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SUMMARY

The results of the subcontract effort included progress in understanding CdTe and Cu(In1-xGax)Se2 based

solar cells, in developing additional measurement and analysis techniques at the module level, and in

strengthening collaboration within the thin-film polycrystalline solar-cell community.

A major part of the CdTe work consisted of elevated-temperature stress tests to determine fabrication and

operation conditions that minimize the possibility of long-term performance changes. Other CdTe studies

included analysis of the back-contact junction, complete photon accounting, and the tradeoff with thin CdS

between photocurrent gain and voltage loss.

The Cu(In1-xGax)Se2 studies included work on the role of sodium in enhancing performance, the conditions

under which conduction-band offsets affect cell performance, the transient effects of cycling between light

and dark conditions, and detailed analysis of several individual series of cells.

One aspect of thin-film module analysis has been addressing the differences in approach needed for

relatively large individual cells made without grids. Most work, however, focused on analysis of laser

scanning data, including defect signatures, photocurrent/shunting separation, and the effects of forward bias

or high-intensity light.

Collaborations with other labs continued on an individual basis, and starting in 1994, through the national R

& D photovoltaic teams. Colorado State has been heavily involved in the structure and logistics of both the

CdTe and CIS teams, as well as making, frequent technical contributions in both areas.



ii

TABLE OF CONTENTS

SUMMARY ..................................................................................................................................... i

FIGURES ........................................................................................................................................iii

INTRODUCTION ..........................................................................................................................1

CdTe CELL ANALYSIS .................................................................................................................2

Temperature Stress Tests ......................................................................................................2
Back Barrier .........................................................................................................................7
Photon Losses ......................................................................................................................9
CdS Thickness ...................................................................................................................12

CIS/CIGS CELL ANALYSIS .......................................................................................................17

Sodium Effects ...................................................................................................................17
Band-Offset Effects ............................................................................................................19
Temperature Stress .............................................................................................................24
Other CIS Measurements ...................................................................................................26

MODULE ANALYSIS .................................................................................................................32

Cell Geometry ....................................................................................................................32
Laser Scanning ...................................................................................................................35
Defect Signatures ................................................................................................................35
Photocurrent/S hunting Separation .......................................................................................37
Forward Bias/High Intensity ................................................................................................39

STATUS OF THIN-FILM POLYCRYSTALLINE CELLS ..........................................................42

COMMUNICATIONS .................................................................................................................48

Publications ........................................................................................................................48
Graduate Degrees ...............................................................................................................50
Presentations ......................................................................................................................50



iii

FIGURES

Figure 1. CdTe J-V curves following high-temperature stress ...................................................3

Figure 2. Effect of stress on individual parameters ....................................................................4

Figure 3. Biases used in stress tests ..........................................................................................6

Figure 4. Efficiency change at different biases ...........................................................................6

Figure 5. CdTe back-contract model .......................................................................................7

Figure 6. Back-contact J-V temperature effect .........................................................................8

Figure 7. Back-contact effect on fill-factor and efficiency ..........................................................8

Figure 8. CdTe quantum efficiency and photon losses .............................................................10

Figure 9. Transmission and reflection of CdTe cell layers ........................................................11

Figure 10. QE for different CdS thicknesses ............................................................................13

Figure 11. CdTe photocurrent variation with CdS Thickness ....................................................14

Figure 12. Voltage and fill-factor vs. CdS absorption ...............................................................14

Figure 13. Comparison of high-efficiency CdTe cells ................................................................16

Figure 14. Variation of CIS voltage and fill-factor with sodium .................................................18

Figure 15. Calculated CIS efficiency dependence on band offset ..............................................20

Figure 16. Contrast of n and n- CdS on CIS JV curves ............................................................22

Figure 17. Explanation of n vs. n- effect ....................................................................................23

Figure 18. CIS JV curves before and after temperature stress ..................................................25

Figure 19. CIS Capacitance before and after temperature stress ...............................................27

Figure 20. Effect of high-resistivity ZnO thickness ....................................................................28

Figure 21. Current-voltage for electrodeposited CIGS .............................................................29

Figure 22. Comparison of highest-efficiency NREL CIGS cells ................................................31

Figure 23. Module cell geometry with current flow ...................................................................32



iv

Figure 24. JV contrast of research and module cells .................................................................33

Figure 25. Distributed vs. linear series resistance ......................................................................34

Figure 26. Large-scale laser scanner at NREL .........................................................................35

Figure 27. Calculated laser scan with shunt present ..................................................................36

Figure 28. Shunt vs. photocurrent-defect signatures ..................................................................37

Figure 29. CIGS line scans at different frequencies ...................................................................38

Figure 30. Short-circuit vs. forward-bias line seams .................................................................39

Figure 31. Laser-scan signal vs. series resistance ......................................................................40

Figure 32. CdTe line scans vs. voltage and intensity ..................................................................40

Figure 33. Highest-efficiency JV curves ...................................................................................43

Figures 34. Losses in highest-efficiency cells ..............................................................................47

TABLES

Table 1. Percentage changes in CdTe efficiency ......................................................................6

Table 2. Parameters for highest-efficiency cells ......................................................................44

Table 3. Loss comparison in highest-efficiency cells ...............................................................44



1

INTRODUCTION

The objectives of the Colorado State University (CSU) program have been (1) the separation and

quantification of individual losses in specific thin-film solar cells, (2) the detailed characterization of small

modules, and (3) the presentation of a viable model for the forward-current loss mechanism.

Most of the experimental and analytical work has been done by a group of dedicated research students:

Xiaoxiang Liu completed her Ph.D. in 1994 and now teaches at Brookdale Community College in New

Jersey. Ingrid Eisgruber finished her doctoral degree the following year and is very active in solar-cell

research at the Materials Research Group in Golden, Colorado. Jennifer Granata is in the final stages of her

Ph.D. program, and Jason Hiltner has recently passed his Ph.D. candidacy Exam. Gunther Stollwerck

wrote his M.S. thesis in 1995 and is in the final part of his Ph.D. work in Freiberg, Germany. In addition,

Jon Sharp, Karl Schmidt, and Brendon Murphy, at the Master's level, and Harry Sax at the undergraduate

level, contributed important project-level studies to the work reported her.

The Colorado State group has been an active part of the NREL-sponsored National CdTe and CIS R &

D Teams. It has had active collaborations with researchers at the Colorado School of Mines, Energy

Photovoltaics, Inc., Golden Photon, Inc., the Institute of Energy Conversion, International Solar Electric

Technology, Inc., the National Renewable Energy Laboratory, Siemens Solar Industries, Solar Cells, Inc.,

Solarex, the University of South Florida, and the University of Toledo.
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