdTe PV by
accomplishing a 99.99% separation of Cd form Te
at a projected cost of 2¢/W. Also, we started
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experimental research on recovering indium from
CIGS PV modules.

Task 3: Industry Outreach and Support to DOE-
HQ and NCPV. The industry outreach activities
include frequent interactions with EH&S
personnel, site visits, guidance with EH&S issues
and concerns, and assistance with new facilities.

Task 4: Information Dissemination. Providing
accurate and objective information on PV EH&S
issues is crucial as the PV industry as installations
grow to levels that attract public interest and
scrutiny.

. FY 2005
Task Title Budget ($K)
Hazard 200
Identification/Characterization
Hazard Management/Recycling 90
Industry Outreach/DOE/NCPV 78
Information Dissemination 52

3. Results and Accomplishments

e Task 1. Conducted an LCA of the BOS of the
TEP  Springervile 3.5-MW ¢-Si  plant;
assessed energy payback times to be 70%
lower than the previously published estimates
(paper was accepted for publication in
Progress in Photovoltaics).

e Conducted fire-simulating experiments on
CIGS PV modules; put results in the context of
emissions from coal power plants.

e Wrote a comprehensive report on the
upstream emissions of metals used in PV
modules.

e Task 2. Advanced the recycling of CdTe PV
by accomplishing a 99.99 % separation of Cd
from Te at a projected cost of 2¢/W. Papers
were accepted by the Journal of Hazardous
Materials and Progress in Photovoltaics
Research and Applications.

e Task 3. Provided facility-specific assistance to
First Solar and DayStar Tech. At the request
of DOE, we organized a PV EH&S task
workshop for IEA.

e Task 4. Answered several requests for EH&S
information from different agencies, business
partners, citizen organizations and the media.




4. Planned FY 2006 Activities

Hazard Identification/Characterization

e Complete an LCA of commercial CdTe PV
systems.

e Conduct LCA-based comparisons of
greenhouse-gas emissions and risks in the PV
and nuclear fuel life cycles.

e Start LCA investigation of Ill/IV concentrator
systems.

Hazard Management/Recycling

e Improve recovery and purity of Cd and Te in
CdTe Recycling

e Guide pollution prevention
management in PV manufacturing

and waste

Industry Outreach/Support to DOE and NCPV
Support this activity as required.

Information Dissemination
Support this activity as required.

5. Major FY 2005 Publications

Fthenakis V.M., Alsema E., and M.J. de Wild-
Scholten, “Life Cycle Assessment of
Photovoltaics: Perceptions, Needs, and
Challenges,” Proc. 31" IEEE PV Specialists
Conference, Jan. 3—7, 2005, Orlando, FL.

Wang W. and Fthenakis V.M., “Feasibility of
Recycling of Cadmium-Telluride Photovoltaics,”
The Minerals, Metals & Materials Society
Extraction & Processing Division Congress 2005,
pp. 1053-1064.

Fthenakis V.M., Fuhrmann M., Heiser J, Lanzirotti
A., Fitts J., and Wang W., “Emissions and
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Redistribution of Elements in CdTe PV Modules
during Fires,” Progress in Photovoltaics, in press.

Wang W. and Fthenakis V.M., “Kinetics Study on
Separation of Cadmium from Tellurium in Acidic
Solution Media Using Cation Exchange Resin,”
Journal of Hazardous Materials, in press.

Fthenakis V.M. and Wang W., “Advances towards
the Recycling of Cadmium Telluride Photovoltaic
Modules,” accepted for publication in Progress in
Photovoltaics.

Mason J., Fthenakis V.M., Hansen T. and Kim C..
“Energy Pay-Back and Life Cycle CO, Emissions
of the BOS in an Optimized 3.5 MW PV
Installation,” Progress in Photovoltaics, in press.

Fthenakis V., “Promising  Advances in
Photovoltaics,” Critical Issues Editorial, Chemical
Engineering Progress, 101(4), 5, 2005.

Fthenakis V.M. and Wang W., “Emission Factors
in the Production of Materials Used in
Photovoltaics,” 20" EURPVSEC, Barcelona,
Spain, June 6-10, 2005.

Fthenakis V.M. and Wang W., “Advances on
Recycling of CdTe and CIGS Photovoltaic
Modules,” 20" EURPVSEC, Barcelona, Spain,
June 6-10, 2005.

Fthenakis V.M., International Energy Agency
Environmental Health & Safety Workshop,
Barcelona, Spain, June 8, 2005.

Fthenakis V.M. (contributing author), “Electronics
Industry Emissions,” Draft 2006 Intergovernmental
Panel for Climate Change Guidelines for National
Greenhouse Gas Inventories, Aug. 17, 2005.
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Advanced Materials and Devices

The Advanced Materials and Devices effort carries out research in semiconductor material
properties, device mechanisms, and fabrication processes to improve the efficiency, stability, and
cost of photovoltaic energy conversion. The effort focuses on thin-film materials and modules
(which hold promise for major reductions in PV costs), module manufacturing methods, and
module reliability.

The Thin-Film PV Partnership has formed strong research teams to focus R&D on promising thin-
film candidates, such as amorphous silicon, cadmium telluride, copper indium diselenide, and thin
silicon. These research teams are comprised of laboratory, industry, and university researchers
who work to solve generic issues as well as industry-specific problems.

In PV Manufacturing R&D, strong partnerships with the U.S. PV industry have been formed with
the goal of retaining and enhancing the industry’s leadership in the development and manufacture
of PV modules. Many problems in manufacturing R&D exist whose solutions are critical to further
reducing the cost of PV.

The overall objective of the PV Module Reliability Project is to work with industry to develop PV
modules that have 30-year service lifetimes. This project also provides critical performance and
reliability testing and benchmarking of modules to validate the progress and accomplishments of
the Solar Program’s investments in PV module technology R&D. The Inverter and BOS
Development Project seeks to improve inverters and balance of systems (BOS) through the High-
Reliability Inverter Initiative.

Achievements in FY 2005 include the following.

Thin Film PV Partnership

e With Global Solar Energy, fabricated a 10.2%-efficient, 88.9-W thin-film CIGS power module,
the highest wattage CIGS module in the world.

o With First Solar and United Solar Ovonic, broke ground on major manufacturing expansions
(First Solar 50 MWp and Uni-Solar 25 MWp).

e Overall, production of thin films in the United States grew from 12 MWp in 2003 to an
estimated >40 MWp in 2005.

PV Manufacturing R&D

¢ With Sinton Consulting, received an R&D 100 Award for the quasi-steady-state
photoconductance Silicon Evaluation System developed under an FY 2004 “In-Line
Diagnostics and Intelligent Processing in Manufacturing Scale-Up” subcontract for the
measurement of bulk minority-carrier lifetime.

¢ With ITN Energy Systems, implemented production-line improvements that resulted in an
85% increase in yield and a 13% increase in cell efficiency.

o With PowerLight Corporation, completed a prototype foamless PV roof tile design and
implemented production of PowerGuard tiles that do not require added insulation.

PV Module Reliability R&D

¢ Initiated unique high-voltage stress testing experiment that measures module leakage
currents to ground on a bipolar array supplied by Shell Solar consisting of CIGSS modules.

o Initiated cooperative reliability testing program for SunPower’s high-efficiency ¢-Si modules,
including light soaking, thermal cycling, and damp heat exposure indoors and real-time
outdoor exposure.

Inverter and BOS Development

o Completed Phase Il of the High-Reliability Inverter Initiative with hardware deliverables from
GE and Xantrex.

e Initiated “High-Tech Inverter, Balance-of-System, and Systems R&D” project with a
FedBizOps announcement and draft of a request for proposal to begin the project.
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Thin Film PV Partnership

Performing Organizations: National Renewable Energy Laboratory (NREL)
DOE Golden Field Office (DOE/GO)

Key Technical Contact: Ken Zweibel (NREL), 303-384-6441, ken_zweibel@nrel.gov
DOE HQ Technology Manager: Jeffrey Mazer, 202-586-2455, jeffrey.mazer@ee.doe.gov

FY 2005 Budget: $9,096K (NREL)

Objectives

e  Support the near-term transition to first-time manufacturing and commercial introduction of
reliable thin-film a-Si, CIS, CdTe, and film silicon modules.

¢ Build a technology base upon which these advanced PV technologies can successfully improve
manufacturing and continue to progress in terms of performance, reliability, and reduced cost for
products meant to compete in the PV marketplace.

e Sustain innovation to support progress toward ambitious long-term PV cost and performance
goals (e.g., 15% modules at under $50/m” and capable of lasting 30 years) appropriate for cost-
competitive PV electricity.

Accomplishments
e Met four Joule milestones.
e Two Technology Partners broke ground on major manufacturing expansions (First Solar 50 MWp,
and Uni-Solar 25 MWp).
e Production of thin films in the United States grew from 12 MWp in 2003 to an estimated >40 MWp
in 2005.

Future Directions
e Continue to address key issues supporting the transition to successful first-time manufacturing or
major production expansion in each thin film.
¢ Significantly reduce CIS and CdTe layer thicknesses in cells and support transfer of this to
manufacturing.
e Direct CdTe research toward higher voltage.
¢ Investigate nanocrystalline bottom cells for thin-film silicon multijunctions.

1. Introduction teams in Thin Film Module Reliability and EH&S
(the latter with Brookhaven National Laboratory).

Thin-film PV technologies are regarded as having  The National Teams are made up of leading

good potential to meet ambitious cost and researchers from U.S. industry, universities, and

performance goals consistent with the DOE Solar = NREL, who work together to define and carry out

Program Multi-Year Technical Plan (MYTP) long-  shared activities.

term goals for low-cost PV and the PV industry’s

20-year roadmap. The Thin Film PV Partnership 2. Technical Approach

is designed to accelerate progress toward those

goals. It includes subcontracted R&D in CIS, The Partnership had about 30 subcontracts (see

CdTe, amorphous silicon, and new thin films such below) during FY 2005, about eight of which are

as film silicon. The Partnership works closely with ending. The subcontract areas were broken down

NREL’s internal research, facilitating collaborative  as shown in Table 1.

activities through the Partnership’s National

Research Teams. Three National R&D Teams

work in material-specific areas (a-Si/thin film c-Si,

CdTe, and CIGS), and there are crosscutting
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Table 1. Thin Film PV Partnership Funding

. FY 2005
Task Title Budget ($K)

Project Management and Team 830
Coordination

In-House Collaborations 825
Thin Film Center of Excellence 1,110
Amorphous and Thin Film Silicon 1,958
CIS Devices 2,158
CdTe Devices 2,013
Module Testing and Analysis 202

Four subcontracts were major Technology Partner
contracts: Shell Solar and Global Solar in CIS;
First Solar in CdTe; and United Solar Ovonic (Uni-
Solar) in a-Si. The rest were R&D Partners, which
were either small businesses making progress
toward pilot production or universities supporting
the Partnership objectives.

3. Results and Accomplishments

The Thin Film PV Partnership supported the
transition to successful first-time manufacturing of
key thin-film technologies during the fiscal year
(see Fig. 1). This is our most important activity in
the short term, because it will help establish thin
films in the marketplace, improve their chances of
future growth and success, and help define the
transition of technologies that have been
successfully developed by DOE funding to the
private sector. This evolution has been more than
two decades in the making and is not yet
accomplished. However, with the substantial
growth in CY 2005 to more than 40 MW (from only
12 MW in the United States in 2003), thin films are
in this important transition. Based on surveys of
the Partnership’s Technology Partners, it is
expected that this may again double in CY 2006 to
about 80 MW of annual U.S. production. If so, this
will indicate the arrival of these key, potentially
lower-cost technology options—and even the
resumption of U.S. leadership in the PV
marketplace (because thin fiims may take a
leading role, going forward). The following
summarizes highlights from FY 2005.
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Fig. 1. Historical and predicted MWp thin-film
module manufacturing in the United States,
broken down by technology. A survey of the
Partnership’s Technology Partners suggests that
U.S. thin-film manufacturing is going through a
major growth period, and new thin films are joining
amorphous silicon in the marketplace (FY 2005 is
preliminary data; FY 2006 is planned sales).

3.1 First Solar 50-MWp Factory Expansion

The First Solar 50-MWp groundbreaking was a
major event, with several hundred people in
attendance, including media and political
representatives from local, state, and federal
levels (see Fig. 2). First Solar plans to produce
about 22.0 MW, in 2005, 40 MW, in 2006, and
75 MWp in 2007.

Fig. 2. Those at the groundbreaking of First
Solar's 50-MWp factory expansion include DOE
Solar Program Manager Ray Sutula, First Solar
COO Chip Hambro, and state government
representatives, who provided funding support to
help locate the expansion in Ohio.
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We attended a tour of the First Solar 25-MWp
facility before the ceremony. Substantial progress
has been made in terms of (1) the new 25-MWp
coater, which is now fabricating about 20% of the
product; (2) reducing maintenance costs by
substantially enhancing materials utilization rates;
and (3) automating and improving most aspects of
production. During his speech, Hambro stated that
First Solar is now breaking even. He also provided
information on his sales price and volume that
would allow us to estimate his costs as among the
lowest in all of PV. Separate discussions with
Marketing Director Ken Schultz centered on plans
to move to a cost structure that would allow the
installation of $3/Wp ground-mounted PV systems
in the not too distant future.

The DOE Solar Program and NREL, the National
Center for Photovoltaics (NCPV), and the Thin
Film PV Partnership have supported the research
and development of this very promising thin PV
technology at First Solar for the past several
years. First Solar uses a very rapid vapor transport
deposition technique to deposit the semiconductor
films in less than one minute, which gives it a
significant advantage over its competitors. The
deposition process won a prestigious R&D 100
Award in 2003 shared by NREL. “These
accomplishments strengthen the position of U.S.
manufacturers as leaders in the next generation of
thin film solar technologies and accelerate our
nation’s drive to make solar electricity competitive
with conventional electricity,” said David Garman,
Assistant Secretary, Energy Efficiency and
Renewable Energy, and Under Secretary, U.S.
Department of Energy.

3.2 Uni-Solar 25-MWp Factory Expansion

The Uni-Solar a-Si factory is working at full
capacity of about 2 MWp/month. Due to the silicon
shortage, module prices have been rising, and
profitability is increasing. Recently, Uni-Solar
announced plans to build a second 25-MWp plant,
also in Michigan. In  describing the
competitiveness of Uni-Solar technology, company
President Subhendu Guha made the case that
their peel-and-stick roofing material is directly
competitive with all other rooftop PV approaches
(including c-Si and CdTe) because of the ease of
installation (e.g., reduced balance of system costs)
and superior aesthetics and durability (see Fig. 3).
He mentioned two major “wins” over such
competition to large commercial rooftop projects,
one for 1 MW on the GM building and another for
750 kW in California.
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Fig. 3. The Uni-Solar a-Si factory produces peel-

and-stick thin-flm PV roofing material. The
product’s easy installation is demonstrated on a
building in China.

Of interest, First Solar and Uni-Solar have
different, but complementary, focus markets: Uni-
Solar on commercial roofs and First Solar for
large, ground-mounted systems. In both markets,
they are quite competitive.

3.3 Completion of Four DOE Joule Milestones
Four DOE Joule milestones were completed within
the Partnership. Three of them are related to
achieving a higher efficiency thin-film module,
progressing from 10% to 11% (the final milestone)
by the end of the fiscal year. These milestones
were all achieved by Shell Solar Industries (a
Technology Partner) for selenized CIGS modules.
The other Joule milestone concerned the
completion of the Partnership’s latest
recompetition Letters of Interest and the signing of
all the awardees in a timely manner.

3.4 Global Solar Fabricates Record CIGS Module

Global Solar Energy (GSE) fabricated a 10.2%-
efficient, 88.9-W thin-film CIGS power module, the
highest wattage CIGS module in the world. This
result meets a level-4 milestone in the Thin Film
Partnership/NCPV project due 8/31/05. ITN
Energy Systems (ITN/ES), Littleton, CO,
developed the intelligent processing system for
improved processing conditions and yields for cell
and module fabrication that helped produce this
module. The module parameters are as follows: I
=4.07 Amp, V. = 36 V, FF = 0.606, area = 8709
cm®. Stainless steel (ss) web lengths of 1000 feet
were used for the roll-to-roll processing of the
devices. The typical cell structure is
ITO/CdS/CIGS/Mo/ss. CIGS is deposited by



physical vapor deposition, CdS by a modified
chemical bath deposition process, and ITO and
Mo by sputtering. More process optimization
should improve the module performance in the
near future. NREL and GSE shared an R&D 100
Award in 2004 for development of the GSE CIGS
technology.

3.5 Flow of Venture Capital to CIGS Start-Ups
Accelerates

We note the acceleration of private and venture
capital funding (over $100M) to CIGS start-ups,
most of which were spun off or supported by
NREL in-house and Thin Film Partnership
research and National R&D Teams. We also note
the budget pressures resulting from this evolution.

The success of PV in the marketplace has
generated a wave of private funding interest for
start-ups of all kinds in PV, and in particular for
those involved with CIGS. In the last month,
announcements of major investment have come
from: Wurth Solar (55M Euros), Miasole ($16M),
Nanosolar ($20M), and Heliovolt ($8M). Wurth
Solar is a German company that bases its
technology on multi-source evaporation, harkening
back to the original CIGS work at Boeing and
within NREL (all DOE supported). Wurth has
about 1-2 MWp of current CIGS production and
makes the most efficient thin-film product in the
world (about 11% total area efficiency).

The other three are U.S. start-ups that are pre-
commercial; in fact, they are pre-prototype module
development. Their ideas are based on reducing
the capital cost and raising the throughput of CIGS
versus existing approaches. Together with NREL
support, they are making decent but not
outstanding cells (5%—-10%). NREL support has
been mostly from consultation or Cooperative
Research and Development  Agreements
(CRADAs) with in-house CIGS experts and the
NREL Measurements and Characterization Group;
and work with the NREL CIS National Research
Team. We are starting a new subcontract with one
(Nanosolar) to do work in high-throughput
selenization of foil-based CIGS films, a known
bottleneck in selenization approaches. Overall
budget shortfalls in the Thin Film Partnership are
preventing us from seeking out additional
subcontracts with promising new start-ups, such
as Miasole and Heliovolt, and another recent start-
up, Daystar ($9M from a public offering in 2004),
so we are seeking other forms of collaboration and
support. To illustrate the relationships involved:
Daystar’s founder, John Tuttle, is an ex-NREL CIS
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scientist; Heliovolt founder Billy Stanbery, was
funded by the Partnership at Boeing and later at
the University of Florida; Nanosolar head of R&D
Chris Eberspacher was funded by the Partnership
at Unisun; and Miasole received direct NREL in-
house support via Rommel Noufi and his CIGS
team.

The advent of substantial private funding for CIGS
start-ups is a major change in the path for
development of CIGS. Prior to this, venture money
was almost nonexistent, which prevented this
channel of development. The change is very
favorable for CIGS and allows us to leverage the
exceptional in-house NREL CIGS expertise and
characterization capabilities as a leading method
of supporting outside activities (complementing
support via the Partnership subcontracts).
However, we also foresee the possibility some
new difficulties. Start-ups are notoriously hurried to
develop technology, which leaves them vulnerable
to pitfalls (e.g., in manufacturing and reliability).
None of these start-ups have the resources to test
their new products in any depth. Thus we foresee
a period when we may need to support them with
our own testing capabilities, if only to avoid
potential black eyes from first-time manufacturing
failures and field failures. We also foresee the
potential for these companies to seek local
political support, which may in turn lead to
undesirable pressure to create new earmarks.
This is unfortunate collateral damage from our
own budget shortfalls.

3.6 Thin Film Partnership Management

The Partnership had several management
accomplishments of note during the fiscal year, as
discussed below.

Web Site. We completed a major update of the
Partnership Web site to make it much more
accessible. This was accomplished by:

¢ Including descriptive text with each entry.

e Making the whole site searchable by keywords
and authors. This is a very powerful tool.

e Adding a “most recent” list of the last 10 items
posted for those who just want to see what's
new.

¢ Adding a “Features” link to the home page, for
newsworthy items such as the recent capacity
announcements.

With the new excitement in thin films, we expect
the site to be used frequently. Before even being
announced, the Web site had 200 hits on April 4,

Photovoltaic R&D
Advanced Materials and Devices



2005 (site URL: www.nrel.gov/ncpv/thin_film), and
now averages over a thousand per day.

PV Materials FAQ. We added a new FAQ to the
NREL site that examines the question, posed as
“The Terawatt Challenge” by Hoffert and Lewis:
Are materials a constraint preventing PV from
meeting climate change problems? The answer is
that PV can meet climate change problems, with
the example examined being 75 TWp by mid-
century. Of commodity materials, glass would be
the largest growth, but is not materials limited. Of
the specialty semiconductor and contact materials,
silver (for grids), indium, and tellurium are
constrained and selenium is  marginally
constrained. However, the FAQ outlines a strategy
for making thinner cells, recycling waste and end-
of-life modules, and refining more byproduct from
existing ores to allow the CIS and CdTe
technologies to make the needed amounts. The
silicon-based technologies are unconstrained and
could also meet the TW challenge. These findings
are part of the effort to refine our understanding of
future PV issues in relation to big picture issues
such as climate change.

Energy Payback FAQ Revision. We completed a
revision of the Energy Payback FAQ for the NREL
Web site. The changes involved:

e Adding a well-documented payback period for
the BOS at Tucson Electric (3 months!) as an
example of how ground-mounted systems
have about the same energy payback as roof-
mounted ones.

e Offering further evidence that including the
wafer payback cost does not radically hurt c-Si
payback.

e Adding some verbiage to help people
understand how energy input is properly paid
back in the form of PV electricity.

The FAQs are at (www.nrel.gov/ncpv/faqg.html).

Tracking Annual Metrics. Each year, we track cell
efficiencies, best prototype module efficiencies,
and commercial module efficiencies for thin film
PV (see Tables 2 and 3). Updated versions are
posted on our Web site and can be found via the
search page.

Table 2. Best Large-Area, Thin Film Modules
(standard conditions, aperture area)

Company Device Sizcze Efficiency Power Date
(cm’)
Mitsubishi Glass/a-Si 15625 | 6.4% (stabilized) 100 W 7/05
Heavy*
Global Solar CdS/CIGS/SS 8709 10.2% 88.9 W 5/05
Energy
Waurth Solar CdS/CIGS/glass 6500 13% 84.6 W 6/04
United Solar a-Si/a-SiGe/a-SiGe/SS 9276 7.6% (stabilized) 70.8 W 9/97
First Solar Glass/CdS/CdTe 6624 10.2% 67.4 W 2/04
Shell Solar
ClIS-alloy/CdS/glass 4938 13.1% 64.8 W 6/04
GMBH
Sharp* Glass/a-Si/nano-Si 4770 11% (stabilized) 52.5W 7/05
Antec Solar* Glass/CdS/CdTe 6633 7.3% 52.3 W 6/04
Kaneka Glass/a-Si 8100 6.3% (stabilized) 51 W 7/04
Shell Solar CdS/CIS-alloy 3644 12.9% 46.8 W 5/05
Industries
2
Showa Shell* Zn(0,S,0H),/CIGS/Glass | 3459 13.4% (4 1-ft" modules | 4645 W 8/02
laminated together)

EPV Glass/a-Si/a-Si 7432 5.7% (stabilized) 423 W 10/02
United Solar a-Si triple/SS 4519 7.9% (stabilized) 35.7W 6/97

*Indicates reported by company, but not independently measured (to our knowledge)
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Table 3. Commercial Thin Film Modules, Data Taken from Web sites
(total-area efficiencies)

Rated Module Description OR:tteSt Estimated Price | Temperature
Efficiency (%) P (WI:)) ($/Wp) coefficient*
11.0 WiirthSolar WS31050/80 (CIS) 80 Above $3 -0.36 %/°C
9.4 Shell Solar ST-40 (CIS) 40 Above $3 -0.6 %/°C**
9.0 First Solar FS65 (CdTe) 65 Below $3 -0.25 %/°C
6.9 Antec-Solar ATF50 (CdTe) 50 Below $3 -0.18%/°C
Kaneka GEA/GSA o/ 1o
6.3 (single-junction a-Si) 60 Below $3 -0.2%/°C
Mitsubishi Heavy MA100 (single- N5 00
6.4 junction a-Si, VHF deposition) 100 Below $3 0.2 %I°C
6.3 Uni-Solar US—_64 (triple-junction 64 $3.3 0.21%/°C
amorphous silicon)
5.3 RWE Schott AS|-F 32/12 322 | Varies -0.2%/°C
(same bandgap a-Si tandem)

Compiled by Bolko von Roedern; 8/2005

*Temperature coefficients will vary slightly depending on local spectral content.
**Company source reports -0.48%/°C may be more accurate for recent product.
Disclaimer: Listing could be outdated or incomplete (missing manufacturers and/or some "best" product);

prices are estimates for large quantities.

4. Planned FY 2006 Activities

In FY 2006, the Thin Film PV Partnership will
continue to address key issues supporting the
successful first-time manufacturing or explosive
manufacturing growth of each thin film. These will
be especially critical in FY 2006, which is expected
to be a key year in thin-film growth, with U.S.
production rising from about 12 MW in CY 2003, to
over 40 MW in CY 2005, and perhaps doubling
again in CY2006. Any setbacks in manufacturing
yield or outdoor reliability could lead to multi-year
setbacks or even technology abandonment in
extreme cases.

5. Major FY 2005 Publications

Bolko von Roedern (Aug. 2005), “Silicon PV
Technology at a Crossroad?” 15" Crystalline
Silicon Workshop, Vail, CO Aug. 7-10, 2005.

B. von Roedern, K. Zweibel, H.S. Ullal, 2005, “The
Role of Polycrystalline Thin Film Technologies for
Achieving Mid-Term, Market-Competitive, PV
Modules,” Proceedings of the IEEE PV Specialists
Meeting, Orlando, FL, Jan 2005.

K. Zweibel (September 2005), The Terawatt
Challenge for Thin Film PV, NREL/TP-5200-
38350.

K. Zweibel, H. S. Ullal, B. Von Roedern (October
and November 2004), “Finally: Thin Film PV!” in
Photon International, M. Schmela (ed).
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6. University and Industry Partners

The following organizations partnered in the project’s research activities during FY 2005.

Organization/ . . Description/Title of Research FY 2005 Cost
Principal Investigator Location/e-mail Activity ($K) Share
($K)
Case Western University Cleveland, OH Liquid-phase deposition of a-CIS 35 (ended 0
Frank Ernst fxe5@po.cwru.edu thin layers during FY)
Colorado School of Mines | Golden, CO Characterization and analysis of 97 (plus 110 0
Tim Ohno tohno@mines.edu CdTe cells for FY 06)
Colorado School of Mines | Golden, CO Structure of silicon-based thin- 10 (ended 0
Don Williamson dwilliam@mines.edu film solar cell materials during FY)
Colorado State University | Ft. Collins, CO Analysis of CIS and CdTe 150 0
Jim Sites sites@lamar.colostate.edu devices
. . . Development of a robust in-line
\(/:VOISO raSc;cr)n?)taatLe Hniversity Ea}\.m%gltlllwrgeggor colostate.edu manufacturing approach for 420 0
T ) ) CdTe, and stability assurance
Energy Conversion Improved multiplayer back
Devi Troy, Ml reflectors and nc-Si low-bandgap | 346 (ended
evices j ic. - for a-Si multijunction during FY) 100
Scott Jones sjones@ovonic.com sub-cells j g
solar cells
Energy Photovoltaics Lawrenceville, NJ Advanced CIGS photovoltaic 337 70
Alan Delahoy a.delahoy@epv.net technology
Energy Photovoltaics Lawrenceville, NJ f\dva_nced depcl)lg,ltlon_lltechnlqlues 0 (ended 0
Yuan-Min Li y.li@epv.net or microcrystalline silicon solar during FY)
cells and modules
First Solar, LLC Perrysburg, OH Expanding the Limits of CdTe PV 133 85
Rick Powell rcpowell@firstsolar.com Performance
. Research leading to high-
Elircslz ggm”uc fc?)rc:yvvsebllu((ib?f’ir(s)tgolar com throughput processing of thin-film 700 700
) CdTe PV technology
Florida Solar Energy Cocoa, FL CIGSS solar cells by selenization
Center dhere@fsec.ucf.edu and sulfurization 116 10
Neelkanth Dhere o
Florida Solar Energy Cocoa, FL Module reliability testing in hot
Center dhere@fsec.ucf.edu and humid climate 131 0
Neelkanth Dhere T
Tolerance of three-stage CIGS
ﬁ;/llobal Solar Energy Tucson, AZ deposition to variations imposed 242 242
arkus Beck mbeck@globalsolar.com b :
y roll-to-roll processing
International Solar Electric Inglewood, CA Lab to large-scale transition for 297 (plus
Technologies vkkapur@i,setinc com non-vacuum thin-film CIGS solar 200K FY04 60
Vijay Kapur ) cells for FY06)
lowa State University Ames, |A High-efficiency, narrow-gap, and 63 (ended 0
Vik Dalal vdalal@iastate.edu tandem-junction devices during FY)
. Plasma-assisted co-evaporation
:-r:glrigrl]'\?ég?ngysmms :;ggfr:(s)rl@,i%(zs com of S and Se for wide-bandgap 38r|(r?g? (Ij:i;j) 10
) chalcopyrite photovoltaics
NanoSolar Palo Alto, CA High productivity annealing for 67 3.35
Chris Eberspacher chris@nanosolar.com thin film CIS PV )
National Institute of Measurement of depositing and
Standards and Boulder, CO bombarding species in the 0 (ended 0
Technology alang@jila.colorado.edu plasma deposition of a-Si:H and during FY)
Alan Gallagher a-SiGe:H cells
Pennsylvania State U. University Park, PA Phase-engineered a-Si:H-based 169 (ended 3
Chris Wronski crwece@engr.psu.edu multifunction solar cells during FY)
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Cost

Organization/ Location/e-mail Description/Title of Research FY 2005 Share
Principal Investigator Activity ($K) ($K)
E:k():glrc;g(r)rthwest National Richland, WA Barrier coatings for thin-film cell S;rgF;/%A;' 0
Y Larry.Olsen@pnl.gov protection y
Larry Olsen 120)
Shell Solar Industries Camairillo, CA Process R&D for CIS-based thin- 612 612
Dale Tarrant Dale.tarrant@shellsolar.com | film PV
. . Transport, interfaces, and
Syracuse University Syracuse, NY SR 41 (plus 100
Eric Schiff caschiff@syr.edu Z”ecl’l‘;e“”g in a-Si:H-based solar FY04) 5
Outdoor monitoring and high-
Texas A&M University College Station, TX voltage bias testing of thin-film 69 0
Mike Davis mdavis@esl.tamu.edu PV modules in hot and humid
climate
U. of Delaware, Institute of
E’;‘g’fg ;ﬁmﬁf‘o” Nrwet;"’@arskt}iis udeledu Thin Film Center of Excellence 1,067 112
United Solar Ovonic Auburn Hills, Ml High-efficiency a-Si-alloy-based 596 596
Subhendu Guha sguha@uni-solar.com solar cells and modules
University of Florida Gainesville, FL Characterization of the reaction 5 (ended 0
Tim Anderson tim@nersp.nerdc.ufl.edu chemistry of CIGS solar cells during FY)
University of lllinois Urbana, IL gﬁ:ﬁﬁﬁ%ﬂgg ?fecrs]tarltéc(:)tur?iltznd 0 (ended 0
Angus Rockett arockett@uiuc.edu Py during FY)
solar cells
. . Characterization of the electronic
ggﬁ;gyﬁ;ﬁzvada hzzk\(lj@giriier:gva da.edu and chemical structure at the thin 65 0
) ) film solar cell interfaces
University of North Micro-structural characterization
Carolina yCha ol Hill Chapel Hill, NC and identification of Staebler- 0 (ended 0
Daxin Han P daxing@physics.unc.edu Wronski mechanism of a-Si:H during FY)
9 solar cell materials
. . Electronic properties relevant to
University of Oregon Eugene, OR . :
Dave Cohen dcohen@oregon.uoregon.edu Improving perf_ormance and 180 0
stability of a-Si PV cells
University of South Florida | Tampa, FL High-efficiency CdTe cells by 99 7
Chris Ferekides ferekide@eng.usf.edu CSS
University of Toledo Toledo, OH .
Al Compgan ADC@physics.utoledo.edu CdTe cells made by sputtering 267 126
University of Toledo Toledo, OH High-efficiency, triple-junction a- 297 60
Xunming Deng dengx@physics.utoledo.edu | Si-H- and nc-Si-based solar cells
University of