DISCLAIMER

. ment or an
erein do not Decessarily s

h

nited States Govern

I8 expressed

y warranty,
he accuracy,
or favoring by the U,
utho

makes an
nited States Government or any agency thereof.

and opinions of g

Ui

employees,
bility for ¢
mendation,

SERI/STR~-211~2931
DE86 010700

SERI/STR-211-2931
UC Category: 63

DES86010700 m‘“

Optimization of
p-CuinSe,/n-CdZn$
Solar Cells

Final Subontract Report
15 April 1984 - 30 September 1985

R. W. Birkmire
Institute of Energy Conversion

University of Delaware
Newark, Delaware

May 1986

SERI Technical Monitor:
R. Mitchell

Prepared under Task No. XL-4-04060-1
Solar Energy Research Institute
A Division of Midwest Research institute

1617 Cole Boulevard
Golden, Colorado 80401-3393

Prepared for the
U.S. Department of Energy
Contract No. DE-AC02-83CH10093

22

DISTRIBUTION OF THig BOCUMERT 15 UNLSHTRD






DISCLAIMER

This report was prepared as an account of work sponsored by an
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Government nor any agency thereof, nor any of their employees,
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or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.
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ABSTRACT

CulnSe2 wafera cut from melt-growth ingots were supplied by

K. Bachmann under SERI subcontract #XL-4-04041. CdS was
deposited onto the wafers to make CulnSe2/CdS heterojunctionsa.
Some wafers were treated in an Se atmosphere to lower the
resistivity and to homogenize propertiea through the wafer.
Devicea of over 4% efficiency with open circuit voltages over

0.45 V were made. Not all wafers were found to be aingle
cryatal.
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SUMMARY

The goal of this research program was to fabricate CulnSe2/CdS
solar cells on well-characterized CulnSes asingle cryatal wafers
in order to improve the underatanding of thin-film
polycryatalline devicea. CulnSe2 wafera were supplied by

K. Bachmann of North Carolina State Univeraity under subcontract
#XL-4-04041. The wafera were characterized in terms of
reaiativity, carrier type, composition and crystallographic
atructure, CulnSe2/CdS cells were made with efficienciea over 4x
and Vpe over 0.45 volts. The limited number of wafers and their
quality limited the device performance achievable within the
acope of this effort.

iv




TABLE OF CONTENTS

Page

Abstract iii
Summary iv
Table of Contents v
Liat of Tables vi

Liat of Figures vi

1. Introduction 1
2, Characterization of Crystals 2
3. Device Preparation 5
4., Results )
4.1 Effect of Heat Treatments (=3

4.2 CulInSez/CdS Devicesa 6

5. Conclusaiona 10
6. References 11
Appendix 12

Procedure for Annealing CulnSe2 Wafers



Table 2.1

Table 2.2
Table 2.3
Table 4.1

Table 4.2

Figure 4.1

Figure 4.2

Figure A-1

Liat of Tables

Electrical Properties of
CulnSes Wafers

Composition of CulnSe2 Wafera
X-ray Diffraction Analysis
Air Heat Treatment of Wafer 84-4b

CulnSe2/CdS Cell Results

List of Figures

Current-Voltage response of
CulnSe2/CdS single crystal
cell B-84-4a

Spectral response of cell B-84-4a
at short circuit current

Ampoule for treatment in Se

atmosphere and temperature
distribution in the furnace

vi

Page

13



1. INTRODUCTION

Shay, Wagner and Kaaper(l) in 1975 reported a aingle cryatal
CdS/CulInSe> heterojunction aolar cell with a converaion
efficiency of ~ 12%., Thia was a small area cell

(area = 0.79 mm2) that had a Voe of about 0.5 V. Devaney

et al.(2) haa reported thin-film (CdZ2n)S/CulnSe aclar cells with
~ 12%. These devices have high ahort circuit currenta (the
quantum efficiency appeara to be greater than 90%), but the Vg«
ia about 0.44 V. Recently, Potter et al. haa reported a thin
£film CulnSe2/CdS/2n0 cell with Vgo = 0.487 and = 11.2%(3).

The goal of thia research program waas to fabricate CulnSez/CdS
solar cells on well-characterized CulInSe2 aingle crystala in
hopea of developing a better underatanding of the operation of
thia device. The program had limited succesas since a
conaiderable effort was spent characterizing the resatricted
number of CulnSe2 crystals and trying to modify their propertiea
for optimum device performance.



2. CHARACTERIZATION OF CRYSTALS

Six CulnSe2 wafers were received from Dr. K. Bachmann. Four of
the wafere were from the same cryatal growth and the remainder
from two other growtha. The wafera were characterized at IEC in

terms of resistivity, carrier type, composition and
crystallographic structure.

Four point and hot probe measurementa were made on both aidea of
each wafer with the results summarized in Table 2.1. Wafers
84-1 to 84-4 are from the same crystal growth. The free surface
of the #84 ingot is apparently n-type but below the surface the
CulnSe2 is p-type. Wafers 84-1 and 84-2 are aassumed to be
representative of the bulk properties of this ingot.

Table 2.1

Electrical Properties of CulnSez Wafers

Wafer # Thickneasa Resistivity/Type
cm side 1 aide 2
fR-cm QR-cn
84-1 0.122 0.65/p 0.66/p
84-2 0.120 0.55/p 0.53/p
84-3 0.125 1.21/p 0.19/p
84-4 0.213 0.72/p 2x%103/n
85-1 0.147 36/p 53/p
85-2 0.129 intrinsic

The composition of the waferas was determined uaing EDS, and the
resultas are summarized in Table 2.2. The EDS measurement is made
using thin-film CulnSe2 standards, and thus there may be somre
error in the abaolute value of the composition. The relative
error in the measurement is estimated to be about 6%.

Table 2.2

Composition of CulnSe2 Wafers

Wafer # % Cu %X In % Se
84-2 27.2 25.6 47.3
85-1 27 .6 25.9 47.5
85-2 27.2 25.6 47.2



All the wafers appear to be about the sare composition and are
alightly Cu rich. This is somewhat surprising in light of the
variation in reaistivity.

The crysatallographic orientation and perfection has been examined
on four wafers, 84-~-1, 84-4, 85-1 and 85-2 using back reflection
Laue and X-ray diffractometer techniques. The Laue patterns
obtained on sample 84-1 asuggested that the wafer waa not single
crystal and an X-ray diffraction acan therefore was run with the
results summarized in Table 2.3. The diffraction peaka due to
planes other than (110) show conclusively that this wafer is not
a single crystal. Similar results were obtained on wafer 85-2
and the XRD data is also presented in Table 2.3.

Table 2.3
X-ray Diffraction Analyais
Wafer 84-1
d (A 1/71o d h kil

3.34 22 3.34 112
2.046 100 2.04 204220
2.012 13 1.90 301
1.743 9 1.743 116:312
1.328 30 1.327 316:332

Wafer 85-2
3.33 50 3.34 112
1.480 100 1.480 305:323

The Laue pattern obtained from the free surface of wafer 84-4
(free surface) gave an appropriate symmetry pattern for the (110)
plane, however, the axia was tilted ~ 109 from the surface. (see
Reference 4). The diffraction spotes were neither sharp nor
well-defined raising gueationa about the perfection of the

wafer. The observed pattern shows distinct aplit apota, implying
aub-grains with misorientations of ~ 0.5°. A diffraction scan
from the free surface confirmed the esaential (110) orientation
with a FWHM of 0.4° for the (220) reflection.



Wafer 85-1 gave a Laue pattern that could reasonably be
interpreted aa from a single crystal. A atandard X-ray
diffraction acan uasing Cu k-alpha radiation yielded only one
peak, the (211) at 35.8° (2.51A). Thia plane is 22° from the
two-fold axia, (110), and visual inapection of the Laue doea
indicate a two fold axis ~ 220 from the center of the Laue. No

further x-ray analysais was conaidered to be justified on thia
wafer.



3. DEVICE PREPARATION

Wafera were prepared for the CdS depoaition uasing the following
procedure!

1. Poliah uaing 600 grit paper and rinse in DI water.

2. Polish using 1 pm alumina slurry and rinse in
DI water.

3. Polish uaing 0.5 pm alumina slurry and rinse in
DI water.

4. Clean ultrasonically in DI water.
S. Rinase in DI water followed by CH30H.
6. Etch in Br/CH30H (1% solution) for ten secondsa.

7. Rinse in CH30H and blow dry with argon.

Thia procedure replaced the agqua regia etching reported in the
Interim Report(4).

To form the CdS/CulnSe2 junction, an undoped layer of CdS

(~ 0.5 pm) was deposited followad by an In-doped CdS layer. In
one case the entire CdS layer waa doped with In. A asubatrate
temperature of 2000C and CdS growth rate of nominally 0.5 pm/min
was used for all wafera. ITO waa used as the top contact to the
CdS and the 3x3 mm2 device area defined uasing a photolithography
and etching technique.

A back contact to the cells was formed by firat etching the
asurface in aqua regia and then depositing two gold dota. Thia
allowed measurements between the gold dots to check that the
contacta were ohmic. If a non-linear I-V was measured, the dotsa
were removed and new contacts were formed.




4. RESULTS

4.1 Effect of Heat Treatments

Wafer 84-4 showed resistivitieas of S5 Q-cm and 2x103 Q-cm on sides
1 and 2 reapectively. The wafer waas cut into two pieces, 84-4a
and 84-4b. Wafer 84-4b was heat treated in air for 32 hours at
200°C and 22 hours at 400°C., Table 4.1 summarizes the effect of
the air heat treatmenta on the reasistivity; the 200°C heat
treatment has little or no effect. After the 400°C heat
treatment the resiativity of the crystal appeared to be uniform
throughout at ~ 140 Q-cnm.

Table 4.1

Air Heat Treatment of Wafer 84-4b

Heat Treatment Reaiativity/type
Tempearature Time Side 1 Side 2
oC hr fR-ca f-cm

as received 5/p 2x103/n

200 8 8/p 2x103/n
200 24 43/p 930/n
400 22 140/p 148/p

Wafer 84-4a waa sealed in an evacuated ampoule with Se (see
Appendix for deacription of procedure) and heat treated at 600°C
for 24 hours. The Se over preasure in the ampoule was computed
to be 100 torr. After the heat treatment, a Se deposit was
found on the wafer aurface and was removed by polishing and
etching. The measured resistivity was 0.3 Q-cm on both aidea of
the wafer and the conductivity waa p-type.

4.2 CulnSe>/CdS Devices

Nine CulnSe2/CdS devicea were made and the results are summarized
in Table 4.2. The two best devices were made on wafers that had
been treated in Se resulting in a reaiativity of leas than

1 Q-em. The beat Voc measured waa 0.46 volts but this was on a
sanple with bad contact behavior as can be seen in Figure 4.1.
The apectral response for this cell is shown in Figure 4.2. The
reaponse is flat over the entire wavelength range and there is no
change with light bias, indicative of a good quality sharp
heterojunction.
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CulnSe2/CdS Cell Results
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'Figure 4.1. Current-Voltage response of CulnSep/CdS
single crystal cell B-84-¢a.
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Figure 4.2. Spectral .response of cell B-84-4a at short circuit current.




5. CONCLUSIONS

CulnSe2/CdS aingle crystal devicea were made with efficiencies
over 4% and Vge over 0.45 volta. The limited number of cryatala
and the poor quality of the wafers supplied (moat were not
aingle crystals) severely limited the quality of devices which
could be made. Moat of the effort waa apent characterizing the
wafers and trying to modify their electronic properties. For
future work to be succesaful an adequate supply of high gquality

cryatals should be available at the beginning of the contract
period.
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APPENDIX - Procedure for Annealing CulnSep Waferas in a

Selenium Atmosphere

A two chamber quartz ampoule with an extension rod is
prepared from 15 mm (ID) x 18 mm (OD) stock.
See Figure A-1.

The ampoule is cleaned in aqua regia, etched in
hydrofluoric acid, rinsed and dried.

Se pallets (SN purity) are placed in the samall
chamber; the CulnSe2 crystal is loaded in the large chamber.

The ampoule is evacuated to ~ Sx10-S torr and sealed
leaving an 8 cm specimen chamber. The crystal ias kept
cool during sealing by water cooling that region of the
ampoule.

The ampoule is loaded into a tube oven such that CulnSes2
is held at 600°C with the Se melt being ~ 100C cooler to
minimize condensation of Se on the wafer during cool down.
At 5909C, the selenium pressure in the tube is computed
to be ~ 100 torr.

12
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Figure A-1 Ampoule for treatment in Se atmosphere
and temperature distribution in the furnace.
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