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Nondestructive Performance Characterization Techniques for Module Reliability

K. Emery

National Renewable Energy Laboratory (NREL)
1617 Cole Blvd., Golden, CO 80401

ABSTRACT

This paper describes nondestructive characterization
techniques for module reliability. These techniques
include light and dark current versus voltage and related
analysis such as resistance, diode quality factor, and dark
current. The use of the NREL laser scanner at zero volts
and forward bias is also described as a technique to
uncover cracks, shunts, and open-circuit regions in a
module. Quantum-efficiency measurements of isolated
cells or regions in a module are also possible. The
interpretation of laser-scanning data is enhanced by hot-
spot testing with an infrared camera or thermographic
paper. Specialized nondestructive techniques have also
been developed to determine the shunt resistance of
individual cells in a module by selective shading of cells
under sunlight. Ultraviolet fluorescence and reflectivity
measurements at NREL have proven useful in evaluating
encapsulant stability.

1. Introduction

When modules or systems change their performance in
the field it is often desirable to determine why in a
nondestructive manner so that the samples can be
redeployed to monitor further changes. This paper
summarizes the nondestructive analysis capability within
the National Center for Photovoltaics at NREL, with
emphasis on the capabilities of the PV Cell and Module
Performance Characterization team. These capabilities
include current versus(voltage (I-V), quantum efficiency,
laser scanning, shunt-resistance screening, hot-spot
testing, and reflectivity / fluorescence analysis. This
paper will not discuss reflectance and fluorescence as a
tool do determine the state of degradation of
encapsulants but a summary of the technique can be
found in [1,2]. Visual inspection of the module is
essential to identify delamination, corrosion, cracks,
electromigration and other exposure related defects.

2. Current versus Voltage

The most common procedure to determine
performance changes is to measure the I-V properties
under standard illumination and determine if the
maximum power has changed. Unfortunately, the
maximum power has relatively large random error,
which hampers the ability to resolve changes. At best,
this random error in the maximum power is typically
+2%. If the modules are mounted in a system, then it is
time consuming to individually unmount the modules,
bring them inside, and test them. An alternative is to
determine the performance of the system as a function of
time. The method developed at PVUSA bases the
power on a multiple linear regression of power as a
function of air temperature, plane of array irradiance,

and wind speed [3]. This method can be used to determine
the performance of a system over time in monthly chunks or
any other time interval. Figure 1 is an example of the user
interface of a Labview program that allows analysis of any
testbed’s data set(s) providing there is a text file that
contains the data, time, plane-of-array irradiance, air
temperature, and wind speed. This particular version
handles data from 7 different systems and individual module
testbeds. The program takes about 2 min to read in the data
and about 10 s to process the 161,000 data points based
upon user selected filtering via sliders in the example.
There is no upper limit to the number of points that the
software can analyze. It has analyzed more than 300,000
points for one system.
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Figure 1. User interface for Labview software package to
evaluate the maximum power using a multiple linear
regression to irradiance, air temperature, and wind speed.
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Figure 2. Fill factor changes with exposure time for 28
CIGS modules.



Other parameters such as fill factor are relatively
insensitive to the error in setting the irradiance. Figure 2
shows the change in performance of 28 copper indium
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Figure 3. Dark current versus voltage for a module
with a large change in power compared with a
module showing a smaller change in power.

gallium diselenide (CIGS) modules as a function of time
in the field. The change in fill factor, FF, is
characterized by an average of the samples of 66.7%
initially, with a standard deviation of 1.8%, and 60.3%
recently, with a much larger, standard deviation of 5.3%.
There was no significant change in the short-circuit
current, I, until recently, with a possible 5% decrease
for some modules in the last 6 months. The change in
the open-circuit voltage, V., was negligible. To explain
the decrease in FF the other I-V parameters were
investigated. Figure 3 compares the dark I-V for a
module with a small change in FF and one with a larger
change. It appears that the fill factor changes cannot be
explained by shunting because the low-voltage region
actually decreases for both modules. It also appears that
there is no measurable change in the portion of the curve
where the log of the current is linear with voltage,
indicating no appreciable change in the diode quality
factor or dark current. The only significant difference is
the high-voltage series-resistance region. The light I-V
curves minus I, show similar behavior with more noise
due to light-level fluctuations. The resistance at V. is
linearly related to the series resistance in that the
intercept of a plot of the resistance at V. versus 1/l is
the series resistance [4]. Figure 4 shows that there is a
large change in the series resistance from the initial
values and the present values and provides an
explanation for the drop in power and fill factor.

3. Quantum Efficiency

The quantum efficiency of a single cell in a module
can be measured and can provide insight as to why the
short-circuit changed. Figure 5 shows the quantum
efficiency of an exposed and unexposed mono-Si
module [5]. The drop in the ultraviolet region can be
explained by EVA browning [2]. However the drop in
the infrared region cannot be explained by EVA
transmission changes, but can be explained by a decrease
in the diffusion length.
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Figure 4. Changes in the resistance at V. for the modules
in Fig. 1, showing a significant increase with the lower fill
factors having the higher resistances.
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Figure 5. Changes in the quantum efficiency for a single
cell in an unexposed module (diamond) and after
exposure (circle) [5].

4. Hot-Spot

Modules in forward or reverse bias can exhibit hot-spot
heating. There are international test procedures to
determine if hot-spot heating is a problem [6,7]. Figure 6 is
an example of a hot-spot of a mono-Si cell in a short-
circuited module under one-sun illumination [8]. Localized
heating can also occur in thin-film modules in forward bias
because of resistance losses at the scribe-line interconnect
region. Thin-film modules can be damaged by excessive
reverse bias (voltages>V,.), so testing is often carried out in
forward bias. Hot-spot analysis can be conducted with an
infrared camera or with temperature sensitive film in contact
with the module surface. The temperature-sensitive film is
inexpensive and sensitive to a few mm, but is translucent so
it is normally used in the dark with the module in small
reverse bias or in forward bias. Defects in a module related
to high-resistance paths, localized shunting defects, or



severely current-mismatched cells in a series string
appear as hot-spots..
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Figure 6. Thermogram of hot-spot heating of a mono-Si
cell in a short-circuited module illuminated at one-sun

[8].

5. Laser Scanning

Laser scanning as a function of bias voltage,
wavelength, and chopping frequency can uncover a
variety of problems in a module, including cracking,
shunted cells, nonuniform current generation, high-
resistance regions, and other information [9,10]. A laser
scan of a multi-Si module at zero voltage bias showing
multiple defects including open-circuited regions from
cracks (black) and severely shunted cells (red), is shown
in Fig. 7. This module was damaged as part of an
attempt to mount cells on a solar race car.
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Figure 7. Damaged multi-Si module showing cracks
and shunted cells.

It is often desirable to perform laser scanning on
modules with less obvious defects, such as the modules
shown in Fig. 8. Often more information can be
obtained by performing a line scan across all the cells or
along one cell. Figure 9 shows a line scan of the module
in Fig. 8 across the cells near where the arrows are.

An alternative to laser scanning to identify shunted
cells has been developed by McMahon and others [11].
This method is more accurate for cells that have light
dependent shunts because the module is illuminated.
Figure 10 shows an example of the technique from
reference 11.
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Figure 8. A laser scan of a thin-film module showing
shunting at the edges.
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Figure 9. Line scan at two bias voltages near the bottom of
the module in Fig. 8.
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module [11].

Acknowledgement

This work was supported in part under DOE Contract
No. DE-AC36-99G010337. Further information on
measurement methods can be found on the
Measurements and Characterization Division Web site
(www.nrel.gov/measurements). The author also wishes
to thank Shell Solar for allowing data on their samples to
be included.

REFERENCES
[17J. Pern, “Factors that affect the EVA Encapsulant
Discoloration Rate upon Accelerated Exposure,” Solar
Eng. Matr. and Solar Cells, 41/42, 1996, pp. 587-615.

[2] A. W. Czanderna and F. J. Pern, “Estimating Service
Lifetimes of a Polymer Encapsulant for Photovoltaic
Modules from Accelerated Testing,” Proc. 25th IEEE
Photovoltaic Specialists Conf., Washington D.C., 1996,
pp. 1219-1222.

[3] S.L. Hester, T.U. Townsend, W.T. Clements, and
W.J. Stolte, “PVUSA: Lessons Learned From Startup

and Early Operation,” Proc. 21st IEEE PVSC, Orlando, FL,
1990, pp. 937-943.

[4]7J. A. del Cueto, "Review of the Field Performance of One
Cadmium Telluride Module,” Progress in PV, 6, 1998, pp.
433-446.

[5] C.R. Osterwald, A. Anderberg, S. Rummel, and L.
Ottoson, “Degradation Analysis of Weathered Crystalline-
Silicon PV Modules,” Proc. 29th IEEE Photovoltaic
Specialists Conf., New Orleans, LA, 2002, pp. 1392-1395.

[6] International Electrotechnical Standard Commission I[EC
61215, Crystalline Silicon Terrestrial Photovoltaic (PV)
Modules — Design Qualification and Type Approval,
Geneva, Switzerland.

[7] International Electrotechnical Commission Standard IEC
61646, Thin-Film Terrestrial Photovoltaic (PV) Modules —
Design Qualification and Type Approval, Geneva,
Switzerland.

[8] E. Molenbroek, D.W. Waddington, and K.A. Emery,
“Hot Spot Susceptibility and Testing of PV Modules,” Proc.
22nd IEEE Photovoltaic Specialists Conf., Las Vegas, NV,
Oct. 8-11, 1991, pp. 547-552.

[9] L.L. Eisgruber and J.R. Sites, “Extraction of Individual-
Cell Photocurrents and Shunt Resistances in Encapsulated
Modules using Large-Scale Laser Scanning,” Progress in
PV, 4, 1996, pp. 63-75.

[10] I. Eisgruber, R. Matson, J. Sites, and K. Emery,
“Interpretation of Laser Scans from Thin-Film
Polycrystalline Photovoltaic Modules,” Proc. 24th IEEE
Photovoltaic Specialists Conf., Waikoloa, HI, 1994, pp.
283-286.

[11] T.J. McMahon, T.S. Basso, and S.R. Rummel, “Cell
Shunt Resistance and Photovoltaic Module Performance, ”
Proc. 25th IEEE Photovoltaic Specialists Conf., Washington
D.C., 1996, pp. 1291-1294.



REPORT DOCUMENTATION PAGE OMBNG, oot 0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,

gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this

collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
May 2003 Conference Paper

4. TITLE AND SUBTITLE

Nondestructive Performance Characterization Techniques for Module Reliability 5 FUNDING NUMBERS

6 AUTHORES) PVP3.3401
K. Emery

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
National Renewable Energy Laboratory REPORT NUMBER
1617 Cole Blvd. NREL/CP-520-33573
Golden, CO 80401-3393

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING

AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Road
Springfield, VA 22161

13. ABSTRACT (Maximum 200 words)

This paper describes nondestructive characterization techniques for module reliability. These techniques include light and
dark current versus voltage and related analysis such as resistance, diode quality factor, and dark current. The use of the
NREL laser scanner at zero volts and forward bias is also described as a technique to uncover cracks, shunts, and open-
circuit regions in a module. Quantum-efficiency measurements of isolated cells or regions in a module are also possible. The
interpretation of laser-scanning data is enhanced by hot-spot testing with an infrared camera or thermographic paper.
Specialized nondestructive techniques have also been developed to determine the shunt resistance of individual cells in a
module by selective shading of cells under sunlight. Ultraviolet fluorescence and reflectivity measurements at NREL have
proven useful in evaluating encapsulant stability.

14. SUBJECT TERMS 15. NUMBER OF PAGES
characterization; module reliability; nondestructive; current-voltage; quantum efficiency;
hot spots; laser scanning 16. PRICE CODE
17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION [ 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
Unclassified Unclassified Unclassified uL
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
298-102



	33586P84.pdf
	Home
	Proceedings
	Table of Contents
	Introduction
	Message from the Chairpersons

	Plenary Session I
	Opening Remarks
	NREL Welcome
	An Energy Security, Systems Context for Solar Energy Technologies
	Welcome to the NCPV and Solar Program Review
	Solar Energy Technologies—Contributing to a Robust Energy Infrastructure

	Plenary Session II
	R&D Opportunities in Solid State Lighting
	Photovoltaic Technology Experience Curves and Markets
	The DOE Solar Program: Photovoltaics
	Solar Thermal Overview
	Concentrating Solar Power Award Presentation
	Paul Rappaport Award Presentation

	Luncheon Topic: An Introduction to Solid-State Lighting
	What the PV Specialists Might Like to Know about Solid-State Lighting
	Solid State Lighting for Human Development

	Module Reliability
	Long Term Photovoltaic Module Reliability
	Stabilization of High Efficiency CdTe Photovoltaic Modules in Controlled Indoor Light Soaking
	Surface Analysis of Stressed and Control Tin Oxide Thin Films on Soda Lime Glass
	Materials Testing for PV Module Encapsulation
	Development of a Super Fast-Cure and Flame-Retardant EVA-Based Encapsulant
	Long-Term Performance of the SERF PV Systems

	III-V Materials and Concentrators
	Defects in GaInNAs: What We've Learned So Far
	The Promise of III-V Nitrides: Useful Properties out of Anomalous Physics
	Recrystallized Germanium on Ceramic for III-V Solar Cells Applications
	Advances in High-Efficiency Multijunction Terrestrial Concentrator Cells and Receivers
	Progress Report on the Integration of the Emcore Triple-Junction Solar Cell into a �High Concentration Ratio Fresnel Lens-Based Receiver
	Concentrating Photovoltaic Module Testing at NREL's Concentrating Solar Radiation Users Facility

	Crystalline Silicon
	Rapid Thermal Processing Enhanced Hydrogenation and Screen-Printed Contacts in �Silicon Ribbon Solar Cells
	Investigation of Electrical Activity of Dislocation and Grain Boundary in Polycrystalline Float Zone Silicon
	Impact of Metal Impurities on Solar Cell Performance
	Scanning Photoluminescence in Si3N4 Antireflected Coating of uc-Si

	Discussion with Ray Sutula, Manager, U.S. DOE Solar Energy Technologies Program
	Discussion on the Systems-Driven Approach to Research Planning
	Question and Answer Session on the Systems-Driven Approach

	Long-Term R&D Needs
	Solar Electric Future: Linking Science, Engineering, Invention, and Manufacturing
	R&D on Shell Solar’s CZ Silicon Product Manufacturing
	Polymer Photovoltaics — Challenges and Opportunit
	The AC PV Building Block — Ultimate Plug-n-Play that Brings Photovoltaics Directly to the Customer

	Synergies between Solid-State Lighting and PV
	Synergies Connecting the Photovoltaics and Solid-State Lighting Industries
	Research and Manufacturing Synergies between LEDs and PV
	OLEDs for General Illumination? Research & Development Issues
	Solar-Powered LED Lighting Technology

	Cadmium Telluride
	Manufacturing and Technology Development Programs at First Solar
	Mostly Nonuniformity Issues in Thin-Film PV
	Role of Process Chemistry and Stability on CdTe-Based Solar Cell Performance
	Spatially Resolved Cathodoluminescence of CdTe Thin Films and Solar Cells
	ZnTe:Cu Contact Optimization Strategies for Single-Junction and Multi-Junction CdS/CdTe PV Device Designs
	CdTe PV: Real and Perceived EHS Risks

	Systems Analysis and Reliability
	Advanced Dish Development System Test and Reliability Improvement
	A System-Driven Approach to Parabolic Trough R&D
	CSP Tower System Analysis and Program Planning
	Lifecycle Cost Assessment of Fielded Photovoltaic Systems
	Certification Programs for the Photovoltaic Industry Status and Plans
	Solar Building Systems Analysis

	Excitonics and Exotica: Advanced PV Concepts
	Advanced Concepts for Photovoltaic Cells
	Organic-Based ("Excitonic") Solar Cells
	Organic Photovoltaics Based on Self-Assembled Mesophases
	Influence of Device Architecture and Interface Morphology on the Power Conversion Efficiency of �Small Molecular Photovoltaic Cells
	Polymer Based Nanostructured Donor-Acceptor Heterojunction Photovoltaic Devices
	Solar Energy Conversion with Ordered, Molecular, Light Harvesting Arrays

	Luncheon Topic: the Solar Decathlon
	Solar Decathlon, Energy We Can Live With

	Copper Indium Diselenide and Alloys
	High Yield CIS Production — Progress and Perspectives
	Mesoscopic Fluctuations in the Distribution of Electronic Defects Near the Surface Layer of Cu(In,Ga)Se2
	Microstructure of Surface Layers in Cu(In,Ga)Se2 Thin Films
	Advances in CuInSe2-Based Solar Cells: From Fundamentals to Processing
	New Methods for the Study of Defect Distributions in the Copper Indium Diselenide Alloys

	Concentrating Solar Power Technology
	SOLTRACE—a New Optical Modeling Tool for Solar Optics
	Improved Alignment Technique for Dish Concentrators
	Performance and Durability of Solar Reflectors and Solar Selective Coatings
	Trough Technology: The Path to Market Competitiveness at the NSTTF
	Parabolic Trough Testing and Component Evaluation
	Testing Thermocline Filler Materials for Parabolic Trough Thermal Energy Storage Systems

	PV Systems Engineering and Reliability
	Photovoltaics as a Distributed Energy Resource
	PV Inverter Testing, Modeling, and New Initiatives
	Sustainable Hybrid System Deployment with the Navajo Tribal Utility Authority
	Photovoltaic System Performance Characterization Methodologies
	Performance Index Software for the CEC/SMUD ReGen Program
	PV Inverter Products Manufacturing and Design Improvements for Cost Reduction and Performance Enhancements

	Amorphous and Thin-Film Silicon
	Status of Amorphous and Crystalline Thin Film Silicon Solar Cell Activities
	Status of Hydrogenated Microcrystalline Silicon Solar Cells at United Solar
	Thin Silicon-on-Ceramic Solar Cells
	Amorphous and Microcrystalline Silicon Solar Cells--A Status Review
	Discussion: Amorphous and Thin-Film Silicon

	Solar Thermal, Solar Lighting, and Building-Integrated PV
	Testing and Evaluating a Solar Water Heating Product for the New Home Market
	Polymer Solar Thermal Systems
	Polymer Materials Durability
	ORNL's Hybrid Solar Lighting Program: Bringing Sunlight Inside
	Integrated Energy Roofs
	Plug and Play Components for Building Integrated PV Systems

	Manufacturing Research and Development
	PowerGuard Lean Manufacturing—Phase I Accomplishments
	PVMaT Improvements in BP Solar Large-Scale PV Module Manufacturing Using Ultra-Thin Multicrystalline Silicon Solar Cells
	Specific PVMaT R&D in CdTe Product Manufacturing
	APex™ Solar Cell Manufacturing
	EFG Ribbon Technology R&D for Large Scale Photovoltaic Manufacturing
	Process Control Advancements for Flexible CIGS PV Module Manufacturing

	Plenary Session III: Market Pull/Technology Push -- Where to Invest?
	Introduction
	Arizona Environmental Portfolio Standard
	Photovoltaics Market Pull
	Concentrating Solar Power Systems
	PVEnergy Systems, Inc., PV Forecast
	California Solar Energy Industries Association Presentation
	Strategies for Mainstreaming Grid-Connected PV This Decade
	Market Pull/Technology Push--Where to Invest?

	Poster Session: Advanced PV Concepts
	Polymer Hybrid Photovoltaics for Inexpensive Electricity Generation
	Does Network Geometry Influence the Electron Transport Dynamics in Mesoporous Nanoparticle Solar Cells?
	The Effects of Processing Conditions on Polymer Photovoltaic Device Performance
	Growth and Properties of Microcrystalline Ge-C Films and Devices
	Anchoring Group and Linker Effects on TiO2 Binding and Photoelectrochemical Properties of �Solar Cell Dyes
	Broad Band Rugate Filters for High Performance Solar Electric Concentrators
	Optical Rectenna for the Direct Conversion of Sunlight to Electricity

	Poster Session: III-V Materials and Concentrators
	Advances in III-V Compounds and Solar Cells Grown on SiGe Substrates
	Selective Nucleation and Growth of GaAs on Si
	Stress Evolution in GaAsN Films Grown by Reactive Molecular Beam Epitaxy
	III-Nitride Semiconductors for Photovoltaic Applications
	Defect Trapping in InGaAsN Measured by Deep-Level Transient Spectroscopy
	GaNPAs Solar Cells that Can Be Lattice-Matched to Silicon
	Wafer Bonding and Layer Transfer Processes for High Efficiency Solar Cells
	Criteria for the Design of GaInP/GaAs/Ge Triple-Junction Cells to Optimize Their Performance Outdoors
	Projection of Best Achievable Efficiency from GaInP/GaAs/Ge Cell under Concentration
	Optical Design Studies for the Flat-Plate Micro-Concentrator Module
	Innovative Approach for the Design and Optimization for Multijunction Photovoltaic Devices
	Determination of Spatial Uniformity by Ion Imaging with Secondary Ion Mass Spectrometry (SIMS)

	Poster Session: Crystalline and Polycrystalline Silicon
	Hydrogenation of Bulk Si from SiNx:H Films: What Really Ends Up in the Si?
	Hot-Wire Chemical Vapor Deposition for Epitaxial Silicon Growth on Large-Grained Polycrystalline Silicon Templates
	Hot-Wire Chemical Vapor Deposition of High Hydrogen Content Silicon Nitride for Silicon Solar Cell Passivation and Anti-Reflection Coating Applications
	Material Improvements and Device Processing on APIVT-Grown Poly-Si Thin Layers
	Silicon Materials Research on Growth Processes, Impurities, and Defects
	Residual Stress Characterization for Solar Cells by Infrared Polariscopy
	Metallic Precipitate Contribution to Generation and Recombination Currents in p-n Junction Devices via the Schottky Effect

	Poster Session: Amorphous and Thin-Film Silicon
	The FTIR Laboratory in Support of the PV Program
	Real Time Optics of the Growth of Silicon Thin Films in Photovoltaics: Analysis of the �Amorphous-to-Microcrystalline Phase Transition
	Micro-Raman Measurements of Mixed-Phase Hydrogenated Silicon Solar Cells
	In Situ Studies of the Growth of Amorphous and Microcrystalline Silicon Using Real Time �Spectroscopic Ellipsometry
	Microstructure Studies of Amorphous and Microcrystalline Silicon-Based Solar Cell Materials
	Correlation of Structural and Electronic Properties with Solar Cell Efficiency for Amorphous Silicon Deposited at Increasing Growth Rates
	Optimization of Phase-Engineered a-Si:H-Based Multijunction Solar Cells
	Hydrogenated Microcrystalline Silicon Solar Cells Using Microwave Glow Discharge
	Transport, Interfaces, and Modeling in Amorphous Silicon Based Solar Cells
	A Paired Hydrogen Site and the Staebler-Wronski Effect in Hydrogenated Amorphous Silicon
	Nano-Crystalline Silicon: A New Solar Material
	Particles and Radicals in Amorphous Silicon Deposition
	Optimization on Temperatures of Filament and Substrate for High-Quality Narrow Gap �a-Si1-xGex:H Alloys Grown by Hot-Wire CVD
	Growth of High Quality a-Ge:H Solar Cells
	Growth and Characterization of HWCVD Si Films on Al Coated Glass
	Thin Film Silicon Materials and Solar Cells Grown by Pulsed PECVD Technique
	PECVD µc-Si:H Solar Cells Prepared in a Batch-Ty�
	Development of Optically Enhanced Back Reflectors for Amorphous Silicon-Based Photovoltaic Technologies
	Project Summary of the NREL Amorphous Silicon Team
	High-Efficiency Single-Junction a-SiGe Solar Cells

	Poster Session: Polycrystalline Thin Films (CIS)
	Practical Doping Principles
	A Superior Monocrystalline CuInSe2 Cell
	Transmission Electron Microscopy Analysis of Cu(In,Ga)Se2 Solar Cell Materials
	Cu(In,Ga)Se2 Materials, Devices, and Analysis for High Performance Devices
	Facilities Development for Ionized Physical Vapor Deposition of Cu(In,Ga)Se2
	Alternate Window Layer Processing for CIGS on Flexible Substrates
	Development of Plasma-Assisted Processing for Selenization and Sulfurization of Absorber Layers
	Development of Large Area CIGSS Thin Film Solar Cells
	Non-Vacuum Processing of CIGS Solar Cells
	Investigation of Pulsed Non-Melt Laser Annealing (NLA) of CIGS-Based Solar Cells
	DLTS Characterization of CIGS Cells
	Direct Measurement of Built-in Electrical Potential in Photovoltaic Devices by Scanning Kelvin Probe Microscopy
	Modeling and Simulation of a CGS/CIGS Tandem Solar Cell
	Back Contact Cracking During Fabrication of CIGS Solar Cells on Polyimide Substrates
	Advanced CIGS Photovoltaic Technology
	An Overview of the CdTe – CIGS Thin Film Solar Ce

	Poster Session: Polycrystalline Thin Films (CdTe)
	Atomic Structure of Twin Boundaries in CdTe
	Development and Application of Electroluminescence Imaging for CdS/CdTe Characterization
	Progress on High Bandgap CdSe and CdZnTe Devices
	CdTe Back Contact: Response to Copper Addition and Out-Diffusion
	Progress in Continuous, In-Line Processing of Stable CdS/CdTe Devices
	Temperature Dependence of Growth Rate and Morphology of Vapor Transport Deposited CdTe Thin Films

	Poster Session: Polycrystalline Thin Films (TCOs and Others)
	Barrier Coatings for Thin Film Solar Cells
	Advantageous Features of Transparent Conducting Oxide Films by Ultrasonic Pyrosol Deposition
	Highly Conductive Textured Molybdenum Doped Indium Oxide Thin Films
	Ink Jet Printing Approaches to Solar Cell Contacts
	Towards High Performance p-Type Transparent Conducting Oxides

	Poster Session: International Programs
	Technical Support for the Chihuahua Telesecundaria Rural Schools PV Electrification Program
	International Renewable Energy Programs at Sandia National Laboratories

	Poster Session: Standards, Systems Analysis, and Reliability
	NREL Spectral Standards Development and Broadband Radiometric Calibrations
	Photovoltaic Systems Performance and Reliability Database
	Status of IEEE P1526 — Recommended Practice for Testing the Performance of Stand-Alone Photovoltaic Systems

	Poster Session: Module Reliability
	Photovoltaic Module Thermal/Wind Performance: Long-Term Monitoring and �Model Development for Energy Rating
	PV Compliance Assistant: An Interactive CD ROM
	Adhesion Strength Study of EVA Encapsulants on Glass Substrates
	Electrochemical Corrosion in Thin Film PV Modules
	Accelerated Stress Testing of Thin-Film Modules with SnO2:F Transparent Conductors
	Nondestructive Performance Characterization Techniques for Module Reliability
	Investigation of Degradation Aspects of Field Deployed Photovoltaic Modules
	Testing and Evaluating a Solar Water Heating Product for The New Home Market
	Corrosion in Copper ICS Collectors at Civano Subdivision, Tucson, Arizona

	Poster Session: Manufacturing R&D
	PV Manufacturing R&D Accomplishments and Status
	Three-Stage CIGS Process Tolerance
	Innovative Approaches to Low Cost Module Manufacturing of String Ribbon Si PV Modules
	Recent Manufacturing Technology Developments at EPV
	Development of Online Diagnostic Systems for Roll-to-Roll a-Si Production: ECD's PV Manufacturing R&D Program
	Development of Automated Production Line Processes for Solar Brightfield Modules
	Measuring and Monitoring Electronic Properties of Si During Industrial Material Preparation and Cell Fabrication


	Attendee List
	How to Use This CD
	How to Search This CD
	Notice




