
CONTENTS 

Preface•@ xv 

THIN FILMS I 

CIS Product Introduction: Progress and Challenges 3 

R.D.Wieting 

Junction Formation in CuInSe2-Based Thin-Film Devices 9 

K.Ramanathan, H.Wiesner, S.Asher, R.N.Bhattacharya, J.Keane, 

M.A.Contreras, and R.Noufi 

Module Interconnects on Flexible Substrates 17 

S.Wiedeman, R.G.Wendt, and J.S.Britt 

Chemical Kinetics and Equilibrium Analysis of I-III-VI Films 23 

R.Birkmire and M.Engelmann 

THIN FILMS II 

Scaling and Qualifying CdTe/CdS Module Production 31 

R.C.Powell, U.Jayamaha, G.L.Dorer, and H.McMaster 

CdS/CdTe Thin-Film Solar Cell with a Zinc Stannate Buffer Layer 37 

X. Wu, P.Sheldon, Y.Mahathongdy, R.Ribelin, A.Mason, 

H.R.Moutinho, and T.J.Coutts 

Lasers and Beam Delivery Options for Polycrystalline Thin-Film Scribing 42 

A.D.Compaan, I.Matulionis, and S.Nakade 

Modeling of Polycrystalline Thin Film Solar Cells 48 

A.L.Fahrenbruch 

Progress Toward a CdTe Cell Life Prediction 54 

T.J.McMahon and G.J.Jorgensen 

Elements of Doping Engineering in Semiconductors 62 

S.B.Zhang, S.-H.Wei, and A.Zunger 

THIN FILMS III 

Material and Processing Issues in the Japanese Thin Film Si Solar 

Cell Program 73 

M.Konagai 

New Microscopic Model of the Staebler-Wronski Effect in Hydrogenated 

Amorphous Silicon 79 

H.M.Branz 

New Directions in Amorphous and Thin Film Silicon Materials 

and Devices 82 

V.L.Dalal



Manufacturing Issues for Large Volume Production of Amorphous 
Silicon Alloy Photovoltaic Modules 88 

S.Guha, J.Yang, A.Banerjee, K.Hoffman, and J.Call 
R&D Issues in Scale-up and Manufacturing of Amorphous 
Silicon Tandem Modules 94 

R.R.Arya, D.E.Calison, L.F.Chen, G.Ganguly, M.He, G.Lin, 
R.Middya, G.Wood, J.Newton, M.Bennett, F.Jackson, and F.Willing 

THIN FILMS (POSTERS) 

Advances in CIS Devices Fabricated by a Non-Vacuum Technique 103 
C.R.Leidhoim, G.A.Norsworthy, R.Roe, A.Halani, B.M.Basol , 
and V.K.Kapur 

Determination of the Built-in Electric Field near Contacts to 
Polycrystalline CuInSe2: Probing Local Charge Transport Properties 
by Photomixing 109 

Y.Tang, S.Dong, G.S.Sun, R.Braunstein, and B.von Roedern 
Growth and Characterization of CdS Buffer Layers by CBD 
and MOCVD 114 

C.-H.Chang, A.A.Morrone, B.J.Stanbery, C.McCreary, M.Huang, 
C.-H.Huang, S.S.Li, and T.J.Anderson 

Analysis of Cu(In,Ga)Se2 Solar Cells: Why Performance Decreases 
with Increasing Ga Content 120 

J.E.Phillips and W.N.Shafarman 
Surface Analytical Study of CuInSe2 Treated in Cd-Containing Partial 
Electrolyte Solution 126 

S.E.Asher, K.Ramanathan, D.W.Niles, H.Wiesner, and H.Moutinho 
The Electronic Effects of Point Defects in Cu(InxGa1-x)Se2 Devices 132 

A.Rockett 
X-Ray Fluorescence as an In-Situ Composition Monitor during 
CuInxGa1_xSe2 Deposition 138 

I.L.Eisgruber, T.L.Wangensteen, C.Marshall, and B.Carpenter 
Baseline Process Development for Pilot Line Production of CIGS Modules 144 

A.E.Delahoy, D.Chorobski, F.Ziobro, and Z.J.Kiss 
Interface Mechanisms in CIGS Solar Cells 152 

A.Jayapayalan, H.Sankaranarayanan, M.Shankaradas, P.Panse, 
R.Narayanaswamy, C.S.Ferekides, and D.L.Morel 

A Non-Vacuum Process for Forming CuInSe2 158 
C.Fredric, C.Eberspacher, K.Pauls, J.Serra, and J.Zhu 

Alternative Buffer Layers for CuIn(Ga)Se2 Solar Cells 164 
L.C.Olsen, F.W.Addis, and K.Vaidynathan 

Stability of CdTe Solar Cells at Elevated Temperatures: Bias, T
emperature, and Cu Dependence 170 

J.F.Hiltner and J.R.Sites 
Studies of Heat Treated CSS CdS Films 176 

D.Marinskiy, S.Marinskaya, V.Viswanathan, D.L.Morel , 
and C.S.Ferekides

Influence of Processing Conditions on Performance and Stability 
in Polycrystalline Thin-Film CdTe-Based Solar Cells 182 

B.E.McCandless and R.W.Birkmire 
Influence of CdCl2 Treatment on the Electrical and Optical Properties 
of CdS Thin Film 188 

W.Song, D.Mao, J.U.Trefny, R.K.Ahrenkiel, D.H.Levi, 
and S.Johnston 

Effect and Optimization of CdS/CdTe Interdiffusion on CdTe Electrical 
Properties and CdS/CdTe Cell Performance 194 

W.Song, D.Mao, V.Kaydanov, T.R.Ohno, J.U.Trefny, 
R.K.Ahrenkiel, D.H.Levi, S.Johnston, and B.E.McCandless 

Degradation Mechanisms Studies in CdS/CdTe Solar Cells with 
ZnTe:Cu/Au Back Contact 200 

D.Morgan, J.Tang, V.Kaydanov, T.R.Ohno, and J.U.Trefny 
Particulate Contacts to Si and CdTe: Al, Ag, Hg-Cu-Te, and Sb-Te 206 

D.L.Schulz, R.Ribelin, C.J.Curtis, and D.S.Ginley 
Atmospheric Pressure Chemical Vapor Deposition of snO2: 
Processing and Properties 212 

A.Al-Kaoud, T.Wen, A.Gilmore, V.Kaydanov, T.R.Ohno, 
C.Wolden, L.Feng, and J.Xi 

Atmospheric Pressure Chemical Vapor Deposition of CdTe-
Reactor Design Considerations 218 

P.V.Meyers, R.J.Kee, L.Raja, C.A.Wolden, and M.Aire 
Photoluminescence Study of Cu Diffusion in CdTe 224 

D.Grecu and A.D.Compaan 
The Effect of High-Resistance snO2 on CdS/CdTe Device Performance 230 

X.Li, R.Ribelin, Y.Mahathongdy, D.Albin, R.Dhere, D.Rose, 
S.Asher, H.Moutinho, and P.Sheldon 

Vapor CdCl2-Optimization and Screening Experiments for an 
All Dry Chloride Treatment of CdS/CdTe Solar Cells 236 

Y.Mahathongdy, D.S.Albin, C.A.Wolden, and R.M.Baldwin 
Characterization of SnO2 Films Prepared Using Tin Tetrachloride 
and Tetra Methyl Tin Precursors 242 

R.G.Dhere, H.R.Moutinho, S.Asher, D.Young, X.Li, R.Ribelin, 
and T.Gessert 

Analysis of Cu Diffusion in ZnTe-Based Contacts for Thin-Film 
CdS/CdTe Solar Cells 248 

C.Narayanswamy, T.A.Gessert, and S.E.Asher 
Preparation and Characterization of Micro-Crystalline Hydrogenated 
Silicon Carbide p-Layers 254 

E.Eser, S.S.Hegedus, and W.A.Buchanan 
Photo-Induced Structure Metastability and the Staebler and Wronski 
Effect in a-Si:H 260 

D.Han, T.Gotoh, M.Nishio, T.Sakamoto, S.Nonomura, S.Nitta, 
Q.Wang, E.Iwaniczko, and H.Mahan 

Deposition of High Quality a-Si Films by an Innovative "Hot Wire" 
CVD Technique 266 

J.Xi, S.Morrison, K.Coates, and A.Madan



Nanostructure of Hot-Wire-Deposited a-SiGe:H Alloys by 
Small-Angle X-Ray Scattering 272 

D.L.Williamson, Y.Xu, and B.P.Nelson 
Profiling of Cross-Sectional a-Si:H Solar Cells Using a 
Scanning Tunneling Microscope 279 

S.Barzen and A.C.Gallagher 
H Out-Diffusion and Device Performance in n-i-p Solar Cells Using 
High Temperature Hot Wire a-Si:H i-Layers 285 

A.H.Mahan, R.C.Reedy, Jr., E.Iwaniczko, Q.Wang, 
B.P.Nelson, Y.Xu, A.C.Gallagher, H.M.Branz, R.S.Crandall, 
J.Yang, and S.Guha 

Light-Trapping in a-Si Solar Cells: A Summary of the Results 
from PV Optics 291 

B.L.Sopori, J.Madjdpour, W.Chen, and Y.Zhang 
Study of Triple-Junction Amorphous Silicon Alloy Solar Cells 297 

X. Deng 
Preparation of a-Si:H and a-SiGe:H nip Cells at High Rates Using 
a 70 MHz VHF PECVD Technique 303 

S.J.Jones, T.Liu, and M.Izu 
Applications of AMPS-1D for Solar Cell Simulation 309 

H.Zhu, A.K.Kalkan, J.Hou, and S.J.Fonash 
A Novel "Flat-Plate" PV Concentrator Package 315 

J.R.Tuttle, E.D.Cole, T.A.Berens, A.Szalaj, J.Keane, and J.Alleman 
Monolithically Interconnected Silicon-FilmTM Module Technology 320 

E.J.DelleDonne, D.H.Ford, R.B.Hall, A.E.Ingram, J.A.Rand, 
and A.M.Barnett 

Results from Undergraduate PV Projects at Seven Historically Black 
Colleges and Universities 325 

R.D.McConnell 
The Value and Feasibility of Proactive Recycling 332 

V.M.Fthenakis and P.D.Moskowitz 

CRYSTALLINE MATERIALS 

Overcoming the Efficiency-Limiting Mechanisms in Commercial 
Si Solar Cells 341 

B.Sopori, W.Chen, T.Tan, and P.Plekhanov 
Back-Contact Crystalline-Silicon Solar Cells and Modules 348 

J.M.Gee, D.D.Smith, S.E.Garrett, M.D.Bode, and J.C.Jimeno 
Rapid Thermal Processing and Screen-Printing for Low Cost 
Silicon Solar Cells 354 

A.Rohatgi, S.Narasimha, P.Doshi, A.Ebong, and J.Moschner 
The Status of Polysilicon Feedstock 362 

K.W.Mitchell 
New Materials for Future Generations of III-V Solar Cells 372 

J.F.Geisz, D.J.Friedman, J.M.Olson, C.Kramer, A.Kibbler, 
and S.R.Kurtz

Concentrator and Space Applications of High-Efficiency Solar Cells-
Recent Developments 378 

S.R.Kurtz and D.J.Friedman 

New Concepts for High-Intensity PV Modules for Use with Dish 
Concentrator Systems 385 

J.S.Ward, A.Duda, T.J.Coutts, and S.R.Kurtz 

CRYSTALLINE MATERIALS (POSTERS) 

Surface Science in an MOCVD Environment: Arsenic on Vicinal Ge(100) 395 
W.E.McMahon and J.M.Olson 

Exploration of GaInTlP and Related Tl-Containing III-V Alloys 
for Photovoltaics 401 

D.J.Friedman, S.R.Kurtz, and A.E.Kibbler 
Silicon-FilmTM Substrates Adapted for Low-Cost GaAs-Based Solar Cells 406 

M.G.Mauk, B.W.Feyock, D.H.Ford, and R.B.Hall 
Physical and Numerical Modeling of Gettering of Precipitated Metallic 
impurities in Si 412 

P.S.Plekhanov, U.M.Gossele, and T.Y.Tan 
Fe/Cu Precipitation and Precipitate Dissolution in Silicon 418 

H.Hieslmair, A.A.lstratov, C.Flink, and E.R.Weber 
Contactless Characterization of Silicon Using Variable Injection 
Level Frequency Resolved Microwave Photoconductance 424 

A.Romanowski, A.Karoui, E.Covalla, and G.Rozgonyi 
Plasma Etching, Texturing, and Passivation of Silicon Solar Cells 430 

D.S.Ruby, P.Yang, S.Zaidi, S.Brueck, M.Roy, and S.Narayanan 
Development of a Thin-Film Crystalline-Silicon Solar Cell 437 

B.Sopori, W.Chen, and Y.Zhang 
A Silicon Ingot Lifetime Tester for Industrial Use 443 

T.H.Wang, T.F.Ciszek, M.Landry, A.Matthaus, and G.Mihalik 
New Opportunities in Crystalline Silicon R&D 453 

Y.S.Tsuo, P.Menna, T.H.Wang, and T.F.Ciszek 

CHARACTERIZATION AND ADVANCED CONCEPTS 

Back Contact Effects on the Electro-Optical Properties of 
CdTe/CdS Solar Cells 461 

D.H.Levi, L.M.Woods, D.S.Albin, and T.A.Gessert 
Excitons and Recombination in Photovoltaic Materials 467 

S.Smith, H.M.Cheong, B.D.Fluegel, J.F.Geisz J.M.Olson, 
R.Dhere, L.L.Kazmerski, and A.Mascarenhas 

Photochemical Solar Cells Based on Dye-Sensitization of 
Nanocrystalline TiO2 473 

S.K.Deb, R.Ellingson, S.Ferrere, A.J.Frank, B.A.Gregg, 
A.J.Nozik, N.Park, G.Schlichthorl, and A.Zaban



CHARACTERIZATION (POSTERS) 

Large-Signal Injection-Level Spectroscopy of Impurities in Silicon 483 
R.K.Ahrenkiel and S.W.Johnston 

Investigation of Deep Levels in GaInNAs 492 
F.Abulfotuh, A.Balcioglu, D.Friedman, J.Geisz, and S.Kurtz 

Electrical Characterization of Etched Grain-Boundary Properties 
from As-Processed px-CdTe-Based Solar Cells 499 

L.M.Woods, D.H.Levi, V.Kaydanov, G.Y.Robinson, 
and R.K.Ahrenkiel 

Measurement of the Temperature-Dependent Recombination Lifetimes 
in Photovoltaic Materials 505 

S.W.Johnston and R.K.Ahrenkiel 
Optical Investigation of GaNAs 511 

B.M.Keyes, J.F.Geisz, P.C.Dippo, R.Reedy, C.Kramer, 
D.J.Friedman, S.R.Kurtz, and J.M.Olson 

Induced Recrystallization of CdTe Thin Films Deposited by 
Close-Spaced Sublimation 517 

H.R.Moutinho, R.G.Dhere, M.M.Al-Jassim, B.Mayo, D.H.Levi, 
and L.L.Kazmerski 

Spectroscopic Analysis of Impurity Precipitates in CdS Films 524 
J.D.Webb, J.Keane, R.Ribelin, L.Gedvilas, A.Schwartzlander, 
K.Ramanathan, D.S.Albin, and R.Noufi 

The Morphology and Microstructure of Thin-Film GaAs on Mo Substrates 531 
K.M.Jones, M.M.Al-Jassim, F.S.Hasoon, and R.Venkatasubramanian 

SIMS Characterization of Amorphous Silicon Germanium Alloys 
Grown by Hot-Wire Deposition 537 

R.C.Reedy, A.R.Mason, B.P.Nelson, and Y.Xu 
Effects of Substrate and Na Concentration on Device Properties, 

Junction Formation, and Film Microstructure in CuInSe2 PV Devices 542 
R.J.Matson, J.E.Granata, S.E.Asher, and M.R.Young 

COMPONENTS AND SYSTEMS 

PV Cell and Module Performance Measurement Capabilities at NREL 553 
S.Rummel, K.Emery, H.Field,T.Moriarty, A.Anderberg, 
D.Dunlavy, and L.Ottoson 

Accelerated Exposure Tests of Encapsulated Si Solar Cells and 
Encapsulation Materials 559 

F.J.Pern and S.H.Glick 
Photovoltaic Module Performance and Durability Following Long-Term 
Field Exposure 565 

D.L.King, M.A.Quintana, J.A.Kratochvil, D.E.Ellibee, 
and B.R.Hansen

Accelerated and Environmental Module Stress Testing at NREL 573 
C.R.Osterwald, T.S.Basso, J.A.del Cueto, T.J.McMahon, J.Pruett, 
and D.Trudell 

Sandia National Laboratories Photovoltaic Balance of Systems Program 578 
R.H.Bonn, J.Ginn, T.Hund, S.Gonzalez, M.Ralph, and R.Strommen 

PV System Testing and Standards 584 
R.DeBlasio 

COMPONENTS AND SYSTEMS (POSTERS) 

Adhesion Measurement and Analysis at Cell/Encapsulant Interface 

as Quality Control Tools during PV Module Manufacture 593 
N.G.Dhere, K.S.Gadre, N.R.Raravikar, S.R.Kulkarni, 
P.S.Jamkhandi, M.A.Quintana, and D.L.King 

Review of the Photothermal Stability of EVA Pottants: Effects 

of Formulation on the Discoloration Rate and Mitigation Methods 599 
F.J.Pern, S.H.Glick, and A.W.Czanderna 

Comparison of Time Required to Charge a Battery in a Stand-Alone 
Photovoltaic System Using Different Charge-Controller Types 605 

P.McNutt 

Improvements in the Performance of a 1-kW Copper Indium Diselenide 

Array 611 
B.Kroposki and R.Hansen 

Guide to the Field Performance of c-Si PV Modules 617 
J.A.del Cueto 

Spectral Measurements of Pulse Solar Simulators 623 
T.W.Cannon 

UV-VIS-IR, Spectral Responsivity Measurement System for Solar Cells 629 
H.Field 

Ultra Accelerated Testing of PV Module Components 636 
J.R.Pitts, D.E.King, C.Bingham, and A.W.Czanderna 

The NREL Outdoor Accelerated-Weathering Tracking System and 

Photovoltaic Module Exposure Results 643 
T.S.Basso 

Module Energy Rating Candidate Reference Days: Criteria and 

Selection Process 649 
D.R.Myers 

Performance Losses in Rooftop-Mounted PV Modules from Long-Term 

Environmental Exposure at Las Cruces, New Mexico 655 
A.L.Rosenthal, A.W.Czanderna, and F.J.Pern 

Impedance Spectroscopy as a Non-Invasive Analytical Method 

for Monitoring Solar Cell Degradation 661 
A.Meier, S.H.Glick, and F.J.Pern



PHOTOVOLTAIC MANUFACTURING 

High-Throughput Manufacturing of Thin-Film CdTe Photovoltaic 
Modules 669 

A.McMaster and S.Johnson 
Silicon-FilmTM Solar Cells by a Flexible Manufacturing System 674 

J.A.Rand, Y.Bai, J.S.Culik, D.H.Ford, P.E.Sims, 
and A.M.Barnett 

Manufacturing Technology Development of the PowergridTM 
Linear Focus Photovoltaic Concentrator System 680 

N.Kaminar, T.Alexander, J.Amaya, W.Bottenberg, P.Carrie, K.Chen, 
D.Gilbert, P.Guzman, P.Hobden, J.Ross, J.Sahagian, D.Rodrigues, 
and J.Zimmermann 

New Technology and Cost Reductions in the Phase 4A2 and 5A2 PVMaT 
Programs of ASE Americas 686 

M.Kardauskas, J.Kalejs, J.Cao, S.Ebers, R.Gonsiorawski, B.Piwczyk, 
M.Rosenblum, and S.Southimath 

Innovations in String Ribbon Module Manufacturing 693 
J.I.Hanoka 

Three Phase Power Conversion System for Utility Interconnected 
PV Applications 700 

D.G.Porter 

PHOTOVOLTAIC MANUFACTURING (POSTERS) 

PVMaT 1998 Overview 711 
R.L.Mitchell, M.Symko-Davies, H.P.Thomas, and C.E.Witt 

PowerGuard Manufacturing Innovation and Expansion 716 
T.Dinwoodie, T.Kleiner, C.O'Brien, and M.Quiroz 

Cost Reduction and Manufacture of the SunSineTM 325 AC Module 720 
G.A.Kern 

A Photovoltaic Industry Survey on Post-Lamination Module 
Manufacturing 725 

M.J.Nowlan, W.Kurth, T.D.Harrnon, T.W.McCormick, J.M.Murach, 
W.F.Breen, S.J.Hogan, M.R.Diver, M.I.Symko, and S.R.Rummel 

Production of Solar-Grade Silicon by Refining of Liquid 
Metallurgical-Grade Silicon 731 

C.P.Khattak, F.Schmid, D.B.Joyce, E.A.Smelik, and M.A.Wilkinson 
Monolithic Amorphous Silicon Modules on Continuous Polymer 
Substrates 737 

S.Braymen, D.Grimmer, F.Jeffrey, S.Martens, M.Noack, B.Scandrett, 
and M.Thomas 

Photovoltaic Cz Silicon Module Improvements 741 
T.L.Jester 

Cast Polycrystalline Silicon Photovoltaic Cell and Module Manufacturing 
Technology Improvements 747 

J.H.Wohlgemuth

MARKETS AND APPLICATIONS 

Performance and Economics of the PV Hybrid Power System 

at Dangling Rope Marina, Utah 755 
A.L.Rosenthal 

Update on the Million Solar Roofs Initiative 761 
C.Herig 

Photovoltaics for Buildings: Key Issues in Pursuit of MarketReadiness 769 
S.J.Hayter 

An Update of the UPVG and the TEAM-UP Initiative 776 
S.Hester and M.Cheney 

CHERRY HILL-A LOOK TO THE FUTURE 

Cherry Hill Revisited: Background Events and Photovoltaic 

Technology Status 785 
L.O.Herwig 

Cherry Hill Revisited-A Retrospective on the Creation of a National 

Plan for Photovoltaic Conversion of Solar Energy for Terrestrial 

Applications 796 
R.Blieden 

The Role of PV in Sustainable Development 800 
J.H.Wilkie 

List of Participants 807 

Author Index 829


