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1. Abstract

The primary géa\ of this program, increasing the conversion efficiency of a
thin-film cell baéed on €dS/CupS, has beeh achieved. A number of (CdZn)S/CupS
cells haveAbeen made with conversion efficiencies in excess of 10% when tested
in collimated sunlight. The highest efficiency achieved was 10.2% for a cell
with i6% Zinc which had the following parameters; Voc = 0.60V, Jsc = 22.8 mA/cm2
(pro-rated to 100 mW/cmé), FF =474.9%. Further improvement in the performance
of édS/CuZS cells beyond the previously reported 9.2%, was fouﬁd to be Timited
by defi;iencies in the fundamental knowledge and control of the CupS layer. A
number of process changes in the pfoduction of CdS/CupS cells have been explored
and are reported on. Transient capacitance measurements on CdS/CupS cells and

further development of -an integral encapsulation are also reported.
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3, Introduction

Work on the preceding contract (XRs9-8063-1) had -established a good
foundation in material preparation for (CdZn)S/CupS solar cells. The highest
efficiency achieved was 8.2% at a ;hort—circuit current of 21 mA/cm? (pro-rated
to 100 mW/cm?). Bui]dinglon tﬁis foundation, and adjusting the (CdZn)S growth
condi£ions to produce films with the structure, resistivity and'photdjuminescent

'behavior known to‘be essential from the CdS/CupS cell work, it has been possible
to increase the conversion efficiency to 10;2% with an open circuit voltage of

0.60V and a short circuit current of 23 mA/cm? (pro-rated to 100 mW/cm?).

Various process changes have been explored fn an attempt to improve the
tdS/Cugs cell beyond the,previously'achigved 9.2% éfficiency level. The major
6b$tac1¢ to such progress is the short circuit current and ft has been impossible
to 1n§rease this beyond 25 mA/cm? while mainfaining good voltage and fill %actor.
Detailed statistical data on the influence of.various process changes on CdS/Cqu'
;e]ls'are reported. The present fundamental knowledge of the optical and
e]ectronic propertfes of CupS is insufficient to direct further current enhancement
efforts. It is submitted that a major research effort on CupS should be médé
with the potential to significantly improve both the efficiency.and stability of

CupS based cells..

Specific éspects of device operation have been explored using static and
transient capacitance techniqucs.'.The nature uf Lhe CdS/CUZSAjunction has
necessitated modification to the capacitance measureienl system. A.tentative
model has been developed to explain'the observed effect of bias light and

temperature on capacitance.

Development of an integral encapsulant has been continued and some limited

- data on e-beam encapsulated micro cells are presented.



4. Cell Production, Testing and Analysis

The present program is organized into four tasks - CdS/CupS Cell Development
(CdZn)S/CupS Cell Development, Electro-Optical Analysis and Modeling, and

Encapsu]ation‘for Improved Sfability.

Previous development had resulted in a heavily textured CdS/CusS cell of
over 9% efficiéncy(4). This cell was known to have an open circuit voltage
below the ultimately achievable level for the CdS/CuéS.heterojunction as a
A consequence of the 1argé Jjunction area. A development effort was therefore.
‘direcfed to reducing the junction area without suffering any loss in current
or fill factor. This proved to be impossible and for reasons which remain
- obscure, a high voltage cell with the same current levels as the 9.2% cell has
not been achieved. Measurements indicate that the optical losses of a lightly
textured cell with an open circuit voTtége of ~ 0.55 V are no greater than the
heavily texturedlce1], uevertheléss, the currents achicvable fell below the
required 25 mA)cmZ. Further basic understanding and control of the CupS layer

are seen as essential to make further signiticant improvements wilh Cd5/CuyS.

Progress with thé‘(CdZn)S/Cuzs cell has been substantial as a result of
imprdving fhe properties of the (CdZn)S layer. Bjmoda1 grafn Size distributions
were e]iminatéd'and this, coupled with improved cell handling procedures, resulted
in calls with over 10% conversion efficiency, Open circuit voltage instabilify
was dfastica]]y reduced but further development work must be done in this -

area.

A strong foundation in cell mode]ing and analysis was established in
‘previous contracts. Much of the recent improvement in cell performance can be

traced directly to the benefit of having a comprehensible model of the cell
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structure and operation, which can be continually checked. against experimental
observations. ~ Attention this year has focused on a more detailed understanding
of the defects active in the space charge region. in the cds. .A variety of

capacitance measurements have been carried over a broad temperature range.

Although the major development effort has been directéd‘ét improving the
initial cell efficiency a preliminary attempt has been made to stabilize the
cell against oxidation using an evaporated glass layer. A useful foundation

has been laid -for a future more intensive stabilization project.



4.1 Development of CdS/CupS Solar Cells

In an attemptAto increase the efficfency of the CugS/CdS cells during the
past_year, four distinct methods of preparing the CupS were tried. These
. methods were:
| 1. dry process
(evaporated CuCl on CdS reacted to CugS)
2. light wet on dry process A
-(a dilute COﬁcentratiOn wet barrier process.was auded Lu the dry)
3. standard wet on dry process |
(same as 2, with standard éoncentration barrier)
4; standard wet process.
The dry process and the 1ight wet on dry process achieved an efficiency
in the 8 to 8.5% range. The standard wet on dry and standard wet process both -
were limited to the 8.5 to 9.0% range in efficiency. A_numbér of cells were

made with the latter two processes to establish yield and control.

I. DOry proceés CupS/CdS Solar Cells

Thirty-two cells with efficiencies aver 7% were made with the dry pfutesS
from(lé different dry processipieces and 15 different CdS substratés. A1l
pleces were given a 12 to 40 second etch in 20 to 30% HC1 at 60°0C prior to -
“CuCl evaporafion and reaction. CﬁgS'thicknesses ranged from 1200 to 2800 .

In addition,'some of the cells were given an evaporated Cu layer, 1n'order.to

improve, the CusS stoichometry and hehce the light generated current.
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- As shown. in Table 1* cells without the Cu treatment reached a Jy of 21.8
mA/cmé compared to é J_ of 22.1 mA/cme w{th the Cu treatment. A]though the -
evaporated Cu'may imprové'yield'and reprdducfbi]ity,:cellé with.equivaJent Ji
can be hade without the Cu process. Table 'l also Qhows a broad maximum of Ji

vs CupS thickness centered around 2000 R.

The cell parameters at maximum efficiency are shown in Table 2. The two
parameters that 1imit the dry process in efficiency here are light generated

current 0h§;22 mA/cmZ) and series resistance (RS),ZSi—cmZ).

With a drop 1in current of about 10 to 12% and a loss in fi1l factor of
about 2 to 5%, the increase of Voc by 8% still leads to a net drop in efficiency

compared to the standard wet process.

The improvements in fill factor and light generated current that resuli
from adding a wet process step, suggest that the failure of the dry process is
due to lack of CupS in the rough grain boundary structure of the CdS. EBIC

evidence for this is given in reference 1, Figure 2.

* In tables 1 to 5 the following conditions apply
1. Al cell tests are at 87.5 mW/cm? in an ELH simulator.
2. A]]lcelllresults are given at maximum efficiency. |
3. J| is normalized to 100 ﬁw/cmz. |
4. Vyc is calculated form Jg at a J_ of 25 mA/cm?,
5. "Successful" AR coating is one which did not decrease the

-efficiency of the solar cell.



II. Light Wet on Dry Process.

'Twenty—six cells with efficiencies of 7% or higher were made with this
process from eight.dﬁfférent bieces and five different CdS substrates. All
pieces were‘given a 20 second etch in 20 to 25% HC1 at 609C prior to CuCl
evaporations. After the dry pkocess CQZS-was formed, these samples were barriered
in a wet barrier bafh Qhosé CuC}'concentrétion'had been reduced to .05 g/]fter»

from the usual value of 6 gm/liter. Barrier times ranged from 5 to 60 seconds.

- There was no relationship between either CupS thickness (1500 R to 2000 R
as measured electrochemically) or barrjerltimé and any of the cell performance

parameters.,

- Table 3 shows the.ma*imum efficiency cell results for this process. Note
that Rg is lower and the fill factor is improved 6ver the dry process cells.
Also note that the Voc is ébout the same. This is probably due to the wet
process CupS connecting regions of dry prbcess Cu235without penetrating too.
.deep1y down grain boundaries. Low Ji still Timited these cells so that their

efficiency is lower than the standard wet process.

I11. Standard Wet on Dry Process:

In order fo increase the efficiency Of the dry process cells, a one second -
standard. wet barrier process was added to the dry. This lowered the Vge Lu
the 0.51 t 0.53V range, but increased J| to the 23 to 25 mA/cmZ range which is’

comparable to the standard wet process cell.
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Table 4 shows a listing of all the cells made by this procéss that had a -

by electrochemical analysis) and J| was seen. For example, CupS thicknesses

from 1200 to 3700 R gave J| ~ 23 mA/cme.

This process yiered 70% of the cells over 7% effiéiency;‘40% over 8%,
and 20% over 8.5%. This is somewhat poorer than thé>standard SEP wet process,

‘but further experience could improve this yield.

IV. Standard Wet (SEP) Process

Table 5 gives a listing of all standard process’(éubstrate evaluation
process, SEP) 10 second barrier cells thét had a "successful" AR coating during

‘the first quarter of 1980.

The cell efficiencies are comparable to the standard wet on dry process
but due to mofe-exberiente, the yield was better.
| 95% over 7% efficiency
45% over 8% efficiency

25% over 8.5% efficiency.

Conclusions

A]though these four processes did not span a11 the types of CupS processing
that could be done on evaporated CdS, it appears that the limiting efficiency

is near 9.5% and is being controlled by the Voc and J| maxima listed.

The prjﬁary obstacle to higher efficiency is the ceiling on J of ~ 25

mA/cmZ; A1l available evidence is that the open circuit votlage for the CdS/Cup$
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TABLE 1

A Dry Process Pieces with Cell Over 77 Efficiency

Maximum CusyS

Cell # 2 Efficiency J1,/100mW Thickness

‘ : % mA/cm - ]

21112.12 . 8.32 22.1 1900 evap.

20968.12 8.01 20.5 1600

20960, 22 7.89 21.2 1800

21106.12 7.82 20.3 2200 evap.
- 21007.12 - 7.66 19.4 1600

21125.22 - 7.56 22,1 1800 evap.

20939.12 7.51 18.8 1500
21044.12 7.41 20.1 ~1860"
20939.21 7.38 19.3 1900

20966.12 7.31 '18.6 1400

21002,21 7.30 ° 21.8 2100

21033.21 , 7.27 - 19.9 1700

21111,22 . 7.25 20.2 2800 evap.

20952.12 7.21 17.8 1200

21054.12 . - 7.17 21.2 2100

20966.21 7.11 18.1 1600

20939.22 » 7.10 19.1 1600

20952.21 - 7.08 18.3 1700

*

"= estimated
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SUBSTRATE CELL # ETF (%) (mA/cmZ) Voc (V) FF(Z) RS (. cm?) GséUtmz)
2111?.0 124, 8.32000 22,0900 0.554300 §9.3000 3.05000 1.96000
21112.,0 123, 8.03000 21,1000 0.,593700 70,3000 2,48000 2,04000
20948,0 121, 8,01000 20,5400 0,551000 72,0000 2.11000 1,74000
21112.0 121, 7,93000 20,0700 0,9554500 72,5000 24952000 1.11000
209460,0 222, 7.8%000 21,2200 0,5524600 68.8000 2.61000 2.97000
21112.0 122, 7.85000 20,2700 0.562400 70,6000 2.62000 2,20000
21106,0 124, 7.82000 20,3300 0,544500 72,2000 2,50000 1.09000
20960,0 221, 7,81000 19,2400 0,957500 74,2000 1.49000 1.33000
21106.0 122, 7.74000 20,7200 0,539200 70,8000 2,79000 - 1 29000
21007.0 . 122, 7.,66000 19,4100 0.,540800 721000 2.,39000 1.59000
21125.,0 224, 7:.56000 22,0700 0,541100 65,2000 3,97000 3,03000
20937,0. 122, ©7+:91000 18,8100 0.,95465100 72,3000 2,54000 1.28000
21044,0 123, 7.41000 20,0300 0.521200 72:5000 2.,07000 1,19000
20939,0 213, 7.38000 19,2800 0.559100 70,1000 2.92000 1.92000
20966,0 124, 7,31000 18,6000 0,559400 . 71,9000 2.23000 1.84000
21002,0 213, 7,30000 21.7800 0.,495400 69,2000 2,27000 2,30000
20939.0° 124, 7.28000 19.0500 0.561600 69,8000 2,92000 2.18000
21033.0 213, 7.27000 12.8500 0.,9553500 68,0000 3,54000 2.25000
21111,0 221, 725000 20,1500 0,548000 67.7000 3,01000 3,20000
20952.,0 124, 7.21000 17,7800 0.541600 73.8000 2,09000 1.13000
21054.,0 1234 7.20000 18,9700 0.529200 73,6000 1.54000 1.54000
21111.,0 224, 7,18000 19,5800 0,543200 59,5000 2,84000 2.30000
21054.0 122, 7.17000 21,1500 0,514500 67.5000 2,93000 2.84000
20960,0 224, 7.,13000 19,2300 0,553300 48,8000 2.88000 2.,74000
20966,0 211, 7.11000 18,0500 0.561300 71,9000 2,25000 1.89000
20939,0 223, 7.16000 19,1000 0,557800 68,6000 3,05000 2.,71000
21007.0 124, 7.09000 17.8200 0,562100 72,8000 2.,09000 1.70000
20952, 211, 7.08000 18,2500 0.550700 71.9000 2.+59000 1.20000
21106,0 123. 7.07000 19,1900 0.553500 68,6000 3,42000 2,20000
21054.0 121, 703000 19.180 0.522800 72,0000 1.79000 2,02000
20968,0 123, 7.01000 18.8000 0,558900 68,6000 2,70000 "~ 3,17000
20964.,0 213, 7.,00000 19,1600 0.562200 56,8000 3.94000 2.,52000
TABLE 2. Dry Process Cells with Efficiency Over 7%.



o s

L T

D U N T o

- 13 -

_ 3,
COLUMN  sypsTRATE  CHLL # _ EFF(1)  (mafen?)  Voc (V) _FE(Z)  RS(Q.cm?) Gs(
KOW : T
1 21007.0 221, 8.25000 21,1400 0.556900 72,3000 2,31000 1, v
2 21027.0 122, 8.,20000 20,5700 0.5578600 72,3000 2,37000 1, 10
3 21026.,0 212, 8.07000 19,7100 0.556700 73.5000 2,16000 {0700
4 21027.0 124, . 8.05000 - 20,4500 0,551200 72.8000 2.,37000 0.920
S 21026.,0 214, 8,03000. 20,1000 0.548000 72,0000 2.41000 1.7100 _-
é 21011.0 124, 8,02000 19,5200 0.564300 74,4000 1.92000 1.04000
7 21011.0 122, 7,85000 19,7100 0.958700 72.8000 2,50000 0.97000
8 21007.0 213, 7.81000 19.8900 0,565400 71,1000 2.93000 1,440
9 21007.0 222, 7478000 19.4800 0,543500 71,9000 2.,47000 1.,6500 .
10 21007.0 211, 7:.77000 19.8700 0.568200 70,6000 2,23000 2,72000
11 21007.,0 214, 7.74000 19,7100 - 0,570600 70,4000 2,95000 1.,85000
12 - 21007.,0 212, 773000 19,1800 0,55892000 72,6000 2,48000 1.3701
13 -21007.0 224, 7.67000 19,5200 0.,597100 72,2000 2.63000 1,160 .
14 21011.,0 121, 7465000 19,0700 Q.550500 73,2000 2,43000 0.920uy
1S 21011.0 213, 7.465000 18,4400 0,551800 74,7000 2,03000 0.746000
16 21007.0 2234 7:63000 18,7700 0,564500 73,5000 " 2,20000 L2000
17 21011.0 211, 763000 18.3900 0.,541000 - 75,6000 1.77000 0,650
18 21013.0 214, - 7463000 19.7700 0,554500 71.4000 2,31000 2,0400y "
19 21024.0 211, 7.,45000 . 19.9000 0.,545200 49,4000 3,27000 2,62000
20 21011.0 223, 7+41000 18,7500 0,548100 ~ 73.8000 1,95000 1.100° "
21 21011.0 224, 7:38000 19,2200 0,5346700 72,0000 2.47000 1.398
22 21027.,0 123, 7.24000 18,2500 0.556500 73.1000 2,38000 1.0
23 2100%9.0 211, 7,21000 18,3400 0:553300 72,8000 255000 0.97000
24 21027.0 121, 7.18000 19,3300 0,555400 68,6000 2.67000 3,25000
25 21011.0 221, 7:15000 18.7700 0.539100 - 72,4000 2.05000 1.920
2 21009.0 212, 6:95000 - 12,5100 0.552800 73.8000 2,09000 1,100

TABLE 3. Light Wet on Dry Process Cells with Efficiencies of 7% or Greater.

-



- 14 -

COILUMN : J, .
ggﬂNI SUBSTRATE  CELL #  EFF(%)  (mA/cn?) Voc (V) FF (%) RS(Q.cn?)  Cs(utm?]
i 21105.0 213, B.24000 24.1100 +212000 72,1000 1.81000 | 1,60000
2 21110,0 224, 8,96000 23,9100 0.:514700 73,7000 1.49000 1.29000
3 21103.0 213, 8.87000 23,6700 0,%19400 73,0000 1.76000. 1,03000
4 21103.0 211, 8.,83000 23,9700 0,522000 71,5000 2412000 1.28000
S 21119.0 213, 8,79000- 25,0200  0,519000 68,9000 2:11000 3,29000
é 21103,0 223, 8.78000 24,1800  0.523300 - 70,3000 2447000 1,37000
7 21114.0 213, 8,78000 23,2600  0,519700 73,6000 1,64000 0.94000
8 21103,0 212, 8.75000 24,1000 0.520700 70,7000 2,22000 1,62000
9 21119.0- 212, B.74000  © 24,7300  0.520600 69.1000 2,15000 3,07000
10 21114,0 211, 8.72000 22,8800 0,523500 73,9000 1.44600 1.30000
11 21112,0 214, 8.71000 23,2900 ~ 0.520100 72,9000 1,71000 1,29000
12 21114.90 212, 8.70000 23,1800. 0.518000 73,6000 1,41000 1,48000
13 21112.0 213, 8.645000 23,5400 0.515%00 72,3000 1.43000 1.,79000
147 21113.0 . 223, 8,63000 23,9300  0.507100 72,1000 1.52000 1.99000
15 21110.0 214, 8.,60000 23,5200 0,517700 71,7000 1.86000 1,72000
16 21103,0 123, 8,59000 23,1900 0,521600 72,1000 1.83000 -1,63000
17 21105,0 123, 8.56000 23,5800  0,514900 71,4000 1.81000 1.88000
18 21103.0 222, 8,54000 23,3400 0.523500 71,0000 2+15000 1,71000
19 21103,0 121, 8,52000 23,1100 - 0.518700 72,2000 1,66000 1.90000
20 21113.0 221, ‘8,49000 23,9400  0.501700 71,6000 1.77000 1,62000
21 21103.,0 214, 8,48000 22,6300  0,522200 72.9000 1.82000 1.16000
22 21114.,0 214, 8,47000 22,6500  0.517400 73,4000 1,49000 1,45000
23 21103.0 221, 8,45000 22,7700 0,526200 71,8000 1.86000 1,93000
24 21109.,0 121, 8.44000 23,3700  0.508800 72,1000 1.64000 1.,82000
25 21105.,0 124, 8.40000 23,5200  0.511700 71,0000 1.97000 1,90000
26 21310,0 221, 8,40000 23,1000  0,517200 71,5000 1,98000 1.48000
27 21105.0 121, 8,39000 23,9300 0,511400 69,7000 2.14000 2,45000
2 21113.0 123, 8,39000 23,1800  0,504300 7245000 1.73000 1,20000
29 211192.0 214, 8,36000 23.8200  0,523800 68,5000 2.04000 3,89000
30 21103.0 224, 8.35000 21,6200  0.532300 73,8000 1,64000 1.21000
S| 21113.0 224, 8,32000 23,8600  0,50%9300 69,8000 1.80000 3,15000
32 21103,0 124, 8,31000 21,8600  0,525900 73,4000 1,88000 0.85000
33 21113.0 214, 8430000 24,0200 0.,509300 6942000 1.8%000 3,39000
34 21110,0 222, 8426000 23,5000  0,515000 89,4000 1.20000 3,18000
35 21121.,0 214, 24000 23,0700  0.514800 70.3000 2.50000 1,33000
36 211058,0 224, 8,20000 22,6200 0.517800 71,3000 2,02000 1,78000
37 21103,0 122, 8.19000 22,4000 0.516800 72,0000 1.95000 1.45000
38 21105,0 122, 8.,15000 23,1000  0.511300 70,2000 2,04000 2.30000
39 21112,0 212, 8,12000 22,2100 0,518200 49,6000 2,41000 2,06000
40 21113,0 212, 8.12000 22,4500 0,514800 71.3000 2.17000 = 1,45000
41 21113,0 211, 8.10000 23,0700  0.520300 69,0000 1,87000 3479000
42 21113,0 124, 8.,00000 22,9600 0,5%4200 69.2000 1.98000 3.,30000
43 - 21114.,0 224, 7+97000 22,2200 0,502300 72,7000 1,34000 1.91000
44 21092.0 222, 7,92000 23,3200  0.496100 7042000 2.12000 1,73000
45 2110%9.,0 212, 7.91000 202900 0,524800 69.2000 2.17000 3.11000
44 21112,0 121, 7,87000 22,0700  0,507700 71,6000 1,94000 1,54000
47 21105.,0 221, 7477000 22,0200 0.515500 69.9000 2,33000 2,13000
48 21113.,0 122, 7477000 22,4200 0.506300 69,9000 2,17000 2,25000
49 21092.0 221, 7.74000 23,0400 0.494500 6943000 2.39000 1,75000
50 21111.0 213, 7475000 21,7100 0.509500 71,4000 2,19000 1,24000
51 21101.0 213, 7475000 21,4700 0,517100 71,2000 2,22000 1.53000
52 21092.,0 212, 7.73000 22,8500 0.508900 6841000 2,53000 2,88000
53 21121.0 213, 7473000 22,7700  0.520100 47,0000 2,44000 4,13000
54 21111.,0 211, 7.72000 21,8600  0,505800 71,1000 2,22000 1,30000
55 21114.0 222, 7472000 21,8600 - 0.500700 72,0000 1,47000 2.16000
56 21113.0 222, 7.69000 21,1500  0,511700 72,4000 2,01000 1,05000
57 21092,0 214, 7.47000 - 22,7700 0.507600 68,0000 2.44000 3,14000
S8 21101.0 212, 7,45000 20,3700  0.525200 73,1000 1,82000 1,31000
59 21101,0 124, 762000 19,5200 0,535800 74,4000 1.56000 1,13000
50 21110.0 213, 7:60000 - 23,0500 0,520700 65,2000 3,05000 4,32000

TABLE 4. All Cells from the Standard Wet on Dry Process
Ordered with Respect to Efficiency.
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SUBSTRATE __ CELL # EFF (%) _ (wA/cn?) Voc(V)  FF(%)  RS(R.cm?)  Gs@tm
1112.0 213, 7.60000 2,2600 0,514400 68,0000 2.49000 245 0.
1101,0 122, 74352000 19,4200 0,533400 74,2000 1.79000 0.,8%900
1094.0 214, 7.49000 21,9100 0,507500 69.0000 2.28000 2.7800
1121.0 121, 7.,38000 21,4800 0,520000 67,0000 3,44000 2.0900v
1105,0 214, 7433000 22,9800 0.528200 462,92000 2,468000 7.06000
1113.0 213, 733000 21.7400 0.521900 46,5000 2,97000 3,7500°
1094.0 212, 7.31000 19.8200 0,515800 73.2000 1,52000 1.560C
1114.0 221, 7.+29000 20,9900 0.,498200 71,3000 1,462000 2.280C -
1114.0 - 223, 7423000 21,3400 0,499500 6%2.5000 1,69000 3.41000
1121.0 124, 722000 21,0100 0.525200 67,2000 3,34000 2.,46000
1108.,0 - 224, 7413000 20,5300 0.525200 68.0000 2,87000 2.8100
1108,0 122, 7.01000 20,4900 0520100 67.6000 3.,16000 2.450C
1108.0 121, 6.,86000 20,1500 0,522700 67,0000 3,54000 2.27000 ,
095.0 221, 6482000 19,0900 0.,511800 . 71,7000 2,00000 1,67000
095.0 - 124, 6.,80000 22,3000 0,498900 63,4000 - 3,28000 4,940C
121,0 223, . 671000 18,4500 0.514500 72,4000 - 2,03000 1.3200
109240 ?i%. 2.22880 21.5?20 8.28;288 gg.goon 3,31000 S.lgogs
110100 £.3) e : ' 1‘7’0"’ 00 (R . . » 200 ?IS 1-6 0 V
1121.0 222, ‘2.éﬁ00 - 18,3000 0,520200 71.700 2.0%888 »680(C
1121.0 211, i 62000 19.3900 0,518700 67,4000 ©2.45000 3,500
1101,0 121, 6456000 19,2100 0,517400 68,1000 3,27000 2,070¢
1108.0 2272 &.50000 19,4700 - 0,520400 66,3000 3,466000 2,69000
1121.0 221,  6.45000 18,0400 0.517400 71.0000 2,54000 1,44000
1105.0 223, 5,31000 18,3700 0.,525500 67.9000 2.18000 3,8601
1110,0 211, 6.31000 - 22,8600 0,517300 56,7000 5.28000 7.5800 .
1108.0 124, 6,30000 21,5700 0.,519900 59,2000 4,90000 6.0600V
1165.0 222, 6410000 21,7800 0.524700 57,0000 J.54000 2.,99000
1108.0 221, . 9474000 18,2700 0.,3523600 52,8000 4,94000 3,550¢
1108.,0 123, 9+72000 20,7100 0.524100 56,4000 389000 7.+170¢
1095.,0 123, 5:+45000 18,1700 0.,324500 60,4000 4,92000 S5¢4000vw
1105.0 211, 3+41000 19,1300 0,534700 . 54.8000 4,29000 8,83000
1108.0 . 223, 9.29000 16,7000 0.,528200 43,1000 4.90000 3.650C
1110.0 212, 4,54000 14,0800 0,508100 §6.8000 - 3,90000 2.4420(
110%.0 211, 4,45000 13.7700 0,514900 66,2000 4,35000 2.450(
10935:0 224, 4.40000 14,9500 0.522400 40,4000 4,49000 5.52000
1095.,0 223, 4,38000 14,0300 0.338400 61,9000 1,98000 4,9800n
1109,0 213, 4,24000 14,7400 0515100 60,3000 4,20000 4,110t
1105.0 212, 4,20000 14,4700 0.519300 52.8000 7.28000 3.480
1110,0 . 223, 3462000 10,1400 0.:315200 © 73,2000 2,62000 0,78000
1119.0 211, 0.04000 0:0000 0.000000 25,2000 2.99000 9.9900n0
1109,0 123, 0.,02000 0,0000 0,000000 24,%000 9.,99000 9,990«
110%.0 124, 0.02000 0,0000 0,000000 25,4000 9.99000 9.990

R AIRININIRIRIRIN N RININI M

TABLE 4 Continued: All Cells from the Standard Wet on Dry
Process Ordered with Respect to Ef{ficiency.
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TABLE 5.

8.93000

3.85000
8.82000

'8,81000

8.80000
8.79000
8.77000
8,75000
8.73000
8,72000
8.69000
8.68000
8,61000
8.97000
8.33000
8.53000
8,31000
8.50000
8.45000
8.,44000
8.35000
8.35000
8.34000
8.32000
8.30000
825000
8.24000
8.24000
8.15000
8.14000
8.14000

7.83000
7.84000
7.83000
7.82000
7.81000
7.80000
7.80000
7.78000
772000
7471000
7+,68000
7,68000
7.66000
7+66000
7.,65000
7465000
7.62000
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2341400
22.8100
23,4300
24,7800
23,2300
23,9100
24.7900

22.7400

23,4700
24,3200
23.8100
24,4500
23,3000
22,8400
53,8300
22,6100
23,0900
23,8200
24,7300
23,3800
23,1000
22,5800

2.,9000
23,2700
23,1900
22,5400
22,7200
21,8500

. 23,1800

22.0200

22,1600 -

22,6200
21.3300
21,1200
21,7800

21,5700

22.4900
21,9100
22,7500
22,4100
21,6700
23,1700
23.2000
23,5400
21,3500
21.8300
22,5600
23,7400
21.6500
21,8600
22,3400
21.6400
21,8600
21,5100
21,9900
21.4400
21.5500
21,4700
21,4600
21.4800

oL '
_]ﬂ{F(%)_m__(mA/(jq%)  Voe(V)

0.523800
0,530200
0.518700
0.,520100
0.518500
0,521900
0.508800

»218300
+320200
+326800
+ 922400
1019500
+018100
+209800
+217900
+018100
+526100
+a18000
+013000
»317800
»9317300
0.529200
0.515800
0.926000
0.509100
0,517300

0
Q
0
0
0
0
0
0
0
0
0
0
0
0
0

0.525100
0.513400
0.5146900
0,519700
0,508100
0.519300
0.532800
0.508100
0.,509900
0,507200
0.316800
0.,512000
0.511300
0.,528500
0.504900

0,513600 .

0.507800
0.509000
0.511100
0,512300
0.510500
0.525400
0.506500
0,535000
0,508100
0.511900
0,521400

223600 °

RLEACO R

7950000
7442000
73.6000
49,4000
71,9000
71.4000
70,2000
74,5000
72,1000
70,0000
705000
69,2000
7242000
73.4000
71,3000
73,9000
72,3000
49,1000
67,4000
71,4000
71,0000
72,6000
70.1000
70,6000
69,5000
72,9000
7143000
74,2000
68,3000
72.3000
71,6000
45943000
2.8000
74.1000
73,0000
73,3000
6947000
72.7000
68,6000
68,0000
73,1000
68,4000
68,3000
66,0000
73.1000
71,5000
§7.2000
66,6000
71,5000
71,6000
69,8000
7243000
70,4000
71,3000
68,2000
71,9000
68,3000
71,4000
7142000
62,1000

S(Q.vm?)_

1.60000
2.,42000
2,47000
2.08000
2,21000
1,920000
2,40000
1.84000
1.,84000
1.20000
2.,20000
1,51000
2,53000
2,01000
1,90000
2,43000
1.62000
1.63000
1,70000
1.54000
2.61000
1.76000
2.27000

2.30000

2ll Standard Process SEP Cells Made During January, 1980
Through March, 1980 Ordered with Respect to Efficiency.

‘Gg@nmg

0.90000
1.15000
1.34000
2.28000
1.61000
1.22000
1.82000
1,10000
1.35000
2.15000
2.431000
2,90000
1,21000
1,22000
1.26000
0,83000
1.93000
2,58000
3.66000
1,36000
1.53000
1,08000
2,08000
7.58000
3.57000
0,46000
1.33000
0,86000
3,06000
1,14000
2.00000
2.57000
1.90000
0.94000
1.26000
1,46000
1.73000
1.14000
3.24000
2.66000
0.99000
. 48000
L 32000
+91000
. 39000
+44000
2.89000
2,96000
1.36000
1.17000
2,09000
0,67000
2,50000
1.30000
3.22000
1.27000
3.60000
1,13000
2.10000
. 2,94000

it N N L
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RS(Q.cm?)  Gs@tn?

L
SUBSTRATE _ CELL #  FFF(Z)  (mAfem®) Voo (V)  FF(%)
21130.,0 114, 759000 23,8900  0,507800 64,4000  3,12000
21103.,0 114, 7.54000 21.9800 0,501000 70,0000  2,31000
21121.,0 114, 7.51000 21,3700 0.514700 49,9000  2,12000
21121.0 111, 7+48000 21,7700, 0,516100 48,3000  2.43000
21110.0 111, 7.38000 20,5300 0,509700 72,2000  1.82000
21100.0 112, 7.34000 20,4100 0.519400 . 70,8000 2,52000
21095.0 111, 7.29000 21,8500 0,512000 56,9000  3.08000
21112.0 112, 7.28000 20,6300 0,505100 71,5000  1.84000
21087.0 114, 725000 22.3400 0.505500 66,0000 .2.90000
21087.0 112, 7415000 21,3500 0,498000 48,9000  2.39000
21121.0 112, - 7.13000 20,8200 0,508100 69,2000  2,21000
21115.0 114, 7.04000 21,6200 0,534200 43,3000  3,98000
21085.0 112, 7.00000 19.3800 0.510900 72,5000  1,81000
21128.0 113, 4.98000 19,8300 0,534000 68,1000  2,14000
211090 114, 6.93000 21,1800 0,519300 45,2000  3.02000
210870 113, 4443000 20,9100 0.496100 64,4000  2,78000
21130.0 112. £.14000 18,8500 0.525500 64,6000  3.67000
; B / .:."

TABLE 5 Continiied:

A1l Standard Proccas SEP Cells Made During Janvary, 1980
Through March, 1980 Ordered with Respect to Efficiency.

A Y

i
-

4,51

1.720008d -
2,5400008 -
3,1700

1.572000
1.41000
2.8100(
1,8200C
3.69000
2.39000
2.78000
4,51000
1,44000 -
3.,93000
4,43000
5.,07000
4,02000
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_heterOJunct1on is Timited to 0.55V. The known optica] losses do not match the
achieved currents and 1t is cons1dered un11ke1y that further 1mprovements in
CdS/Cu2S cell performance will be possible until better fundamental understanding

and. control of CupS is achieved.

Other Process Studies

In addition to the CupS formation procedures explored during the year a
number of other investigations were conducted. These: are described in the

following sections.

Growth .of CdS on the Smooth Side of the Copper Foil.

CdS was grown on the smooth éide of the copper foil rather than the usual
matte side in an attempt to reduoe.the grid spacinglwhich is effectively inoreased
: 4by the.roughness of the CdS surface. Figdre 1 shows cross-sections of CdS
grown on both the matte and smooth side of the copper substrate. The surface
of the CdS on the smooth side is much flatter than on the matte and thus the
effective grid spacing should be reducedk Twenty-seven substrates were grown
on the smooth side .to determine optimal growth COnditions and to evaluate cel

performance. Thé following results were obtained:

41. | Adherance of the CdS nas notAas good as on the matte sido and difficulties
_in cell fabrioation were encountéréd. Also, the curl of the substrate, due to
the thermal expansion mismatch between the CdS and copper, was more severe
since the natural curl of the copper foil was in the same‘direcﬁion.

2. Resistivity and photo]uminesoence characteristics of the CdS were similar

Lo those of CdS grown on the rough side.
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3. Grain sizes were somewhat smaller than on the rough side CdS and were in
the range of 2-2.5 um.:

4. Cell results were similar to cells fabricated on the rough side cdS for
both wet and dry processed cells. See Table 6. The improvement in fill factor
anticipated due to an effective reduction in grid spacing was not realized.

5. .The total ref]ectjvjty for both rough and smooth side cél]s that were wet
barriered and given an antireflection coating was identical. The average

solar weighted reflection was 6%.



= 20s

omwm

(b)

Figure 1. Optical micrographs of a cross-section of CdS grown on:
(a) the smooth side of the copper, (b) the matte side
of the copper.
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TABLE 6

SMOOTH SIDE COPPER CELLS

CELL # Voo(V) I (mA/ecm2)  FF(%) Eff(%) COMMENT
(at 25mA/cm?) (at 100mW/cm?)

21085.213 0.516 LDy 70.1. . 8.0 Wet - no AR
Highest Efficiency

21054.112 0.465 24.88 6245 105 Wet - AR
Highest current

21044.123 -0.521 20.05 FBen nd B Dry - AR
Highest Efficiency

The growth of CdS on the smooth side of the copper substrate was abandoned
since no improvement in cell performance was realized and extra difficulties

in cell fabrication were created.

Multilayer Grid

Preliminary experiments have been performed using a multilayer grid structure
toAreduce the amount of gold being utilized. Between 0.2 and 0.5 pm of gold
were deposited to give good ohmic contact to the CupS. A layer of nickel, 0.2
to 0.5 um thick, i; then deposited to act as a diffusion barrier between the
gold and the final copper layer. The copper is 2.5 um thick and is needed to
minimize the series resistance of the grid structure. Depositions were conducted
sequentially without breaking vacuum using a turret e-gun system. Cells fabricated
using this grid structure had in general poor fill factors and the I-V characteristics
suggest high CupS stiochiometry. Examination of a cross-section of a grid
line showed that copper was being deposited beyond the Au-Ni layers and was in

contact with the CupS. It is believed that the evaporation mask sagged during
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the copper deposition due to radiant heating from the coppek source. This
problem should be solved by a new grid-mask mounting system currently being

developed coupled with better control of the copper deposition.

Hpo Plasma Treatments

Preliminary experiments were performed on the use of Hp plasmas to modify
the stoichiometry of the Cu2S for cell aptimization. The goals were two fold;
(i) minimize Lhe Lime required for optimizing cells, and (i) separate the
atmosphere and temperature effects in the current heat treatment optimization
procedure. A detailed report of these experiments can be found in reference

gs

To summarize the results, both RF and DC plasmas were used. After Hp
plasma treatment, the cells showed a collapsed I-V curve indicative of highly
stoichiometric CupS. A good fill factor could be recovered by an air or 0
plasma treatment. The light generated current for the plasma treated cells

was always lower than would be expected by conventional reducing heat treatmenls.

Further work}to optimize the plasma reduction of CusS hds nol been pursued,
since no improvement of cell performance was realized and aTso additional
equipment would be required. However, plasma reduction may be importaht in
the development of commercial production technology, since it has the potential

of significantly reducing the amount of time necessary to optimize cell performance.
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4.2 (CdZn)S/CusS Solar Cell Development

As of the beginning of the contract year the best Cdj_yZnyS/CupS cell had
a conversion efficiency of 8.2% at an open circuit voltage of 572mV (zinc
concentration x = .09.) Table 7 shows specific data for that cell in comparison
to the cell performance parameters of the best CdS cell, and the design

parameters for a (CdZn)S cell operating at 600mV.

TABLE 7

Best Performance CdS and (CdZn)S Cells - September 1979

Voo (M) 3 (D) FF(%) EFf(%) Gsy (m /cm?)

(CdZn)S x = 0.09 5772 20.9 68.5 8.2 3820
(Best Device)

CdS 516 : 24.8 i 9.2 1.34
(Best Device)

(CdZn)S 600 2555 71 10.9

(Design) 1155

The two specific device parametrs which fell below design were the 1light generated
current and the fill factor. The light generated current for the best (CdZn)S/CupS
device was about 4 mA/cm? less than that observed on the best reported CdS/CupS
device(4). The fill factor was lower than design largely as a consequence of

high device shunt conductance. Additionally, these devices were found to be

unstable as exemplified by the fact that Vyc would decay in excess of 100 mV
after 15 minutes of illuminalion. The degree of instability was tound to

depend on the method of CupS formation.
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Figure 2 is an SEM micrograph revealing a feature of the (CdZn)S film
quality which differs from that observed in CdS yielding high efficiency cells.
The grain structure, revealed by forming and then a removing CupS layer, indicated
a bimodal distribution of grain sizes. This bimodal structure is deleterious as
it reduces device Voo due to enhanced junction area in the small grained regions,

and because the small grained areas result in a highly intrusive Cu2S morphology.

It was the issue of CupS morphology which directed the initial effort to
address the problems of lTow fill factor (high shunt conductances) and device
stability. To a first order the CupS morphology depends on the method of CuS
formation and the quality of the (CdZn)S film. The formation of Cu»S by vacuum
evaporation(5) on IEC (CdZn)S has yielded devices which indicate no Voc decay
after 30 minutes of illumination. However, device efficiency was only 4%, 35%
less than achieved on the same (CdZn)S substrate using CusS formed by the wet
pfocess. Specifically, the achieved light generated currents ( 13 mA/cm?) were
3-4 mA/cm? below that realized with wet process Cu2S, and the fill factors were
< 65%. Although promising from a stability standpoint, development of this
formation process seemed inappropriate for the present. The formation of CupS
by the dry process ion exchange yielded devices with conversion efficiencies in
excess of 6%4(1). The increase in Voc attending the reductioﬁ in junction area,
which is realized using the dry process, was observed, although the light generated
currents were typically 15% less than achieved with the wet process. Furthermdre,
despite the less intrusive morphology obtained with the dry process, the subsequently
fabricated devices were still found to be unstable, albeit less so than with the
wet process. Therefore, it is decided to deal with the other aspect influencing

CupS morphology, the (CdZn)S film quality.
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The CuyS morphology is affected by two aspects of (CdZn)S film quality:
the as-grown structural properties, and the post-growth surface preparation.
Specifically, the as-grown structural properties are determined by substrate
effects, (substrate temperature and morphology,) source effects (growth rate,
beam homogeneity,) and growth system ambient (impurity incorporation.) Any
post-growth surface preparation, as for example surface texturing, also

influences the morphology of the subsequently formed CupS.

With regard to post-growth surface preparation two modifications were made
to the existing process. Firstly, prior to the texturing step, a one minute
rinsing step in microcleaner at 60°C was employed to cleanse the surface.
Secondly, a 20 second immersion in a 25% HC1 solution at 60°C was used to
texture the (CdZn)S surface in place of the former one second immersion in a 55%
HC1 solution at 60°C. This latter modification was employed to reduce both
errors in texturing time, and the possibility of etch induced shunts. Optical
reflectivity measurements on both textured (CdZn)S and textured (CdZn)S with a
CupS Tlayer were employed to determine the sufficient texturing Lime using the

reduced concentration etch(l).

Substrate Effects on (CdZn)S Film Quality

Two separate avenues were pursued to explore substrate effects on.(CdZn)S 1
films quality. The first of.these was to grow a 10-29¢zm thick (CdZn)S t11m on
a 20-2§me thick CdS layer, previously grown on a zinc plated copper substrate.
This bilayer film approach was undertaken in order to promote ﬁniform (CdZn)S
grain sizes by providing similar structured, large grain CdS as the substrate

for the (CdZn)S. Figure 3 shows the SEM micrographs of the grain structure of
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layer of CdS, and



|

a) a single layer (CdZn)S film, b) a 174m thick single layer of CdS, and c)
same as (b) with a 16um thick film of (CdZn)S, all prepared on the same zinc
plated copper substrate. These data indicate that indeed a uniform grain size
can be accomplished using this approach. However, despite the uniform structure
of (CdZn)S grain sizes, devices which were fabricated on bilayers having the
desired CdS and (CdZn)S resistivity (2), were found to exhibit Vg decay (w60

mV in 30 minutes.)

Ihe second approach to affecting (CdZn)S film quality by considering substrate
effects involved the selection of a substrate having thermal expansion properties
more closely matched to CdS. Experience gained as a consequence of preparing
(CdZn)S films for material analysis indicates that they are more brittle than
CdS. This effect can lead to cracks and other defects in the (CdZn)S films.

For example, upon cooling the (CdZn)S Cu/Zn couple to room temperature after CdS
deposition, curling occurs as a consequence of the thermal expansion mismatch.
Samples from such substrates are flattened several times prior to the formation
of CupS. It is this flexing of the (CdZn)S Cﬁ/Zn couple that could lead to

defects yielding shunting paths after CupS formation.

NiFe (42% N;j, 58% Fe) was splpﬁted as a suhstrate having a snitahle thermal
expansion match to CdS. Because of its low reflectivity, however, it is necessary
to employ an inter-layer which promotes the substrate reflectivity that is necessary
for optimal device performance(ﬁ).' Figure 4 shows a comparison of the reflectivity
spectrum for a properly optimized (3) zinc-plated (~0.§¢(m), copper-plated GV4.QAzm)
NiFe substrate with the spectrum for zinc plated évo.%zan) copper (rough side).

Both samples were heat-treated for sufficient time to ensure no further spectral

change occurred as a consequence of copper/zinc interdiffusion. The solar weighte
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. average ref]ectahce‘from the NiFe' (Cu/Zn) substrate was 78% as compared to 75%

from the Cu(Zn) substrate. Results of devices prepared on these substrates will’

be presented later.

The inifia] depositions of (CdZn)S on NiFe with thin (< 1 um) Cu-Zn layers
yieldéd films with unformly sma]i (<1 um) grain sfies. Deviées'fabricqted on
this materiél had fi11 factors & 65%, and low 1igh£ generated curkents, mostly
attributable fo inadequate substrate ref]ection;, Thesé deQices exhibited conversion
efficiencies of only 4.5%, but were found tb hold at a éonstant Voc (580 mV) for
30 minutes at 459C. Utilization of the bilayer approach on NiFe substrates .
‘resulted in 1afgér (CdZd)S grains (~1-2 um), but did not result in appreciable

“device efficiency gains.
 Effects of Growth System Improvements on (CdZn)S Film Quality

In order to be able to prepare bilayeh films without breaking vacuum between
depositions the (CdZn)S growth bell jar was modifiéd. In addition to routine
maintenance and a particular attention to vacuum integrity, several system
improvements were implemented. These inc]hded the'{nsta]]ation of two ﬁeparate
_ sources for the sequential growth of CdS and (CdZn)S, and thé installation of
the capability to control the temperature of the.substrate uéing a thermocouple .

spot welded directly to it.

After the system improvements were 1mp|émented, several bilayer films on
copper substrates were prepared. The efficiency results of cells fabricated on
this material did not exceed those. prepared prior to system improvements, and

the devices still exhibited Vg decay.
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Several single layer (CdZn)S.fi1ms were prepared on both NiFe and cbpper.
‘substrates. The striking feature about these films was that they exhibited a
uniform'distribution of grain sizes (—vl-é ym). Figure 5 and 6. show the current
voltage curves qndér sunlight of the most efficient devices4prepared using wet
process formed CupS on the NiFe (Cu/Zn) and Cu/Zn substrates, réspectively, from
this set.’ Thé observéd coﬁversion efficiencies wére(8.7% (af 590 mV) on the
NiFe.substrate and 9.1% (at 633 mV) on the copper substrate at zinc compositions
of 11 and 23% respectively. Although the open circuit voltage of the deQice on
‘the copper substrate decayed 30 mV in 30 minutes under illumination, the device

on NiFe decayed less than 3 mV in the same time.
Decision Point for High Effiqiency'(Cth)S/CuZS Cells - Near Term

Figure 7 shows the options that were pursued as a means of fébricafing a‘
(CdZn)S/CusS so1ér cell with the desired Cu2S morphology. The figure illustrates
the first four 1ayers of the (CdZn)S/CuyS device, and excludes the transparent
grid and anti-reflection coating. Toward the end of planning an effort to achieve

“the most efficient (CdZn)S/CugS device using presént technology, a selection
process from the available options was undertaken. For the substrate and inter-
layer the conventional 21nc—pTated copper substrate was selected. Although very

fpromising, the process-for obtaining the proper inter-iayer oh NiFe is not under

.sufficiént control. Furthermore, because of the Tower thermal conductivity of |
NiFe, and the design of the present substrate heater assembly, there are thermal
gradients across the substrate during growth(3). As a consequence of inconclusive

results, ITO as the inter-layer was rejected for the present.

' Initia]ly, both the single and bilayer approaches for (CdZn)S film growth

‘were considered, but the recent achievement of uniform sized grains (1-2 um)
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with films deposited directly on the metallic substrdte eliminated the need for

‘the bilayer approach.

With regard to CupS formation, evapdrated CuZS and straight dry process .

CuéS were rejected, the former-because ofilimited experience, the latter because
of Tow light generated currents. The wet-on-dry brocess deve]dped under Task 1
was eliminated since it was concluded that no overall 1mproVehént in device
~efficiency was accomplished. Thus the conventional wet process formed CupS was
selected. A détermination.was made as to the seﬁsitivity of the light génerated
current to CupS wet process formation time. Three pieces for the same substrate
were barriered for 10, 15 and 20 seéonds, respectively. The subsequently
fabricated devices indicated a definite fa]]-off-in device performance for the
longest barrier time. However; only a small different in Vgc, and no significant
change in J; was noted for the two shorter times: 20.1 + O.S.mA/ém2 at 10 seconds
and 19.5 + 0.3 mA/cm2 for- 15 seconds. A barrier time of 10 seconds was chosen |

for the ensuing experiments.

As previously reported(l) the pressure in the bell jar during (CdZn)S
depositions is typﬁca]]y 1-2 x 10-4 torr, about a factor of ten greater than
during CdS deposition. ~The concentric source used for the deposition of (Cth)S
fi]ms_is‘large and requires more power to échieve the desired growth rates. To
the extent that the additional heat load coﬁ]d result in higH bell jar pressures
during film deposition, an alternative "stack" source was désigned to require
less power. Its essential featﬁres were that it was smaller (the same outef
dimenéions as the conventional CdS source,) énd places the ZnS above the CdS in
a cy]indrica]‘conffguration, thus a]]owing the potential for separate temperéture

control of the CdS and ZnS. Initial runs with this source with no separate
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temperature control indicated its parity with'the concentric source with respect
to film quality. There was, however, no appreciable reduction in bell jar

pressure during (CdZn)S depositions. This aspect will be pursued more thoroughtly

in the future.
High Efficiency (CdZn)S/CupS Devices

The.description of the material and the process steps for the fabrication
of high efficiency (CdZn)S/CupS cells is as follows. (CdZn)S films 20-30 um
thick were grown at a rate in the range of 1.0 - 1.5 m/min. on a zinc-plated,
copper substrate held at between 210-2200C. The as grown Cdi.xZnykS films had’
1 < x <.2, resistivities between 1-20 ohm.tm, and all exhibited a relatively
~unform distribution of gfain sizes between 2-3'um; lSamp1es to be made into
cells were cleaned .in microcleaner at 60°C prior to the application of the
screen-printed tab insulator layer and prior to surface texturing. Surface
texturing was actomp]ished by immersion for 20 seconds in a 25% (by volume) HC}
solution held at 600C. CQQS furmal ion was accomplished by a 10 secbnd immersion
in the conventjona1 1e¢(7) bath'which had had hydrazine added to it immediately
before sample processing. Samp]es compfiéing four individual cells were subseqﬁent]y
heat treated fof 16 hours at 1700C'in flowing hydrogen prior to the application
of the 32.5 line/cm gold grid lines and the tabs. The samples were cut into
cells, and tested~pri§r to the application by e-gun vaporization of a‘700nm
thick Tap0g anti-reflection layer. Ouring the entire processing scyuence particular
carc was taken by all personnel invo]ved to minimize the exposure of the samples

to air.

Figures 8 and 9 show the histograms for the optimized light generated current
densities (normalized to 100 mW /cm? 1ight intensity,) and optimized conversion

_efficiencieé'for 64 cells fabricated as described above from 16 different (CdZn)S
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growth runs. The zinc plating time for the entire set was 8 seconds (~ 3000 nm
equivalent thickhess). Of the set, only three were shorted and half exceeded
-8%. The current-voltage characteristic for the most efficient cell tested under

the simulator from this set is shown in Figure 10.

As has been previously reported(3) an-increase in the éinc-plated copper
sgbstraté reflectivity is realized as a cOnsquence of reducing the zinc plating
thickness. Accompanying this for the present cell design is an increase in the
light generated current. A shift was, therefore, made to thinner zinc plating.
In~addition; a procedure was instituted to accelerate cell optimization while at
the same time minimizing hand]ing prior fo inifia] cell testing by an additional
44 hour heat treatment at 1700C in flowing hydrogen prior to the application of
the anti-reflection layer. At this point fhe samples were cut intolfoﬁr individual
cells and in{t1a11y'tested. Figures 11 and 12 show the histograms for the -
optimized 1ight generated current densities (normalized to 100 mW/cm? light
inténsity,) and the optiﬁized conversion efficiencies of 84 cells fabricated as
-described above from nine different substrates prepared on copper substrates
witﬁ 4 second zinc plate (~1500 nm equivalent thickness.) Under the simulator
31 of the cells exhibited conversion efficienciés in excess of 9%,'19 over 9.5%,
| and 4 over 10%. ‘Table 8 shows the performance of cells testéd under collimated
sunltight, including two with conversion efficiencies over 10%. Figure 13 shows
the current voltage characteristic of the best'cell tested'underl“ 
"sunlight conditions. |
"Table 9 is a.listing by efficiency of 64 cells made on 8 sécona
"zinc plate. Table 10 is a listing by efficiency of the 84 cells

made on 4 second zinc plate.
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Intensﬁty g

,(mw/cmz)

81.2
82.0
81.1
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~ 82.0

SUNLIGHT TESTING - 8/16/80

(mg?gmz)
18.5
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TABLE. 8

FF
(%)

74.8
69.7
76.9

75.6

70.7

| Eff.
- (%)

10.2

10.1
'9.70

1 9.66
9.64

Ji (100mW
(mA/cm
22.8
25.9
21.4
21.2
23.1

;

cm?)
)
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J 2 -2
COUNT ~ CELL # CEFF(%) (mAVen®). Voo (V) FE(%)  Rs(acm) Gsfrem )
G000} 10372.114 9.39 21.89 5751 79.7 1.46 W73
cenoz 10376.111 9.38 21,13 1 TAY 7649 1 .64 .5
00003 10374, 112 9.22 C 21,79 5788 74,3 2.05 I.QO
conng 10372,113 9.21 21,89 9748 74.95 1.62 1.50
00005 10376, 112 ?.12 21,34 + 9847 74,2 2.16 .98
C000¢ 10376,114 9.08 21,30 5797 74.1 2.01 1.19
00007 10385,114 ?.02 20,55 + 5879 76,0 1,40 5'91
¢Ne0N8g 10372, 111 8.99 23,10 9610 707 2,30 2.44
00009 10382.1314 8.9¢% 20.23 3986 75.7 1.88 .9Z
00010 10364,112 8.93 21.85 732 72.4 ?.7g .82
00011 103464.114 8,86 21.31 769 2.7 235 1.43
C0012  103464.113 8,77 21,53 « 5687 72, 2.44 J..Ofl,
00013 10385.113 8.72 19.94 9947 76.6 1.29 1,12
¢0014 10353.114 8.70 19.13 6429 72,5 2.39 2.2
00015 10370.,113 8.66 19.67 4128 73.4 2,39 1.?8
00016 10361.,114 8.43 20,83 19922 2.1 2.77 1.5
00017 16385.111 . 8.61 19.60 v 2959 75,2 2.17 77
00018 10365.114 8,36 21.81 +5778 59.4 3.44 1.77
00019 10351.113 8.53 20,69 +5884 71,7 2.90 1.48
0020 10285.112 8.93 19.21 5975 75.8 2,01 W71
0002 10373.114 8.47 20,31 926 72.1 2.19 230
00022 10361.112 8.34 19.95 5933 - 2.2 2.92 1,34
- 00023 10353.112 8,39 18,57 8304 7341 2.50 1.81
00024 10371.114 8.35 20.18 5032 70.4 2.94 2.40
00025 10378.114 8.29 18.95 9922 795 1.66 1,16
00024 10373.1213 8.26 19.94 9901 71,9 2.79 1.64
06027 10353.113 8.23 17.82 6310 7541 1.469 1.65
€c028 10371, 113 21 20,0 602 49,8 3.27 2,24
00029 10372.112 8.2 19,61 15696 75,0 1.73 1.07
€030 10370,112 8.19 18,57 6019 . 75,0 1.81 1’26
0031 10345.113 8.16 20,77 +SR1RB 69.1 3.87 1.50
R 10353114 8.11 17,92 .b6258 73,1 2.57 1.80
00033 10262,112 8.10 . 17.82 6078 726,64 1.53 1.01
eN034 10382,113 8,09 18.03 - . 6031 7641 1.72 97
00035 10378.111 8,05 18,19 5986 . Seb 1,90 97
(HIRY! 10284,111 7.79 18.49 + 5738 Gl 1.78 1.03
00037 10370.111 7.76 8.1 5940 73.7 227 1.46
00N38 10378,113 7:.73 19.04 v 3739 725 2:.954 1.44
00039 10365,112 770 19.50 SE58 6942 3.91 1.68
cOo040 10373.111 7+67 17.51 6026 74.6 2.03 1,35
00041 10365,111 7.66 20,02 + 5841 6745 4.01 2.90
000N42 10373.112 7453 17,21 +6037 74.3 2.135 1,30
00043 10383.111 749 17.90 9744 74.7 2.08 WTa
00044 10281.112 7446 17,62 5965 2.9 295 1,2
00045 10363,112 7.42 18,70 +5833 . 70,2 2.47 2,82
C0044 10381,114 7.33 17,29 v 5922 7348 2:.97 1.22
00047 10371.,112 7.29 17.76 4019 70.4 3.49 1.96
00048 103461,111 7+19 17.27 5913 72, 2.59 1,66
00049 1037R.117 7.37. 17.14 12918 72,8 235 1.76
0enS0 10354.114 7.09° 17,19 v 9755 7344 2.54 1.06
00051 1037G.114 6.99 19,23 5964 6347 4,11 4,91
00052 10359.111 6.8 18.9% + 5991 " 47,0 3,92 3.19
00053 10371.111 5.75 17.58 4125 85,5 3.95 4.07
W INE 10263,113 6434 16,45 5765 £9.5 2,98 2,93
00055 10283.114 622 14,15 va?86 76.0 1,73 99
0NaS4 10359,112 6.05 15,66 v 3749 69.9 3.03 2,39
00057 16283,112 | 65,05 13.75 + 995 76,6 1,66 .81
00058 10283.111 9396 13.27 6129 76.0 24062 64
00009 10383,113 SeS7 12,53 146081 2641 2,04 85
000L0:  1015%.113 554 14,29 + 5674 71.3 2.8¢ 1.30
00041 10259.114 4,22 10.75 5748 7241 2.87 1,46
0ONA2 10381.,111 0.01 0.00 0000 2947 9.97 9.99
Q0043 10281,113 0.00 0.00 0000 0.0 ?.99 2,99
0GNse4 10262,111 0.00 0.00 0000 0.0 2.9 9.99
Table 9. Cell characteristics for (CdZn)S/Cu,S on 8 second zinc

plate.
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J 2 -2
COUNT  CELL # EFF (%) (mA5cmfl_ Voc (V) FF(%) Rs(@cm”) Gsferem )
00002  10395.211 10,08 22,13 5141 7502 1,75 1,32
00003  10403.312 10,03 23.51 V5732 753 1.58 90
00004  10408.213 9.98 22,50 V5757 7645 1.32 .83
00005  10399.211 9.93 22,24 16010 753 1.78 1,10
006046  10395.214 9,93 21.95 6042 75.7 1,49 1,43
00007  10389.214 9.85 23,03 V5950 73,0 2,19 1.49
00008  10390.211 9,81 23,29 5867 72.9 2.15 1,69
00009  10289.121 9.80 21,49 16072 76,3 1,61 - 95
00010  10403.,12 - 9.80 22,70 + 5841 74.9 1,71 1.18
00011  10408.221 9.77 272,62 +5758 76,0 1,33 1,06
eno12  10289.213 9.76 21475 048 5.1 2.15 .83
00013  10395.123 9.71 21.47 6187 74,4 2,06 1,50
c0014  10389.123 9,49 21,50 6053 75. 1,63 - 1,21
00015  103€9.124 9.66 +  21.54 6072 75, 2,13 W92
CO0lé  10408.111 9,62 22,77 5734 74.8 1.54 1,41
00017 10395.1214 9.59 21,35 V6157 74.3 1.93 1.66
c0018  10389,224 9.58 21,15 16044 74.1 1,49 1.17
00019  10389.223 9.56 21,42 16026 75,3 1,84 1,12
c0020  10408.113 9.5 23,37 5754 71,9 2,20 2.09
00021  10400,211 9,54 22,03 5777 76.0 1,39 1.02
00022  10408,212 9.53 21,98 +5793 77.4 .91 1,03
00023  10395,122 ¢, 44 21.81 6110 2.4 2,38 2,04
¢0024  10389.212 9,43 21,79 +5937 73.5 2,18 1,51
U2S  10395,213 9.4] 22,47 6048 70,6 2,17 3.30
60026  10390.214 9.39 23,74 V5899 68,7  1.70 5.03
Q0027 18405.224 9,39 22,75 15693 7346 1,99 1,29
co028  1036%,221 9,37 21,33 014 74.3 2,16 (.17
00029  10403.124 9,34 22,19 . 5854 73,1 2.18 1.56
0C030  10403,123 9,32 21,68 ,5683 74.3 2,07 1.11
00031 10404,213 9,32 20,43 6206 74.3 1,79 1,91
00032  10320,212 §.25 21,10 45913 75.4 1,45 1,19
06033  10408.223 9,23 21,75 5774 74.7 1,62 1,40
ce034  10395.124 9.04 20,73 V6122 72,9 1,61 2.72
00035  10339.122 8.97 19,24 V6105 77.7 1.27 77
00026  10404.122 8.92 19.54 6220 74.9 2,18 1,22
00037  10404,211 8,75 19,22 46209 75,0 1,65 1,70
00038  10408,122 8.74 22,50 +5541 71.4 2.42 1,69
00039  10405.114 8,33 18. 11 . 6230 75,5 1.96 1,19
00040  10290,124 8,29 19,25 V5690 74.7 2,09 1.05
00041  10404,113 8.29 17,63 6149 75.9 2,03 1,10
©0042  10495.113 8.11 17.73 . 4228 79,3 2,09 1,17
00043  10390,123 7.88 20,40 5982 46,9 2,61 4,69
(oA VY] 10405. 112 7.71 17.14 JA206 74.5 1.93 1.561
00045  10403,122 7406 16465 5985 73.1 2,09 1,91
00047  10408,121 5,36 16,07 V5641 72,4 2.26 1,80
00048  10390.121 6.08 14,82 6051 43,0 5.10 4,43 -
00045  1040%5,111 5440 12,01 4214 75,4 1.89 1.14
00050  10404,214 4.99 12,42 16353 £7.7 2,25 3.28
00051  10350.224 4,58 15.15 V5507 59,0 728 4,47
00052 10404.114 3,58 10,18 V452 74.8 1,99 1.2
00053  10320,222 1.83 0,00 0000 45,8 9495 9,99
00054  10390,222 1,45 0,00 0000 8.9 9.99 9,99
00055  10295,223 1,21 0,00 . 0000 42,3 9,99 9,99
006 10.490,221 1,02 0,00 0000 35.2 9,59 9,99
00057  10290,122 0.22 0.00 . 0000 25,2 9,99 9,99
¢eo52  10406.111 0,04 0,00 0000 24,8 2.99 2,99
00059  30395,22 0.02 0,00 , 0000 25,4 9,99 9,99
QGOAD 1040357 0.07 0.00 0000 2641 2,99 2.99
© 00041 10389.222 0,01 0,00 0000 25.4 9,99 9,99
00042 10408,214 0,01 0,00 0000 25.1 2,99 9,99
00043  10390,213 0,00 0,00 +0090 0.0 9.99 9,9%
C0064 ~ 10395.212 0.00 0,00 0900 0.0 9,99 9.99
00085  10395.22 0.00 0,00 0000 0.0 9,99 9,99
000LE  10295.202 0,00 - 0,00 0000 0.0 9,99 9.99
00047  10404.112 0,00 0.00 L0000 0.0 9,99 9.99
CONER  10404,121 0.00 0,00 6000 0.0 9.99 9,99
00049  10404,123 0,00 0.00 L0000 0.0 9.99 9,99
€0070  10404.124 0,00 0.00 + 0000 0.0 9.9 9,99
00071  10404.212 0,00 0,00 0000 0.0 9.99 9.99
00672  10406,112 0.00 0,00 + 0000 0.0 9.99 9,99
00073 10406.113 0,00 0,00 0000 0.0 9.97 9.99
CO074  10406.114 0.00 0,00 0000 0.0 9.99 9.99

Tgble 10. Cell characteristics for (CdZn)S/Cdzs on 4 second zinc plate
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COUNT  CELL #  EFF(%) (mAVem?) Voo (V) FF (%) Rs(acm”) Gsfrcm
00075 10406, 121 0,00 0,00 .0000 0.0 9.99 9.9
00076  10406,122 - 0.00 0,00 +0000 0.0 9,99 9.99
0077 10406,123 0.00 0,00 L0000 0.0 ¢.59 9,69
GO078  10406,124 0,00 0,00 +0000 0.0 9,99 9,99
00079  10407.111 0.00 0,00 L0009 0.0 9,59 9,99
0080 10407,112 0,00 0,00 0060 0.0 .99 9,99
00981 10467,113 .00 0,00 L0600 6.0 .99 9.9
CONR2  10407.114 0,00 0,00 L0000 0.0 9,99 9,59
00083  10408.123 0,00 0,00 . 0000 0.0 9,99 9,99
CCO8Y  10408.122 0,00 0.00 0000 0.0 9,99 9.99

Table 10 Continued
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4.3 Electro-Optic Analysis and Modeling

'Severaf experiments on the cells have fhvo]ved photocapacitance and dark
capacitance measurements, taking advantage of improvements inlthe accuracy,
repeatability and ease of use resulting from modification'and expansion of the
capacitance me&surjng facility. Thus, data have been obtained on diffusion‘bf
compenéating ions into the CdS by heat tfeatment; différeﬁcés-in'wet—process and
dry-process cells (as well as Au/CdS Schottky barriers) 1ntérpreted in terms of
junct{on geomefry and possib]e dffferen@eé 1nl1mpUP1ty levels in the CdS, and
effects of heat treatment on interface recombinatibn; Dynamics of the hole
trapping’have been investigated by means of transient photocapacitance, combined
with‘ifs temperature dependence, and the results show that the trapping is much
. weaker than anticipaied, and probably occurs mostiy'in the high-field region
near tﬁe junctﬁon. Planned capacitance experiments should further c]qrify the

details of the operation of the CdS/CupS junction.

1. Capacitance measurement

In ordef to augment the qircuits for measuring capacitance and conductance
'df solar cel]s(l), aﬁlHP.4274A Muiti-freduency LCR Meter:and-an HP-85 Desktop
_~Computér have been purchased and jnsta]]ed. Besides enhancing the precision and
_ accurécy of C-and G meaSUrements:becauselof smaller, better defined phése-angle
error,. this combination allows measurement of frequency depeﬁdence,betwéen 100Hz

and 100kHz and automation of measurements and data handling.

Comparison of the results from the LCR meter for CdS/CupS cells at .

f = 10kHz with those from the custom-made circuits and lock-in amplifier used
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previously show agreement for C within about + 4% both in light and'dafk.
Agreement in G is considerably poorer, especially in the light. .Work is going

.on aimed at automating the measurements.

WetAand dry process CdS/CupS cells

In order fo clarify the effect on the Junction of these cells of the two
different methods of producing CUZS, dark capacitanée measurements haQe been.
made on a series of cells made bytthe dry process énd differ{nglin he&t treatmént.
Before heat treatment, Cdark/A = 112 nF/cm?, and after 32 hr -in Hp at 1700¢,
Cdark/A = 2.5 nf/cm?. Un11ke the dry -process cell descr1bed earlier, whose
capacitance showed a strong dependence on DC bias V over a range of reverse’
bias, the presgnt heat-treated cells had a practically constant capacitance in
the dark out to at least -2 V.. Further experiments are planned for the purbdée

of determining whether this behavior is typical.

Photocapacitance analysis

From measurements of photocapacitance decay in CdS/CupS cell 21065.111;
transient behavior of trapped holes in CdS has been analyzed, taking into account
‘the exp(-% x) dependence of hole generation on optical absorption in the CdS at
disfance X from‘the junction. See Appendix (B). Figure 14 shows variation of
_ conductance G with tehperature in the same cell. The variation of C and G differs
from what ‘is observeq in b;n junctions where optical effects are not a factor(8).
This is related to the femﬁeratufe variation of the absorption cdefficieﬁt(x and

the hole emission rate.



- 50 -

! i o | !
100 — — 1.00
G/A
80 | —0.80
< <
£ £
O O
~ ~
L. n
E E
o O
60 - — 0.60
C/A
»40' — | -1 0.40
1 I B L !
90 130 170 210 250 290
CT(K) -
Figufe 14. Capacitance C and cpnductaﬁce G per unit area for cell

#21065.111 under intense blue light, as a function of
temperature. ' -
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A further‘application of the model explains thé observation that, on recent,
'good "quality CdS/CupS cells, attempts have not been successful to obtain SI/ﬁZ
Aénd nQ from plots of g‘l (récipfoca] e]ectrié field) XEKEEE‘”EI (reéiproca]
‘collection efficiéncy) accofding to the method uséd‘earlier(g). This is observed
both in cé1ls?which havé undergone extensive heat treatments‘fﬁioptimize efficiéncy,
and in cé]]sAtested bétween’heat treatments to determine their(effecf4on Si/vp.
Figure 15 shows. a plot of ¢c-1 (assumed proportional to g-1 F.seé below) versus

nc-l for one of the latter type of cell.

Iwaas found.thét, although C varied by a factor as large as 2 or 4 while
~illumination intensity varied from .01 AM1 to 1.5 AM1, N, was almost constant.

The standard treatment gives, for electric field at the junction,

) _ 2(Vvp - V) ,C
£(0) = - ET (K)’

where Vp is diffusion voltage and V is applied DC voltage. Thus the observed
‘variation of C should be accompanied by a proportional variatioh of &, and this

must cause nc to vary.

Howéver;f;s is shown in Appendix B, theoretical treatment of photbcapacitance
when a in CdS -is 1§rge isvconsistent with the observation of r. remaining constant
while ¢ varies. Tﬁis treatment gives for dependence on C of the electric fie]d‘
at the junction |

£(0) = - (o - V) o+ (24558 EE,

where C‘x.is dark capatitance. Even at fairly small ¢, (Cm/C)21~1/lO or smaller

for well heat-treated ce11s, so that the preceding equation reduces to
£(0)=- a (Vp - V).

Thus electric field at the junction is not affected by ¢, even though C is.
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The conclusion is that, in recent CdS/CupS cells, it probably-is impractical

to obtainfSI/pg from £-1 versus ngl plots. Further measurement of the dependence

of nc on ¢, particularly at different wavelengths, are needed to determineiwhether‘

tﬁis is the result of a very small Sy, a very large up (approaching Vin/E, where

Vth is thermal velocity), or some other reaéon.

' Two-beam photocapacitance.measurements have been initiated, in which short-

wavelength excitation (beam 1, in a band between about 365 and 585 nm) strikes

. the cell continuously while a long-wavelength beam (beam 2, with cut-off wavelength

Acut) is turned on and off. Changes with time of the quenching effect described

previously (10), in combination with the effects described in Appendix B, will

clarify the action of ‘hole traps in CdS.

Figure 16 shows that the response of cell 21065.111 to chopped,redllight,

..with~kcut = 650 nm, was rather complex. Four excursions of C in alternating
_directions were observed tollowing both turning on and turning of f beam 2. This

indicates interaction of several 1eve1s with each other and with the conduction

band of CdS. Work is progressihé on the analysis of the mechanisms involved.

Transient measurements in the immediate future will mainly use a beam 2 with a

-larger Ayt of 810 nm.  As Figure 16 shows, this results in much simpler behavior,

and should give more readily accessible information on the electro-optical behavior

of the cell.
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4.4 Encapsu]ation for -Improved Stabi]ity

The encapsulation task was directed'towards the development of e—beam
eraporated glass 1ayers During the initial phase a certaih'number of regutar
1 cm x 1 cm CupS/CdS cells were encapsu]ated by IEC 9658 glass of ;dfm thickness.

The ag1ng tests conducted on these ce]]s showed that the encapsu]at1ng 1ayer did
| not work proper]y. The m1croscop1e (SEM) analysis of.the encapsulated cells
showed the presence of large numbers of creck and growth defectsAin theAglass

layers(1).

A series of trial depositions uere made on the matte ahd smooth side~ofA=u
e]ectrd—cleaned cobuer foil (subStrate used in CdS evaporation)‘to determine the
eptimum g1ass deposition parameters. SEM examinetion shqwed.that thelbest‘films,
in terms of the strUcture; are obtaineu wheu the depositjoh rate and substrate

temperature are respectively.s R/sec and 1500¢(2),

Stability tests were then cunducted en an array of microdevices prepared
w1th partial support from ILZRO.* * This array cons1sted of 256 dev1ces of -
1 mm x 0.25 mm on a square substrate of 25 x 25 mm. For the preparation of,thﬁs
array a CdS film was deposited on an Fe-Ni/Cu/ITO substrate, Because of the'
similar thermal-expension eoefficieht betweeh fe-Ni and CdS, bending of the
array during heating/coolihg cycles‘were greatly reduced. Furthermore, to reduce
preferent1a1 growth defects on the g]ass layer, the devices had highly po11shed
surfaces. The characteristics of 24 glass covered and 24 bare devices were -
~monitored dur1ng heat treatments, in a1r,’et 60°C and 80°C. The average‘relative
decrease 1n‘Jsc'was found tu be the-same'for encapsulated and bare devices.

Subsequent‘SEM‘investigation(3) showed that loss of hermeticity was due to the

* The support from the Internat1ona1 Lead Zinc Research Organ1zatlon is gratefu]]y
acknow]edged :
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5cracks'aTong‘the edges of the glass layer. The probable cause of these cracks
is the fact that the edges of the edge of ihe mask used during g]asé deposition
is in contact with the surface of the array. As a result, when the mask is
removed, the glass Jayer_is'crackéd at the edges. Besides'these~edgé,cracks,
‘the'glass layers were found to be defect free over the entirelsurface of the
devices. Future work will be concentrated on depositing the glass layers using

“masks which are not in contact with the array surface.
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‘Appendix A

Comment on “Space-charge Limited Currents in CuyS/CdS Solar Cells"
J. [lectronic Materials Vol. 9, 467, 1980. - '

‘A recent paper by Partain gz‘gl(l) interprets the e]ecfrical bropertiés
of CdS/CUZS»solar cells fn terms of space-chargé—]jmited ;ﬁrrents (SCLC) with
trappiﬁg'by specificAe1e¢tron traps. Their con;]usidhs are totally at ' 4.
variance with the ce11.mode1 that'forhs the basis for reseafch and develobment
~at IEC. The preseht note pointsAoQt a number of errofs and fhconsistencies“in
- the work of Partain EE_El(l), revealing that SCLC effects are not properly  f

invoked.

As is‘we]] kﬁown(Z);'the Tinear variation of log J with V characteristic :
“of -a simplie diode is notfalways4§een in CdS/CuZS solar cells. ‘instead, esbécié]]y
~in cells of low efficiency; there is a discontinuity of 'slope, typically around
0.3V in ‘the light, and this has beén‘interbreted at 1ec(3) by means of an

. equivalent circuit containing two'diodes with different diode factors. :The |
interpretatién of Partain é}_gl(l)Arests.on‘identifying this discontinuity in
é]ope of log J yérsus log V with é superficially sihilaf feature obsérved in
many,splids where cbnduction is by'SCLC. Taking the reéervoir‘of conduction
électrons aS’gfven by an unspetified process, they‘modél'the‘behavfor of the

cell.by equations appropriate to a different type of system. .

No méntion is made by Partainlg&lgl(l) of the well-known instability of
the dark JFV curve: Sincé.they do. not speéify the time elapsed between‘theif

readings, one can only interpret their values of J in the dark as having fallen
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by an uncertain amount as a result of this instability. A reduction of this
type, faster at high V, has been found at IEC in CdS/CupS held at constant

forward bias in the dark. Failure to recognize this instability vitiates the

- results. of Partain et gl(l), as their Vg can move in an uncontrolled manner.

Other inconsistencies are seen in their derived behavior of. the trapped

hole density, Pto- They assume that a change in slope of their plots occurs

“at Vyp|, the trap-filled-limit voltage of ‘SCLC theary, and derive piq as a

function of heat-treatment time, finding that it decreases rapidly for the -
first 150 minutes-of Hy heat treatment. This is inconsistent with the known

increase with heat treatment in density of the impurities which trap holes(4)

in CdS.

In the same way, Partain gg-gl(l) derive a slight decrease in pgg upon
illumination at AM1. This is in contrast to the known effect of hole trapping
caused by white-light excitation. The equations they use, Dbased on a multi-.

trap SCLC mode], could equally well fit any diode curve. They switch to a

As1ng1e -trap SCLC mode] to fit plots of log J vs. log V in the dark at three

d1fferent temperatures. In spite of their use of}four adjustable parameters

for- each p1ot, the fit is only moderately good and certainly'hannot he interbreted

as confirming their model.

Contrary to the c1a1m of Parta1n et al( ), there is no. siqnificani agreement

with the results of Grill et a](5) who used DLTS to obtain energies and densities

.of eight or nine ‘electron traps in CdS. Since any nine different numbers within

" a range have an average fractional spacing 1/8 of the range, Partain et al's

claim that their energies agree with those of Grill et al within 15% seems

.puzz]{ng at best. Table 1 allows one to judge this and their claim to agreement

in the results for Ni.
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In summary}Athe observed behavior of thé CdS/CuéS system ﬁs notAaxplained‘
by SCLC. Identification of_yTFL'thh the voltage at which the slope of. log J
- Iog V plots change is not in accdrd with‘observatton nbrvwith the inter-
pretation of SCLC thedry E]ectr1ca1 properties of CdS/Cqu solar cells such
as the dark= light crossover and evo]ut1on with heat treatment can be understood
much mlore eas11y 1n terms of the mode] deve]oped at IEC and its physical |

1nterpretat1on is much more. rea11st1c than SCLC: as app11ed by Parta1n et al(l)
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TABLE 1
Results of Grill et al o .. Results of Partain et al
Tra Ec - ET N Ec - ET . Ng
No.P. ?eV). (em=3) - : ev) .  (em=3)
0o - .210 " 1013 | A7 5.0 x 1014
1 270 1012 |
2 - .330 1012 - 3 - 1.1 x 1015
3 360 6 x 1013 |
4 420 1013 .44 6.0 x 1014
5 . not well |
resolved -
6 _.625 1014 _ 1015
7 not well
resolved _—
8 735 1017 - 1015
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Appendix B-

Photocapacitance Study of Hole Traps in CdS/CupS Solar Cells
W, J. Manthey |

INTRODUCT ION

Current collection efficiency in'heat-treated CdS/CupS.solar cells is
substantially higher under AM) illumination than at lower intehsities(l).

This effect is attributed to an ‘increase in electric field at the CugS-CdS

.junction, caused by'ho]e trapping in the CdS. Electrostatic théory g{veé the

dependénce of the Capatitqnce of this junction on electric field and hence

on trapped hole density.

. The experiment described in this report used variation of capacitance:
following abrupt changes,infillumination, as a probe of the dynamics of hole

tfappihg. The hole traps are, as usual, assumed to be Cu impurity ipns diffused

“across the junction from the CupS into the cds(2), Théy act as écceptors and,

in the dark, compensate the native donors, resulting in a much smaller capacitance
1h'the3dakk because of the.widenihg of the depletion region accompanying the

decfease in net fixed.pdsitive charge density in CdS near the junction. When"

the cell is 111uminated,»this charge compensation is partially cancelled,

because the short-wavelength component of the light generates electron-hole

pairs in the CdS and the holes are trapped.

Here we investigate hain]y the behavior of the hole traps following an f

abrupt cut-off of blue ‘light. This allowed measufemént.of emission rates of
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the trapped holes and their temperature variation. - Possible mechanisms for

the hole emission and their significance to the junction field are.diécussed._

~

EXPERIMENTAL PROCEDURE

Measurements performed on a typiba] IEC CdS/CupS cell, 21065.111, (AM] values:

Jsc = 15.45 mA/cm2, Voc = .512'V, FF = 61%) which had been heat treated in Hp

at 170°C for 16 hr, at 150°C.for 197 hr, and at 1300C for 16 hr. Capacitance, 
conductance, and sometimes current were measured -with fhé set4up'described
earlier(3) in the dark?'at AMi, and under_b]ue.]ight,‘over a range of temperatures

from 77.5 to 297K. Blue eicitation consisted of intense light from a tungsten-

_ halogen 1amp passed through g1éss go]or filters so as to producé'a band between

about 365 and 585 nm.. This excitation was chosen_fof optimum photocapacitance

response - that is, large increase over dark capacitance.

Temperature was maintained in a cryostat using an inert exchange gas in

thermal contact with liquid nitrogen and a heater contolled within 1 or. 2K

‘using a Pt‘resistance thermometer. - In measuring temperature variation of

capacitance density C/A, conductance density G/A, and short-circuit current

“density Jg¢ = Isc/A (where A = .96 cm? is.cell area), the cell was cooled to

1iquid'nitrogen temperature in the dark, hé]d_there for at least 30 minufes,

then brought back to room ‘temperaturé. This procedure was repeated under AM1 .-

i}lumfnation, obta{ned'by adjusting the lamp until measured Jgc at room temperature

matched the reSU]t obtained in the solar simulator.

To cover the evénfua]ity that C passed through an extremum, temperature

was varied up and down in a progressively narrower range until a steady-state
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extreme value was reached. This brought the accuracy of the temperature to
about + 3K. Variation of C/A and G/A with temperature was also observed under
blue Tight. Here intensity was set as high as possible, so as to give Jgc

about 1.5 times the AM1‘va1ue.'l'

In order to observe'C/A4decay;,an electrically operatedAshutter (oﬁening
time 3.0 msec, closing time 4.2 msecC) was inserteq:into the optical path; '
Outputs of the lock-in amplffier proportional to C and G were fed into a strip-
chart recorder moving ét 15 cm/min. Rise time following tUrnjng on the light.ﬁ
was too short.to be read accurately, so that only decay time fb]]owing turning
of f the light has been ané]yzed. Each run took about 25 miﬁutes. Two runs
were made at each of the-fol]owing temperatures: 77.5, 85.0, 97.1, 117.0,
190.0 and 293.0K. Only the C.decay at DC bias V = 0.6V has been thoroughly '
éﬁaiyzed here, although G decay was éTso recorded ét this bias, as we]]Aas C

decay at zero bias.

RESULTS

Capacitance in the dark at zero bias is smél] and é]most independent -of
temperature, dropping from 3.3 nF/_cm2 at 297K to 3.0 nF/cm? at 78K. Conductance
in the dark iS'a]sd small, about 0.2 mS/cmZ at 297K, and its change with temperature

was not accurately determined.

UnderAillumination, the values and their thermal vériation ére much larger.
Cam1/A = 47.8 nF/cm? at 297K. Figufe 1 shows'schematica11y'the temperature
<dependehce of Cpm1 and Igc over the accessible range. The maximum in capécitance
:at 85K and the mjnimum at 223K are éccurate within 2 or 3K, bﬁt the location
of Lhe nther features may‘OWe something to thefma] 1&9. Currént, after rising'4

slightly upon cooling below room temperature, then falls steadily to a value
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| 62.8nF at 85K
e

- 45.4nF at 297K

~46nFat§269KF—\\-.

“arbitrary units

| \.~8.74mA '\p__}_gnf?

.at223K-

- - “ ; A ‘ ' 1' '  o L 22&9‘77P< . é
78K temperature | |
cell 1065.111

variation of Cuy, and ls¢
with temperature (schematic)

S Tigure 1. ~ Cell 21065,.111.  Schematic temperaturc variation of nhOTO(I]lLIT]H

- and short-circuit gur1(nt under AML excitation.
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at liquid nitrogehftemperatdre a little above one-half its origial value.'
Variation of G/A is quite différent'from that of C/A; and rises from about .85

mS/cm¢ at room temperatdré to 1f07 mS/cm- at 260K,‘fa]Ting to ;41 mS/cm2 at

130K, and then rising sharply to about 1.3 mS/cml at liquid-nitrogen femperature.

Figure 2 shows:the‘same data for Cam1/A, along with capacitance behavior

“under blue Tight. The observation that the extrema at 85 and 223K under AM1

are matched pretty c]Osely under.blue light, indicates that the capacitance

~variation is nof'strong1y waveksngth dependent.

Variation of C with V in the dark at room temperature is;'as expecfed;

very slow. It is not quite as slow as liquid nitrogen temperature, and the

following effective donor densities can be estimated from slopes of ('A/C)2 VS,

valotsf. , ‘
Np* = 2 x 1016 cm=3 at 297k
Np* = 3 x 1015 cm-3 at 78K *°

However, it is possible that a steédyvstate was not achieved at the lower

temperature, and this would result. in an unrealistically high value of ND*.

Figure 3 shows time decay of the capacitance at 6 temperatures. -Although

decay rate increases as temperature goes from 77.5K to 190.0K, -it is notable

that the increase i$ not nearly as rdpid as would be exbected for a prdcess
invo]Ving an energy level far above the valence band (a "deep level"). Decay

of G/A appearéd QUalitétive1y similar, and no analysis of this has been attempted.

ANALYSIS

Hole traps'in this system consist of impurities diffused into the CdS,

_ from the CupS during heat treatment(2). Over a certain range of X, the distance
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from the junction into the CdS, hole trap concentration Ny may vary .as erfc (X)
or some other rapid]y‘varying function. However, wc can . assume that, after
heat treatment as extensive as used here, Ny is uniform over the range of

interest of X. It is-further assumed that the hole traps are acceptors -

 that is, they are hegative]y charged wheh the system is in equilibrium (in the

- dark) and uncharged when they contain trapped holes.

The observed weak temperature dependence of the capacitance decay rate

strongly suggésts that a mechanism is active other than fherma] emission from

" the impurity level to the valence ‘band -of the CdS. The fo]]bwinq treatment of

Variations of Py, trapped hole density, is based only on a temperature dependent

decay coefficient ep, withoutAany assumptions concerning the nature of the

- decay mechanism. Specifically, tunﬁe1ing With or without high field effects

is not ruled out, except where we assume a particular temperature dependence

of ep, in equation (17) and the calculation of AET and 07,. -

Under illumination, holes in CdS are generéted and trapped at rate G and
recombine al rate epPT,- Thus the net increases per second at any X,1$(4) .
dpty

T epFT _ (1)

If Pt reaches a steady-state value of PTO, and the illumination is then turned

off so that G =.0, the concentration remainﬁng after time t is.

~

PT (X) = Pro (X) exp (-ept) - . (2)

. where the X depéndence is ekp1icitly indicated.
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In most earjief %tudiés of capacitance transients,(5-10) it was assumed
that either C.or c2 variéd linearly with PT?'SQ thaf; with C,; Co at 1ong”zl
| times, the qu&ntity C - CoOr €2 - Cof appfoached zero exponentially. That
~ this time'dependence is not experienced'in;the'present'éxpefiment is shown in
Figure 4, since the data do not produce stfaight-]iﬁe p]ots;"Thé theoretical
analjsiﬁ which follows shows'that:strong optftal‘abéorptfon in CdS caﬁses
‘fraﬁped holes to be cdncentrated mainly very near ?he CuS-CdS junction,Aand

that this leads to a different relation of C to PT.'

Rep]aée G in equation (1) with adff, where a is the absofbtion coefficient.
for photons arrivinglét rate @eff, which are "effective" in:génerating holes -
to be trapped; At X = 0 and dtkéteady state where dp7/dX = 0, equation (1)
then becomes: | ‘

Pro (0) = gféff‘

A €
Within the depletion region,'0‘<'X < w, this can be replaced by:

: a@eff . -
P10 (X) = P1o (0) exp (-aX) = &y P (-ex)  (4)

where- the exponential dependence of absorption has been used. Thus

Pt (X, t) = PT0 (0) exp (- aX) exp (-épt) .
A 3 . 5
_%Perr (5]

€p

exp (- aX) exp (-ept)

Charge density under illumination is thus Np - N7 + Py (X), shown
schématical]y at the bottom of Figure 5. Here Np and Ny are, respectively, the

densities of donors and acceptors in-CdS. The maximum Py (0) is N7, .although
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much smaller values are possible - for example, on]y one of several acceptors
| may be able to trap holes. The upper part of F1gure 5 shows the effect on the

conduction band of the detay of Pr. Notice that the Fermi level Ef adjusts its

location to maintain zero net charge for X > w.

As usual, we assume acteptor density in CupS to be so large that its "
contribution to the dep]efion layer width w and to the total voltage drop Vb -V
is negTigible. Then Poisson's equation |

Np - Ny + P (0) exp (-aX -.(6)

a5 CCU[ D - Ny + Pr (0) exp (-0X)] | | -.(6)

gives upon integration the electric field within the depletion region:

0 = 2 [y - ) (ko) - T (e X ] X e (7)
€ a

A second integration gives total voltage.drop across the depletion region:

Vp - v = 9 (Np=Np)we . _ﬂmffMKQ? [

- (1 + aw)e-W 8
2 €€o Leeqy (1wl ] : (.')

-Where Vp is diffusion voltage -and V is the externally applied bias voltage.

Solving for the (time dependent) hole density at the junction, and calling we

" the depTetioh width at long time, where t + © and P}(O) + 0, we get

P7(0) : O?EEQ(VD-V)/Q (1 - wl )

we (9)
1-(1 + alW) e~ oV Woo
This is related to capacitance by the usual equation:
, €E€g ‘ . o , -
W= /A , and Wy, - = oA L (10)'

where Co, is .simply the capacitance irn the dark.
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Two limiting caseé, for weak and strong absorption, may be distinguished'
1) For weak absorptlon aw<<:1 where hole trapping is a]most constant over the i
depletion region, one returns to the fam111ar resu]ts for the -abrupt Junct1on

' w1th constant charge dens1ty

‘ q€€o ' : . .
YD" V= [Np - N7 + Py (0)] (C/n)2 | o (11)
§0)= - e(:—gvl (%)A o U (12)
PTA(O) = Eé!g%%}: [(%) --tggL)Z], avv<<i . .}»' (13i

The last equat1on would pred1ct stra1ght lines in a p]ot of the type of Figure 4,
in case absorpt1on was weak enough<for PT to be un1form over the dep]et1on region.
1 2). For strong absorpt1on, aw <<1, where hole dens1ty at the edge of the dep]et1on

reglon has dropped a]most to zero,

.y g € C N (A2 . aPT(0) B |
Vp -V =, °(_ND, NT) () f_—'__a2€eov4 | (14)
| oy .'(C«s /M2, o E€oy | S |
FO W0 Lo iy (2 2] ous)
By (0) = 92559 (yp - v L-C=f ) a1 (1)

. Cc2

Figure 6 shows photocapacdtence decay plotted ecCording to the last equation
as In [Py (O)Zizj VS t,'for'e = 10, Vp = .75V.. The observation that the data
c]osely fit straight']ineslsopporté'the interpketation pfoposed here, that
'exponentia]]y decaying trapped hole density, Pt (X) = Pyg (X) exp (- ept), is
related to decaylng photocapac1tance by Junct1on theory which takes into account

a f1n1te absorption length a-l.
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Tab]e 1 gives s]opes and coeff1c1ents of determ1nat1on for each temperature.

Equally good straight 11nes can be obtained by plotting the data accord1ng to

the exact expression for Pt (0), equationm (9), provided that a is adJusted.to a

: high enough value. That'is, if ts set lower than 5 x 105 cm-1, the data for

77.5K (for erample) prpduee a plot of In [PT 0)/a2] vs t with not1ceably |

decrea51ng absolute value of s]ope, similar to Figure 4. In‘contrast,Awhen-a ‘

“reaches 5 or 6 x 10° cm‘l, a straight line results 1nd1stinguishab1e in slope
from that in Figure 6, Which:corresppnds-to a= @ _Tpe reason jt that'the

| minimum dep]etlon width at that temperature isw=14 um; SOjthat, for‘q"=45‘x ‘

10 5 cm‘l, the denom1nator of equat1on (9) is very close to:unity.

- TABLE 1

Striaght-line Fits to Curves in Figure 6

T P (A2 oo
LR T R
7738 © 6.6032 0007160 .974
85.0 6.6049 .0009862 . .991
9710 - 6.6020 001932 9%
117.0 6.6069 .008321 .9995
190.0 . 6.6068 10645 947
203.0  6.6052 08831 - .99

Thus, a value of avabout 8 times the maximum value measured by Dutton(11l)
in pure-single crystals of CdS is required'to fit the data. The discrepancy may

result'from the presence here -of an overlying layer of CupS or from the
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polycrystalline nature of the CdS. Also, some of the hole generatioh in CdS may
result from transitions involving Cu impurity levels in addition to band-to-band !l;
ﬁransitions. Or, the fact that tunne]]ing in steady-state conditions may decrease

P1o for very small X may produte an effect. o’ > q.

Usinga = 6 x 105 ecm-1, € = 10, and C;> =0, a max {mum value for PTO(O) is
A obtained from equation (16) of ~ 3 x 1018 cm-3. This is larger by a factor of
'~ 10 than the value obtained by Su111van(12) for the solub1l1ty of Cu in CdS at
1709C. This may paint tn hnle trapping by mechanisme more pomp11cated than .
'those caused by the presence of Cu |mpur1t1e< nr.hay come from the same effecf:

' as the apparent overest1mat1ng of a.

If 1oss of ho]es is by therma] emission from a ]eve] in the band gap of CdS
to its va]ence band the slow temperature var1at1on of decay rate implies that

the 1eve] must be much  shallower than expected. Such a process would depend on

‘temperature according to(13) -

ep - op <Vp> NV'
: g

exp (- A ET/kT) ' A (1)

where Op’ is capture cross-section, <Vp> is thermal ve10c1ty, proport1ona1 to
T1/2, and Ny is density of states, proportional to T3/2 all*for holes in the
“valence band, g is a'degeneracy factor, and"AEj = ET - EV is trap depth measured

from the band.

In Figure 7, 1n (T'2ep) is plotted in the usual way against 1/T. From the '
slope of a straight line fitted to the data for the 5 lowest temperatures, we
obtain AEy = .038 eV. If the effectuve mass of hu]es |n Lhe valence band is-

five times the frree electron mass, (18) we get 9y ~ 2 x 10-27 cm2. This is much
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'sma1Ter than expected, espeéia]]y for a sha]]ow 1eve1.‘ Thé discrepancies in AET
and Op make it unlikely that the mechanfsm involved is simply thermal excitation

"~ from an impUrity state to the valence band in CdS. It is emphasized that this
does not compromise the observation of decay times slowly varying with température,
whether aqéording'to Figure 3, 4, or 6, nor the‘iikelihood that decay is primarily
by a single rate-]imiting step, as indicated by the linearity of the plots in

Figure 6 and Table 1. .

One might speculate that holes generated in theﬂCdS.cou1d be. initially
trapped in .a deep state, after which they relax rapidly to a state .038 eV above"
: the valence band. If the latter state had a very low croéstection, its rate

for transitions to the valence band could vary slowly with temperature.

A more probéb]y.mechahism is tunneling. Since the region of hole trapping
~is very thin, of the order a -1, transitions 1nvo]vfng the valence band of fhe

CupS seem possible., According to equation (18), the electric field at the juhction
' j§ f-7 X 105 V/cm, and this might be able to produce high-field effects - that

is, trapped holes in the Cd5 could pull freé,e]ectrohs from the CupS. Note that
'=thé présent modei predicts a dependence of £ on C quite different fkom;that
in(4), so.that:e1ectric field is expected fo have a slightly sironger effect on

collection gfficiency; but to vary much more slowly with illumination intensity.

. Temperatufe variation of photocapacitance, as shown in Figures 1 ‘and 2,'1s~
probably also a manifestation of optical absooption in CdS. putton(11) fitted
the temperatdre variation of o in'CdS at different energies of absorbed 1ight

hu<Egg with the formula

a = ogexp [-% (B, = CT - ho)/T] - (18)



- 8] -

where Eyqo is the band gap-at T = 0, k 1is Boltzmann's constant,'and ao,B',,and C
-are adjustab]e parameters. Using equation (17) for ep; we find'that P1o (0) =‘A
aqeff/ep'has a minimum at

Tmin = [B(Egq - hv) - AET]/2k | S (19)

Since C ihcreases with Py, one would éxpect a minimum in C also, above
which temperature Pt Would'inérease becauSe of increasing absorption, and below
which temperature Py would. increase because of decreasing decay fate;_ The minimum

in C ét 223K would lie between these.

SUMMARY

The‘photocépacjtapce decay experiments_reported here subbort thé importance
of‘strong opticaliabsorption in CdS to the current cb]]ection éfficien;y,of the
:CdS/CUZS cell. fhe optica]Aabsorptfon model préd{cts exponential decay of .
' (1/Ce € - 1/€2), and this.is in fact observed,vrather than exponential decay of

€2 - Co?2 predicted by other models.

It appeéﬁs‘that a sing]é rate-limiting process is attjve over the temperature
range studied, é]thoughAit is not‘piear WHat this proCess‘is; Decay rate varies
much more slowly withAtempefature‘than anticipated.. This means that if the
deéay process is simply thermal emission to the}va]ence band of the CdS, the
trap enefgy must be very shallow and the.;foss-sectiOn'extreme]i small. The
. possibi]ﬁty of other processes should be inQestigated, especial]& croésrjunéfidn

tunneling of holes from traps in the CdS to the valence band‘bf,fhe CugS;
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The optical absorption model also provides a possible explanation for the

strong minimum observed in photocapacitance at 223K and for slowing its increase

~at lower temperatures. Electric field is expected to be stronger than predicted

by other models, and to be less directly coupled to capacitanée.
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‘The Design and Fabrication of Thin-Film CdS/Cu,S
Cells of 9.15-Percent Conversion Efficiency

JULIO A. BRAGAGNOLO, ALLEN M. BARNETT, SENIOR MEMBER, IEEE, JAMES E. PHILLIPS,
ROBERT B. HALL ALLEN ROTHWARF aND JOHN D. MEAKIN

" Abstract —Thin-film polycrystalline CdS/Cu,S cells with energy con-
vetsion efficiencies in sunlight of up to 9.15 percent and areas of
~1 c¢m? have been developed. The improvement over previously
achieved efficiencies is due to the development of techniques to sepa-
rately measure and minimize fill factor losses. Specific design and
fabrication changes based on a detailed quantitative analysis of the cell
operation, were introduced to correct series resistance, shunt con-
ductance and field effect losses. Further increases in efficiency can be
expected from the development of a planar junction thin-film
CdS/Cu, S cell.

I. INTRODUCTION

HE DIRECT conversion of sunlight to clectricity using
Tphotovoltaic systems has the potential of providing sig-
nificant amounts of energy from an inexhaustiblec source by
means of a pollution-free process. -Requirements of perfor-
mance and cost for the active photovoltaic components of
flat-plate arrays have been obtained from systems studies {{],
[2]. There is now a measure of agreement, that thin-film
polycrystalline solar ¢ells can be developed that will be capa-
ble of producing etectrical power at a cost competitive with

Manuscript reccived August 31, 1979: revised October 25, 1979.
. J. A. Bragagnolo, A. M. Barnett, J. L. Phillips, R. B. Hall, and J. D.
Meakin are with the. Institute of Enecrgy Conversion, University of
Delaware, Newark, DE 19711, .

A. Rothwar( was with the Institute of Energy Conversion, University
of Dclaware, Newark. He is now with the Department of Electrical
Enginecring, Drexel University, Phitadelphia, PA.

more conventional techniques and a device based on the
CdS/Cu, S cell is a leading contender for this achievement.

The importance of demonstrating conversion efficiencies in
excess of 10 percent in order to minimize area‘related costs,
has been underlined by the above studies. Between 1954,
when a photovoltaic effect in a junction made by depositing a
thin film of copper on a CdS crystal was first reported by
Reynolds [3] and 1972, CdS/Cu,S conversion efficiencies in-
sunlight of between 5-6. percent were reported by many in-
vestigators with a limited number of them reporting efficien-
cies up to 7 percent [4].

In 1972 a program was initiated at the Institute of Energy
Conversion (1EC), University of Delaware, to evaluate the po-
tential of the CdS/Cu,S cell as a terrestrial photovoltaic con-
verter. Improved control of materials and processes at 1EC
raised the reproducible conversion efficiency of the type of
CdS/Cu, S cell designed by the Clevite Corporation [5], to
close to 7 percent by 1975 {6]. Lmprovements of energy con-’
version efficicncies beyond 7 percent, obtained after 1975 at
IEC, were based on the development of the loss minimization
method [7]. This method rests on the quantitative analysis
of energy losses in a given cell design, both using experimental
measurements and theoretical analysis. Information deriving
from the loss analysis is utilized to make changes in_cell pro-
cessing until the achieved efticiency is within 5 percent of the
limiting efficiency computed for the cell design under de-
velopment. Although.some uncertainty cxists in the evaluation

0018-9383/80/0400-0645%00.75 © 1980 IEEE
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TABLE |

Conversion EeFiciency Catcutation For Varions CdS/Cu,S Cen
Desions ann Exrerimental Risuas oN HiGcuest Evvwcieney
Crrr or Eact Tyre N Sunnicna ®

Coll eilgn J._rlml\/‘m‘l Voo Ivi FF Ll nz)
1. No Losses 15 .58 . 81 6.4
2. Solution Grown Cn,S

Laminated Crid 20 0.51 69 7.1

Fip. December 1975 20.1 0.50 68 6.8
3. Hybrid Grid 23 .51 71 8.3

Fxp. July 1976 2.4 0.50 12.6 7.77
4. Evaporated Grid + AR 25 0.51 73 9.3

Fxp. May 1977 25 0.515 66.9 8.55%

Exp. April 1978 256.8 0.5%16 1.4 9.15
5. Plauasr tws lager AR £5 0.55 73 10,0

(Cu,S-Solid State

Formation) 27 0.55 76 11.3

*
Calcylations are based upon an assumed AM1 intensfty of 100 mW/c 2 and
Experimental Jee values have been prorated linearly to 100 oW/cn” (otensicy,

of some of the loss mechanisms, it is possible to identify the
major losses limiting the magnitude of the short-circuit cur-
rent (J,.), open-circuit voltage (V,.), and fill factor (FF).

Application of the loss minimization method has led to the
systematic development of CdS/Cu,S cells with conversion
efficiencies of 7.77 percent in 1976 [8] and 8.5 percent in
in 1977 [9] (Table I). However, unexpected losses in fill
factor prevented the latter cell from reaching its calculated
limit of 9.3-percent efficiency.

In this paper, we report the improvements in cell processing
and analysis which led to the development of thin-film poly-
crystalline CdS/Cu, S cells with terrestrial energy conversion
efficiency in sunlight of up to 9.15 percent. Further analysis
indicates that significant improvements in open-circuit voltage
as well as continued improvements in short-circuit current and
fill factor. can lead to the developrient of a CdS/Cu, S thin-
film solar cell with an energy conversion efficiency in excess of
- 10 percent.

II. CELL STRUCTURE AND DESIGN ANALYSIS

The design and fabrication of the CdS/Cu,S cell were ini-
tially developed by the Clevite Corporation [5] and further
developed by the Institute of Energy Conversion by the appli-
cation of the loss minimization method [7]-[9]. Cells are
fabricated using a 7.5-cm by 7.5-cm substrate of electroformed
copper, approximately 25 um thick, which is plated with 0.1-
0.4 um of Zn. CdS is vapor deposited onto the substrate held
4t 220°C, from a graphite source at a temperature of ~1100°C.
The CdS layers obtained are typically 30 um thick, with 5-um
grain size and 1-10-§2 - ¢cm resistivity, although cells have been
made with thickness ranging from 8-50 um. After cutting into
3.8-cm by 2.5-cm pieces and etching the CdS in hydrochloric
acid, a heavily textured light-trupping Cu,S layer about
1000 A thick is topotaxially grown by reaction in a cuprous-
ion solution. The top electrical contact is formed by evapo-
rating a highly transmitting (~96-percent) Au grid onto the
CuzS surfuce. Finally, alter cutting into f-cm?® cells, an anti-
reflecting SiO, quarter-wave coating is vapor deposited. Fur-

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. ED-27, NO. 4, APRIL 1980 ’

ther details pertaining to cell fabrication are given elsewhere
[91. 110].

The loss minimization method used to develop the present
cell design and tabrication process is based on a detailed analy-
sis of the photon and carrier losses at each stage of the
absorption-generation-collection sequence. The cell in use in
1975 (design 2, Table I) had a grid and encapsulant structure
made by bonding a preformed gold-plated copper grid of 81-
percent transparency and a protective plustic cover onto the
Cu,S, causing a Jg. loss of 26 percent. These losses were
initially reduced by the development of a new top contact
combining a vapor-deposited current-collection gnd with a
second bonded grid to yield a 10-percent decrease in grid

~ shading (design 3). As a result of the above change, an in-

crease in Jg, from 20.1 to 22.3 mAfem?® and an increase in
elticiency trom 6.8 to 7.8 percent weic achieved in July 1976
(Table 1). ‘

Loss analysis showed that further improvements resulting in
efficiencies up to 9.3 percent could be achieved by developing
an all vapor deposited high-trunsmission grid and a single-layer
antireflection coating to increase the short-circuit current
density (design 4). Further gains in Jg. from 22.3 to 25.1
mA/cm? were obtained in March 1977 with the new top sur-
face technology (9]. However, the achieved 67-percent FF
was substantially below the limit for this cell, thus limiting the
efficiency to 8.55 percent. Analysis of fill factor losses for
that cell design led to the identification of three types of
losses: 1) field dependence of the light-generated current,
2) series resistance, and 3) shunt conductance. The magnitude
of the various losses has been ecstimated [7] using typical
values-of the cell parameters yielding a design limit of 73 per-
cent for the fill factor.

While the above analysis provides a good estimate of the
achievable fill factor for a given cell design, the minimization
of fill factor losses for an individual device requires the meu-
surement of eich separate loss component before corrective
action can be taken. The techniques used in this work to sepa-
rate, quantify, and reduce losses at the maximum power point
will nuw be described. '

[I1. FiLL FacTtor Loss ANALYSIS AND MINIMIZATION

Several models have been proposed to explain the behavior
of the CdS/Cu,S cell [11]~{14]. The development of high-
efficiency CdS/Cu,S cells at the Institute of Energy Conver-
sion hus been auceeasfully guided since 1976 by the consistent
application of the interfuce recombination model [15]. The
current-voltage relation hased on a generalized superposition
principle [16] is given by

J=Jo {exp [q (V- JAR)KT] - 1}

+(Gan/A) (V - JARg) - J (V) M

where J, is the saturation current -density, g the electronic
charge, R and Gy, the series resistance and shunt conductance
ol the cell, and A is the cell arca. The light-generated current
deusity J; is given by

T (V) =doua I3 /(ua 1 +8)) (2)
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Fig. 1. Equivalent circuit representation for the CdS/Cu, S cell.

where J; 4 is the current incident on the junction from ‘the
Cu, S side, y, the electron mobility in CdS, F, the electric
field at the junction, and §; the interface recombination
velocity.

A. Resistive Losses

In order to separately measure the contributions from series
resistance and shunt conductance to fill factor losses, the
CdS/Cu, S cell was modeled by uan equivalent circuit with
lumped parameters representing resistive losses, diode proper-
ties, and photocurrent generation (Fig. 1). In addition to
interface recombination, other mechanisms in the cell (e.g.,
CdS photoresistance, contact resistance, shunt diode, and Cu, S
sheet-resistance effects) are voltage dependent and cannot be
represented by constant, lumped circuit elements. If their
magnitude is small, however, linearization leads to an accurate
approximation with a current-voltage relation in the form of
(1). By writing this equation at open-circuit voltage, short-
circuit current, and maximum power and using the relation
(/dV)mp = mp/Vimp» valid at maximum power, a system of
four simultaneous equations. is obtained: 1If Vo, Jseo Vi,
and J,,, are obtained from the /-V characteristic of the cell,
this system can be solved numerically for Jo, J;, R;A4, and
Gg./A. For high-efficiency CdS/Cu, S cells, a simple diode is
present with a diode factor of 1, and /=¥ values obtained from
(1) using the equivalent parameters thus calculated fit the mea-

~sured curve well (see Fig. 4). The fit is exact at open circuit,

short circuit, and maximum power.

Calculated values of the fill factor for various values of R A
and Gg,/A for typical values of Jo =7 X 10"® mA/ecm? and
9 mA/cm? < J; < 27 mA/ecm? are shown in Fig. 2. Analysis
shows that in order to achieve FF 2 70 percent one must have
RA<2Q-cm? and Gy /A<2X 1073 -cm?. - A cell
optimization procedure which is described below was used to

_ determine appropriate heat trcatments to correct either ex-

cessive series resistance or shunt conductance. The primary
contribution to R has been shown to arise from the sheet re-
sistance of the Cu, S layer. "A reducing heat treatment such as
is needed to increase the short-circuit current, concurrently
increases the Cu, S resistivity to maximum value ~10™" Q - cm.
Computation using published analyses for optimum grid

" spacing [17] shows that a 32-linefem grid should produce an

R;A contribution of 0.8 £ -cm?® for Cu,S thicknesses of
1075 ¢m. Measurements on actual cells indicated that other
factors such as grid imperfections and contributions from the
CdS depletion Jayer were increasing R A above the anticipated
values. Accordingly, bushars perpendicular to the main grid
line were added to give a degree of current path redundancy,
and the thickness of the gold grid lines was increased from 2.5
to 5.0-um. The CdS contribution was minimized by not ex-
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Fig. 2. Calculated values of the fill factor for the equivalent circuit
representation of the CdS/Cu, S cell.

-ceeding a total heat-treatment time (normally at 170°C) of

approximately 150 h, thus avoiding excessive copper compen-
sation of CdS.

“ Sonie cells showed a shunt conductance inexcessof 2 X 1073/
€ - cm? which previous research [9] had identified as arising
from direct contact between the gold grid and exposed CdS.
Heat treatment in a vacuum of 200 mtorr for 15 h at 170°C
was effective in reducing the shunt conductance to acceptable -
values. Formation of either CdSO4 or CdO is a plausible .
mode] for the elimination of the shunt conductance path by
blocking the CdS/Au interface.

B. Field-Dependent Losses

If there is significant voltage dependence of the light gener-
ated current, the effect on the current-voltage behavior is
manifest as a loss in fill factor. An on-line technique was de-
veloped to separate junction field effects from purely resistive
losses. In this method [18] current-voltage data are obtained
under illumination with either red- or blue-rich light of in-
tensity equivalent to AMI. Cells with substantial field-
dependent loss of {ill factor (>3 percent) show a decrease in
fill factor 210 percent upon red-rich illumination as com-
pared to AM1. ' :

During this study it was found that CdS layers leading to
cells with minimal voltage. dependence could be obtained by
careful control of growth conditions. The key parameter con-
trolling this effect is F, (2) which depends on the density
of trapped holes in the CdS junction region and eventually
on the defect structure of the as-grown CdS. A method of
characterizing CdS befure the preparation of cells was de-
veloped based on photoluminescence at 77 K. Material which
results in negligible voltage dependent J; shows strong exciton
and green edge [19] luminescence at 488 and 520 nm. In con-
trast, CdS leading to cells with marked field dependence shows
only a broad band of luminescence at about 620 nm.

Application of the abave techniques to the analysis of fill
factor losses in each individual cell, followed by the heat treat-
ments described, consistently yielded FF values of over 70 pet-
cent at peak efficiency. The procedures developed for the
simultaneous optimization of all factors controlling conversion
efficiency will be described in what follows.
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TABLE 11
OPTIMIZATION SEQUENCE FOR CELL 680-A13. SIMULATED TESTS AT

AN Eoun ALENT l\'TFvsn\ of 83 mW/cn?

v J ’ v J 33 JEFF R A 5 i

'(:‘): [m.-\j‘c:mzl xr\‘:;‘ . [mf\/l:m, {4 12 (:,‘S:mzl il(‘-éi‘;(:cmzl (m.-:/.:mz i fj-.)-s :u\/cmZ: Tredatment
.507 18.3 ‘1;09 16.4 72.0 8.06 1.55 2.27 18.4 5.64 1} Iatrial

509 15.8 . 413 14.5 4.5 7. i.62 7 06.83 15.8 L.o¥ 2) LPSVAY

.505 19.4 .402 17.3 71.2 " 8.40 1.30 2,23 19.5 6.40 3 ta-iT

511 16.7 411 15.2 73.5 7.54 L 1.8) 1.07 16.70 450 L) LP-VET

.511 15.9° L4812 . 1.0 71.0 1 6.95 1.84 2,49 16.0 K] 5) bus hars addes
512 6.9 409 15,1 71.8 7.47 2.0% . i.85 . 176 L3 6y ol cu

.'502 20.6 413 18.2 72.6 9.0% 0.83 322 20.7' 7.55 7) c5-m

LS09 21.0 L4611 18.7 72.6 9.27 1.11 2.69 - 2:.0 6.96 8) 4o 7AzHT

V. CrLL OPTIMIZATION

In order to maximize cell elficiency several design and pro-
cessing changes were introduced. First, the thickness of the
clectroplated zine layer serving as an ohmic contact to the CdS
was reduced from 0.4 to 0.1-0.2 um. This resulted in an in-
crcase in the reflectance of the brass formed at the surface of
the substrate sheet by interdiffusion of zinc and copper with
shorter heat treatment [20]. While the achievable J; depends
on other factors besides substrate reflectance, increases in cur-
rent leading to a maximum of 27.6 mAfcm?, prorated to
100-mW/cm? intensity, were observed.

A strong relation between J; and the Cu,S stoichiometry
has heen observed [21] and may result from minority-carrier
diffusion length |21] or absorption coefficient [22}, [23]
changes. Heat treatments in a reducing hydrogen-argon atmo-
sphere have been previously used to achieve optimum-stoichi-
ometry [8]. It wus found, however, that a 16-h hydrogen-
argon treatment at 170°C generally caused unacccptable
increases in Gyp/A." Use of carbon monoxide as the reducing
atmosphere was shown to-successfully achieve optimum stoi-
chiometry while minimizing shunt losses. This effect might be
due to the absence of water among the reaction products ot
the Cu,S reduction by carbon monoxide. A heat trcatment in
carbon monoxide for 16 h at 170°C was used prior to the
evaporation of the gold grid lines to insure good contact and
adhesion of the lines to the Cu,S layer. By promoting com-
pensation of the CdS by copper dittusion and good Cu, 3 stéi-
chiometry, this preheat treatment minimizes the handling of
the gridded cell, thus avoiding the consequent grid damage.

Based on the preceding analysis, a cell optimization flow-
chart was developed and used to achieve efficiencies over 9
percent (Fig. 3). Gridded cells were heat treated at 170°C in
16-h increments until the open-circuit voltuge and light-
generated current exceeded the indicated limits. Busbars and
the antireflection coatings were then added and the heat treat-
ments continued until no improvement was observed in any
equivalent circuit parameter. The.lype of heat treatment to be
given was selected according to the shunt conductunce. Ex-
cessively high shunt conductance was cured by a 16-h vacoum
heat treatment (HP-VHT) at 170°C and. 200 mtore. Heal
treatment was at SO mtorr (LP-VIIT) for a marginat shunt

Cell Optimization

Anyll‘,eii
Un-finished Cells
Test -
HP-VHT [ HT
Test . Test
mox
NO Vo> 500mV

IE9mA/emE )y
YES & 0

NG Y

ZBon<2xi0 Yaaem? o LP-VMT -
X-Bars
CU-HT
HpAr-HT AN

L .

Fig. 3. Flawchart for cell optimization. (See text.)

conductance. When Gg,/4 > 2 X 1073/Q - cm? reducing heat
treatments at 170°C in carbon monoxide for.16 h were used
to increase the light-generated current. Hydrogen-argon heat
treatments at 170°C for 1 h were occasiofially used after
carbon monoxide to  obtain further current increases without
loss in fill factor.

A typical optimization sequence for a high-efficiency CdS/
Cu,§ cell and the equivalent circuit parameters calculated
after each DpllledIlOn step are shown in Table 1. Fig. 4 illus-

“trates the ‘effect of the various heat treatments on the current-

voltage characteristics of the same ccll.  Culculated values
using (1) and the corresponding parameters from Table 1l
have been plotied as dots on curve 1, Fig. 4. The good agree-
ment- with measured values indicates that high-efTiciency CdS/
Cu, S cells are well represented by the model used.

During the cell optimization effort 215 cells were made on
16 substrates. Over 75 percent ol the cells exceeded S-percent



BRAGAGNOLO ef al.: FHIN-FILM CdS/Cu28 CELLS OF 9.15-PERCENT CONVERSION EFFICIENCY 649

. TABLE 111 .
PERFORMANCE FIGURE FOR SEVEN CELLS PRODUCED FROM 16 CdS -
SunsTrATES HAVING Frriciencies in Excess ofF 9 PERCENT. SIMULATED

TesTs AT AN EQUiVALENT INTENSITY OF 83 mW/cm?

Cell v J FF " R [ 3
oc . SC . s 5 sh - L 2 [+] 2
[aV] {mA/cm2) [z) (2] ©[feem”)  [10-3/0em?]  [mA/ca’]  (10BmA/cm”]
660 AL} 505 21.0 12.6 9.27 1.11 2.69 211 7.0
695 Als " 492 21.5 C 2.4 9:24 116 2.51 21.6 . 11.9
- 690 B13 504 . 20,7 ‘73.2 9.19 .45 ° 1.43 .20.7 7.4
680 Al4 " 503 .21 . 119 9.17 | 1.54 2.16 21.1 1.7
690 AlL 506 T 2009 7.8 9.17 1.67 1.95  21.0 6.8
675 B22 515 20:9 70,3 9.11 2.25 " 1.90 21.0 4.8
) 690 A13 502 21.0 LS 9,07 1.63 2.1 . 211 1.9
680 A13 : sop o
Equivatent Slm\gamd Intensity @ 83 mW/cm2 Yield of cells processed -
Area=1.32 cm : - | before antiretlection coating
V(Volts) -0.2 ‘0&2 .90 '0;6 16 substrates
i
Traatment (ses Table 2) 219 cells
[ 2
——=LP-VHT -2 © -
eseee CO-MT -3 5 3 30
~-s—CO-HT -4
" wee— Hy/Ar~H-5 3 ]
£
2
Z 20}
- - —— - — tof-
— et Lo 7 W 2%
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Efficien
J(mA /cm?) . eency
) Fig. 5. Histogram of the efficiency of 215 cells produced from 16 CdS
Fig. 4. Effect of heat treatments on the current-voltage curves of cell ’ substrates.
680-A13. Curves 1 to 5 measured after 1), 2), 3), 7) and 8) (Table
[11), respectively. Calculated values are indicated by dots.
. e (LA
e . . . . . . . Yiel
efficiency before application of an antireflection coating, 6 Yield of cells processed
15 . with onti-reflection coating

Fig. 5. Sixty five cells were then coated with a single-layer
silicon monoxide antireflection layer. The resulting distribu-
tion of efficiencies is shown in Fig. 6. Of the 65 cells, 92 per-

cent exceeded 7-percent efficiency, 72 percent exceeded 8-

percent efficiency, and 11 percent exceeded 9-percent effi-
ciency. These figures are for sunlight efficiencies computed
from simulator tests. Over 35 actual sunlight tests were con-
ducted during the cell optimization program to establish the
relation between simulator. and sunlight efficiencies.

The highest efficiency cell as measured in direct sunlight was

- cell number 690 B13. This cell under a sunlight intensity of

over 87 mW/cm? achieved an energy conversion efficiency of
9.15 percent. The current-voltage curve for this cell is given
in Fig. 7. The heat-treatment sequence followed to achieve

‘maximum efficiency consisted of 1) one HP-VHT, 2) two

LP-VHT, 3) one carbon monoxide heat treatment, 4) one
hydrogen-argon heat treatment, and 5) six carbon monoxide
heat treatments. Table Il gives the performance figures for
the seven. cells which exceeded 9-percent efficiency as com-
puted from the W-1 simulator tests. ~Climatic conditions pre-
cluded testing all cells at their peak efficiency in direct sunlight.
. The separate contributions of the equivalent series resistance

16 substrotes
65 cells

Number of Cells

O - N w s O N WV
L T

77
al 7

6<' 70 12 74 76 78 B0 82 84 86
Efficiency

Fig. 6. Histogram of the efficiency of 65 antireflection coated cells
produced from 16 CdS substrates. .

and shunt conductance to the fill factor losses of cell 690-B13,

-measured at peak éfficiency under sunlight (Fig. 7), have been

calculated using the equivalent-circuit representation. In Table
IV, the calculated values are compared with the achievable
values estimated for ‘this cell generation [7]. The discrepancy
can be attributed to residual field effects included in RgA4 as
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Fig. 7 Currcnt-voltage curve of cell 690 B13 with a sunlight conver-
sion efficiency of 9.15 percent.

' TABLE IV"
ESTIMATED AND ACHIEVED VALUES OF FiLL FACTOR Losses
. *
Estimared Achieved
Loss Luss
151 : %)
Series
Resistance 3
8
Field
Effect 3
Shunt
Conductance 2 . 2
Fill Facter
(R3] 13.0 1.4

Cell 690 B13 at maximum efffclency undef suittigne, (Figure 7).
Equivalent circuit parameters: »R x A~ 2.07 e, (‘ /A n 1,34 x
1073/ ew?, 3 = 21.9 mafem?, J) =°4.90 x 108 'mA/ca.

well as to the uncertainty in estimating the Cu, S and CdS con-
tributions. . More detailed measurements of the Cu, S sheet re-
sistivity as well as J, (V) measurements can contribute to the
separation of the above effects.

V. SUMMARY AND FUTURE WORK

The application of loss minimization techniques to specific
designs of CdS/Cu,$ thin-fim photovoltaic ¢ells has success-
fully identified those areas where design changes can lead to an
improvement in energy-conversion efficiency. Based on this
method, a new technology to deposit the top grid and AR
coating onto the Cu, S und new analysis and processing tech-
niques (o separately measure and minimize fill factor losses
have been developed. This has led to reproducxble improve-
ment in demonstrated solar cell efficiencies, measured in direct
sunlight, from the original level of 6.8 percent achieved in

- December 1975 t0 9.15 percent presently reported.

Celis of the present design are belicved to belimited to etfi-
ciencies of about 9.3 percent. While the heavy texture of the

. Cuy S layer is a key lactor in the high photon-collection ¢lTi-
2 b

ciency of this cell {23], the extra junction arca caused by the

texturing and penetration of Cu, S down CdS grain boundaries
limits the achievable open-circuit voltage to ~0.51 V.

A smoother CdS/Cu, S junction can be obtuained if the Cu, S
is grown by solid-state reaction between CuCl and CdS [24].
This process eliminates grain boundiry penetration and offers
the possibility of separating open-circuit voltage and photon
losses into two distinct problems. This cell design has led o
open-circuit voltages of ~0.57 V [25] but a quantitative
photon loss analysis has shown that the light-generated current
is limited by reflection losses. The development of a photon
efficient planar junction cell is expected to lead to achieve-
ment of energy conversion efficiencies in the range of 10-11
percent (Table I).
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ABSTRACT

Research directed at the optimization of thin
T film CdS/C0,S and (CdZn)S/Cu)S solar cells has led
to the identification of specific €dS and (CdZn)S
material characteristics which are necessary for
the fabrication of high performance cells. Three
film properties, resistivity, photoluminescence
spectral characteristics, and microstructure, have
-been examined and their relationship to cell per-
formance is discussed. Specific criteria for
evaluating CdS films for solar cell fabrication
are presented in terms of resistivity and photo-
luminescence. The preliminary conclusions for
microst}uqtural effects are also described as
well as the extension of this study to (CdZn)S

films.

INTRODUCTION

The progressive development of CdS/CuyS and
(CdZn)S/CuyS solar cells has been the result of
device design modifications made to optimize spe-
cific cell parameters (1,2). The evaluation of
these .designs .and their potential success depends
upon' the availability of €dS and (CdZn)S films
having the appropriate properties. Although the
performance of the device is always the final
measure of proper material, it is desirable to .
develop criteria, based on measured material

. properties, which allow the preselection of CdS
and (CdZn)S films for the fabrication of cells.
In addition, the understanding of these material
properties provides information about the opera-
tion of the device on the one hand, and the poten-
tial for directing the parameters of film growth
on the other. :

Figure 1, for example, shows a schematic re-
presentation of the relationships that are sought
between CdS yrowth parameters, mcasured material
properties of the CdS, and cell parameters of sub-
sequently fabricated CdS/CuyS devices, In genera)
only empirical relationshlps can be directly
established bctween film growth conditions and
cell performance. Full understanding and control
requires that a model relating specific material
properties to both cell performance and growth
paramcters be developed and confirmed. In this
paper photoluminescence, resistivity and grain
structure are identified as three critical material
properties of CdS films, and the manner in which
each has becen found to affect cell performance is

discussed, A specific set of criteria used =t the
Institute of Encrgy Conversion (1EC) for the

"evaluation of CdS films is presented and cach is

discussed in terms of measured material properties
and the current models for the operation of the
cell (3). Additionally, the applicability of the
criteria to films of (CdZn)S.is discussed.

Relationships between measured material prop-
erties and cell parameters have bcen established
which can be interpreted in terms of a quantitative
model but a corresponding relationship has not yet
been established between material properties and
growth parameters. A major effort is currently
under way at IEC to determine this relationship.
The problem is highly compliex due to the large
number of paramecters that influcnce film growth

" and the modeling necessary to understand the spe-

cific kinetics of the €dS film formation at rela-

tively high deposition rates. Numerous and sophis-
ticated material analysis techniques are required

to identify basic film characteristics.

EXPERIMENTAL

The films of CdS and (CdZn)S are prepared by
physical vapor deposition to a thickness of 30 um
on a 37 ym sheet of electroformed copper plated
with 0.4 ym of zinc. The €dS or (CdZn)S deposition
occurs at an elevated substrate temperature which
is controlled using a thermocouple spot welded to
the substrate. The CdS powdcr or Cd$-ZnS powders
are evaporated from a cylindrical graphite source
bottle heated by a ‘tantalum heater. The source
temperature is monitored by a thermocouple located
in a cavity which protrudes into the center of the
powder. A concentric twn chamber source bottle is
used for (Cdzn)s (4). '

The controllable growth parameters are the
substrate and the source material tcmperatures.
The range of substrate temperatures that yield
CdS and (CdZn)S films leading to good solar cells
extends from approximately 200 to 260°C. A de-
¢creasing sticking coefficient (5) and high CdS
resistivity precludes employing substrate tempera~-
tures greater than 260°C, and at temperatures much
below 1B09C x-ray diffraction revcals large smounts
of mctallic cadmium in the films. The rangé of
source lemperaturcs utilized extends from Bso -
11509C. Over this temperature range and for the
system qeometry cmployed, the average rate of film
growth (dcfined os averoge thickness of CdS depo-
sited on the substrate divided by the total time



for f1lm growth) e¢xtends from 0.2 to 4.5 ym/min.

Small sectlons from cach of the as-grown Cd$
and (€CdZn)S films are used for the measurcment of
fllm resistlivity, photoluminescence and grain size,
!n addition, solar cell devices are fabricated (6)
using the textured surface, solution grown Cuj$s
cell design (2). The CdS was considered acceptable
If a light generated current, Jy, of 20 mA/cm?

(at 100 mW/cm?) and an open circuit voltage of 510
mV {normalized to JL of 20 mA/cm?) could be ob-
tained on any test device fabricated from the
substrate.

The transverse film resistivirty is determined
from the resistance between the copper substrate
and a pressure contact made by a 4 x 1073 cm?2
indium dot on the film surface. The resistivity
is recorded only if the current-voltage curve is
lincar; the average resistance from two indium’
dots is used, qiving typically a measurements pre-
cision of * 20%. The photolumincscence emission
spectra from 450 to 850 nm Is mcasured in Perkin
Elmer MPF-L4 A Fluorescence Specliophatometer at
779K using 34U nm excitation light.

The analysis ol film grain size is made using
scanning electron microscopy. I'he grain Loundaries
are revealed by forming CuyS on the surface of the
€dS or (CdZn)S film using a CuCl solution, then
stripping the CupS with KCN (7). Preferential CujS
formation in the grain boundaries results in the
formation of readily visible crevices in the
boundaries. Standard quantitative metallographic
techniques were used to determine the average
Tincar intercept grain size in the plane parallel
to the substrate (8,9). -

DISCUSSION

Relatinnship of CdS Material Properties to Lell
Parameters -

1. Resistivity. The optimum limlts un CdS re-
sistivity which have been derived (3) assuming a
CdS mobility of 100 em?v-lsec™) are 1 < p s 10 ohm-
cm. The upper resistivity limit is established to
minimize reductiun in short circuit current. The
lower resistivity limit is established to minimize
losses in Voo by ensuring that the major portion
of the diffusion voltage occurs in the Cd$S and
assumes a CuyS acceptor concentration of approxi-
mately 1018 cm=3. In practice, it has been found

- that even with measured resistivities as low as

0.3 ohm-cm the open circuit voltage can exceed
0.510 volts. According to the model (3), this
implies that either the CdS mohility is larger

(™ 300 cmzv“sec']). or the Cu9S acceptor concen-
trator is in excess of 10! cm‘i.

2. Photoluminescence. Photoluminescence has
been found to be a valuable evaluator of CdS films.
Its particular advantage, as conpared Lo resisti-
vity, is that it probes the top 100 nm of the film,
in which the subsequent junction witl' Cuy5 is
formed. Figure 2 shows the 77°K photoluminescence
spectrum of a good quality as~grown €dS film. The
two pcaks cbserved in the vicinity of 438 and 522
nm in the CdS, bhave bcen extensively investigated

in €dS single crystals (10). The higher enecrgy
peak is an cxcitonic transition. The lower energy
bond, the green edge cmission, is attributed to
the recombination of a free clectron with a hole
bound to a native defect, particularly the cadmium
vacancy, or an impurity acceptor. :

In gencral it is found that when the edge
emission peak Is absent from the CdS photolumines-
cence spectrum, the rcsulting Voc is lower than
0.510 volts. For example, Figure 3 shows a typical
photoluminescence spectrum with only the exciton
peak present. The best Voc(at J = 20 mA/cm?) for
cells produced from this material was 0,489 volts,
According to the model (3} a reduction in Vo is
expected when the junction harrier height is re-
duced as a consequence of a decrease in the ratio
of Ma/Np, where Np is the Cuy5 acceptor density
and Np is the CdS donor density. if the edge
cmission does involve a cadmium vacancy, then its
absence could suggest an excess of cadmium, pre-
sumably as interstitial donors which would reduce
Voo by increasing Np. When there is no cdge emls-
sinn nbserved, the filwm resistivity is in general
less than ) ohm-cm.

The presence of the long wavelength band in
the CdS photaluminescence spectro is accompanied
by a spectrally dependent fill factor. Table |
presents the fill factor data for cells made on
€dS which exhibited the long wavelength emission
band as shown in Figure 4.

Table |

Influence of Spectral Content on Fill Factor at

A Fixed Ji
) Voc(vo1ts) .
JL (mA/cm?) B20 mA/cm? Fr(%) Illumination
17.0 S 67.9 AMI
17.0 .502 68.1 Blue rich
17.6 .518 5).2 * Orange rlch

17.6 .51 k5.5 Red rich

These data were obtained using suitable cut-off

filters to have either blue rich, orange rich or.
red rich light incident on the cell at an intensity
to give a fixed light generated current. It is
apparent that the defect or defects, responsible
for the long wavelength emission influences the
space charge in the CdS depletion region in the
light (2). An actual identification of the centers
responsible has not yet bcen mace.

Photoluminescence specira have been used to
identify systematic difficulties in the CdS growth
system. For example, the use of certain grades of
graphite for the source bottle yielded CdS films
of the desired resistivities but unacceptable
photoluminescence. The cells produced using these
films had generally puor performance characteris-

" tics. It is beliceved that impurities are incorpo-

rated in the films which result in impurity states
in the CdS .as well as altercd growth



" characteristics of the films. An acceptable grSdc
graphite has been identified as Union Carbide AGSX

tructurc Analysi Typical grain struc-
tures In vapor deposited CdS films giving guod
solar cells are shown in Figure Sa. In gencral,
the averagc grain size of such films is 1 to 3 um.
Preliminary results indicate that cell parameters
.are lInsensitive to grain size within this range.
However, under certain conditions a bimodal grain
size distribution such as that shown in Figure 5b
has been observed, and cells prepared on this
material are found to be of low quality. In addi-
tion, these films generally do not mcet the photo-
luminescence and resistivity criteria discussed in
the following section. The bimodal grain distribu-
tion is rarely observed in CdS films, but has been
a Significant problem with the (CdZn)S films.

3. Structurc Analysis.

L, Selection Criteria. Figure 6 shows a
schematic representation of the criteria which are
applied to films of CdS grown at IEC. The first
box lists the range of growth parameters presently
employed to prepare material having a high proba-
bility of satisfying the selection criteria. A
high yield of €dS.films has been achieved that
satisfy all criteria and give test cells with short
circuit currents in excess of 20 mA/cm? and open
circuit voltages in excess .of 0.510 volts.

5. Application to (CdZn)S.. The set of cri-
teria shown in Figure 6 has also provided useful
guidclines for the evaluation of (CdZn)$ films.

By adjusting growth parameters it has been possible
to achieve low resistivity films, less than 20 ohmn-
¢m, having zinc compositions up to 20%. In addition
it has been found that post deposition heat treat-
ments in a Hp atmosphere reduced the resistivity
(11) of those films which initially fail that cri-
terion. in general, the average (CdZn)S grain
sizes have been somewhat lower than in CdS, and

as already mentioned, the bimodal distribution is
found frequently. Work is in progress to identify
conditions necessary to grow (CdZn)S films with
average grain size in excess of 1 um, and without
the bimodal distribution. Photoluminescence is
also being developed as an evaluative probe for
the (CdZn)S. To date it .is not clear what are the
necessary photoluminescence characteristics but

the shift in the position of the exciton peak has
Leen utilized as 3 méans to determine the zinc
concentration. :

CONCLUSION

Specific material properties of CdS and
(CdZn)s films provide useful guidelines in evalua-
ting their suitebility for the production of high
efficiency solar cells. Film resistivity, photo-
luminescence ond grain size. have been investigated
to date. .

ldentifiable characteristics have been deter-
mined which discriminate between films that will
produce poor cells from those which have the po-
tential to yield cells with conversion cefficien-
cies in excess of 8%. It is expected that the
development of additional material measurements
will further refine the ability to select optimum

€dS as well as (CAZn)S. A quantitative model (3)
has been used 10 interpret the relationships be-
tween the measurced material properties and cell
porameters. It is anticipated that future work
will establish a mode)l to determine the relation=
ships between specific material characteristics
and the growth paramecters,
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Appendix L

Optical Absorption Coefficient Changes jn.Cuzs as

the Cause of Short Circuit :Currcent Changes in CuZS/CdS'So]arACells'

Allen Rothwarf
Institute of Encrgy Conversion
University of Delaware

- 302-738-8482
and
o Hassan Windawi .
Department,of Chemical Engineering
. University of Delaware

~302-738-8056
- Newark, DE 19711

It is wéll,establisﬁed that th§ short circuit current in CUZS/

CdS cells changes dramaticallyAwith the sheet %esistance of the CUZS
layer, and thaﬁ jSC aﬁd p/d can be cycled.up and dan'witb Beat treatmerts
in'oxidizigg and reducjng atwospheres. High p/d yieldslhigher jSC' The ‘
formation of a copper oxide'on the su:face and its removal duriﬁg the
.heating cycles with}én:attendant changé in the'stoichiométry of the Cu*S
laye;.has Béeﬁ estaﬁliéhed by direct eléctrochemical measurements. It is
also well known thaﬁ optical absorption in CuXS changes during the heat
'tréatments in‘parallel with fhe stoichiometry. What hasn't been established
qqantitativély is the exact physical éhenomena control}ing jSC."Thg
following mechanisms have been proposed at various times.
1. Chénges”in'crystallpgraphic.phasg from chalcocite for high x and p/d

to a chalcdcite;djurleite‘hixture'for lower x, and p/d, with lower

(1)

absorptibn coefficient and hence lower jSC

N
.

Changes in the magnitude of the diffusion length of CuxS due to changes

in the mobility of the electrons or due to changes in the minority



in working cells. The expression assumed for a in dégnnurute CuxS was
a () = A(hv) (hv-Eg-B_E.")°

where a(ﬁv) is the wavelength or photonAenergy dependent absorption coefficient
A(hv) a wavelength dependent factor, hv the enexgy of the incident phqton,

E the band gap of the absorbing semicbnductor,,EF' the position of the Fermi
level above the conduction band minimum in n-type materiél or below the valence

band maximum in p-type material, Bg a constant which depends upon the effective

0 ' . - ; -
masses(l') and s an exponent which is 1/2 for direct gap material and 2 for
. ' I\'Ih
indirect gap, BS is 1 for indirect gap material and B_ = (1 + E_) for direct
. S e

H

gap material. Fig. 1 shows the direct transition case and why BS >, 1.
Fig 2 shows the experimental data fér a, and g/d aﬁd also the célculatéd:values
for s = 1/2, Bs =1, 1.5, 2;6 and s = 2 cases at a wavelength of 0.65 ym.
Agreement with the direct gap case s = i/2, B = 2 is better than
fér the indirect .gap case both from‘Fig; 2 and ffom'the variation of‘az'with
hv . However, the inhomogenéous nature of the éampie e.g. the thickness
variations in'CuxS due to formation of CQxSvin grain boundaries makes the
conclusion‘ot direct‘naturé.sémewhat tentative.
-Calculation of the change.in sﬁbrt éifcuif current thét would
accompany the changés in absorp;ion seen éxperimentally Qere carried out
taking into, account the 80—902 reflection from'the baék cbntact and a
significant‘light.trapping at the front.surface that is consistent with'thg
;méagured reflectivity of actual cells. The éaiéulated changed in 5SC ior an
AML spoctfum range up to 20-30% for vuyiations in a of 20% at short wavelengtﬁs
to 507 at long wavelengths. These valubs'ngree.very welllwith the changes

in jSC seen in actual cells.



Our conclusions based upon lt]ic (.:.\;b(':l'.ilm.-nl.‘.:l‘] ly .IlJl";'l':illl'(.'('] changes
in absbrption in samples prepared by the same techniques as the célls aré:
.(1) That the changes in a are,sufficiént to accodnt-for the observed‘
short circuit curren£ behavior in cells without 1nvok1ng oLher p0551b1e
mechanisms; (2) The'. chanbes in «a nbké1VLd Rlé consistent with Lhe Cuhs
being degenerate and<do not require invpking a'mchd‘phase'of chn]cogjte and
djuéleite; (3)  The CuxS abébrption Qata and its‘variation with sheet
‘resistance aérée'more closely with a direct band“gap.material than'withvan

indirect band gap material.
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Appendix F

Current-Voltage Analysls ' j
of the CuiS/CdS Sotar Cell With An Interdigitated Grid i )

by
James £, Phillips
Institute of Energy Converslon
Universlity of Delaware

Newark, DE 19711
(302) 995-7155

ABSTRACT

The various heat treatments used to optimize
the efficiency of the Cu,S/CdS solar cell cause
changes in the stoichiometry of the Cu,S. These
stoichiometry changes modify the resistivity of the
Cu,5 and hence the series resistance losses due to
the top semiconducting layer of thé solar cell.
During these healt treatments. changes 3are also oc-
curring in the €4S depletion region. Because both
the Cu,S and €dS arc being modificd during the op-
timization process, it is difficult to scparate the
causes of fill factor and efficiency changes in the
Cu.S/CdS solar cells by examination of only the
cufrent-voltage characteristic under illumination,
Also, the dark current-voltage characleristic can-
not be used to scparate these effects, because the
junction properties are light dependent. Discrimi-
nation between various efficiency controlling mech-
anisms can be achieved by replacing the standard
single bus bar and parallel wire grid structure
with two scparate bus bars to which alternate grid
wires are connected. This changes the solar cell
into a three terminal device which can measure
both the sheet resistance and the fill factor loss
duc to the Cu,S, ’

INTRODUCT | ON

The techniques for mezsuring the fill factor
reduction due to the resistive losses of the top
semiconducting layer of a solar cell can generally
be divided into two catcgories. The firsiL category
consists of methods that rely on varying of the
light flux incident on the solar cell (1,2,3), and
monitoring the resultant changes in clecctrical
characteristics. The sccond category is based on
detailed analysis of the current-voltage character-

istic (4,5).

Both procedures rely on assumptions Lhat are
uvsually not valid in the case of the €dS/Cu,S solar
cell. The methods that use the variations of light
intensity assume that the Tight modifics only the
light generated current of the solar cell. This is
not the case in CdS/Cu2$ cclls, becausc the CdS is
photoconductive and changes in the light intensity
modify Loth the resistive losses of the €dS and
the characteristics of the CdS/Cu,S junction (6).
Those tcchniques that use an examination of the
voltagc-current charocteristic assume that the
deviations from ideal diode behovior are wolely

couscd by the resistive losses of the top scmi- :
conducting layer. In the case of the CdS/Cu)S cell )
this is not necessarily true and the major devia-

tions may be the result of field dependent inter-

face recombination (3).

In nrder tn quantify the fil}l factor losses
due to the Cu,S layer on an oparating fHQ/CHZS
seler cell, it was nacescary to deuelnp an.rxperi-
mental method that neither varies the light inten-
sity nor ascuincs that deviations from idecal diode )
behavior are due solely to the Cu,S layer. In
addition, because the Cu S undergoes significant
changes in resistivity diring optimization (6},
the.method should also be able to provide an un-
ambiguous measurement of the instantaneous CuZS
fill factor losses. ' :

The necessary conditions for measuring the
Cu.S losses can be met by applying an interdigi-
ta%ed‘grid consists of two sets of interlecaved
parallel grid wires connected to a tab or bus bar
at opposite ends of the cell {sce Figure 1). Test-
Inyg a cell uf this Lype with each tob individually
and with both tabs connected together, gives a set,
of current-voltage chaiacteristics that differ only
in effective grid spacing. This grid structure
also modifies the solar cell to give a three
terminal device that allows {with proper precau-
tions) the measurement of the current-voltage
characteristics of the Cu,S decoupled from the
rest of the cell. This is shown schcmatically in
Figure 2.

Because the interdigitated grid enables the ;
current-voltage characteristic to be measured on
solar cells that are identical except for the
spacing between grid wires, it is a stple matters
to calculate the contribution to fill factor loss
causcd by the CUZS layer (AFF7). The effective
series resistance of the top semiconducting layer
is proportional to the square of the spacing be-
tween grid tines (4,5) (R a 12) and the resulting
fill factor luss is proportional to the series
resistance (3). From the fill factors mcasured at
effective grid spacings of L and 2L the loss in
fill factor at these two spacings can be deduced
as Tollows: . :

FT(I

AFF” ;t_Zlaiif(J,ef_Zl. S

(h+2) 7



"G v T er ) ()

FF (0 or2)  —— 201

As an cxample, Figures 3 and 4 show the
voltage-current characteristics of Cd$/CugS solar
cel) with the interdigitated grid both bLefore and
after a reducing atmospherc heat treatment (HZ

was used as the reducing gas). Table | summorizes

the results of the measurcments. Although the -
heat treatment has detectably increased the
resistive losses due to the Cu2S, it can be scen
that these are not the major fill factor losses
in this cell. Some estimate of the uniformity
and integrity of the grid structure can be gained
by comparing the fill factor of tab | to that of
tab 2.° -

Cu2S Sheet Resistance

The CuzS shect resistance can be found by
measuring the current-voltage characteristic
betwecen the two grids with an appropriate bias

~voltage to the back contact to block leukage
currents across the junction (Figure §). If the
measurements are carried out in the dark and
under illumination, current flow through the
photoconducting CdS can be detected. The Cu2s
sheet resistance (R ) is given by the slope of
the voltage-current curve. :

dv

dJ

A sct of measurments are given in Table 2

in which over 145 voltage-current points were

used for each regression The curren%’dcnsity

(J) ranged from -8 mA/cn® to +8 mA/cm®. The
following formula was fitted to the data

Vo= v s g aee Facg, W

= Rp /L2 (3)

1

The offset -voltage between the grids at-zero
current‘(Vo) was caused by the current from the
bias voltage and the light generated currcnt
flowing through the Cu,S layer. Higher order
terms in J were used to determine if there was
any non-ohmic behavior bctween the grid wires and
the CuzS. The measurements do not reveal scn-
sitivity to either bias voltage or light, ncither
do they show any indications on non-lincarity in
the voltage-current characteristic. A mcasure of
the lack of non-linearity is given by thc hiah
“coefficient of r2, J, with Cy and €2 cffec-
tively zero. It is concluded that the technique
is measuring the true sheet resistance of the
CuyS layer, and it frece from errors caused by
current flow through the €dS/Cu2S junction. This
follows from the lack of variation in Ry at
various junction bias voltages.

Summary

By replacing the standard single bus bar and
parallel grid wire structure of a solar cell with
two scparate bus bars to which alternate grid
wires are connccted (interdigitated grid), the
sheet resistance of the top semiconducting layer
and the fill factor loss caused by it can be
accurately mcasured on a cell ‘operating under
standard illumination conditions.
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THINZEI M £S/CugS CELLS_ WITH_ INIGH OPEN-CIRCUIT VOLTAGE
AMD TOW KLILTCTION LOSSES

Julio A. Bragégnolo, Robert W. Birkmirec.and James E. Phillips

Institute of Energy Conversion
University of Delaware

Newark, Delaware 19711

ABSTRACT

A CdS texturing process and a Cu,S formation
- procedure have becen combined to give (dS/CujpS
cells with low reflectance losses but with high
open circuit voltages in cxcess of 0.5 V. As a
consequence conversion efficiencies of 10% are
anticipatud. )

1. INTRODUCTION

Thin-film polycrystalline planar junction
CdS/CuZS solar cells with open-circuit voltages
(Voc) of up to 570 mV have been previously ob-
tained by solid-state reaction growth of Cuj$
on unetched €dS layers (1). However, as the mor-

phology of the CuzS layer is made smoother (Fig.1},

increased reflection losses limit the light-gene-
rated current J; of planar junction cells to about
80% of that in high efficiency textured cells. In
order to achiceve the potential efficiency of the
planar junction cell design, estimated at over- 10%
(2), it is necessary to reduce the reflection

losses to the levels measured in textured ceclls (3).

In this work, we report the development of a CdS
texturing process that yiclds '"planar', high Vg¢,
CdS/Cuy5 cells with the required low reflection
losses.

2. CUZS LAYEPR MORPHOLOGY

“lhe morphology ot the solution grown CuyS sur
face in a textured CdS/CusS cell is shown in Fig.
Z. The CuyS forms along the surface of the CdS and
also penetrates down the CdS grain boundaries.
The low Voo £ 520 mV of textured cells relative to
planar cells is a consequence of the substantially
larger junction arca caused by both the grain boun-
dary intrusions and the fine light trapping sur-
face. A quantitative photon loss analysis (1) shows
that the CujS texture contributes to the photon
economy of high efficiency cells in two major ways:
1) Multiple rcflections of incoming light rays

lower the front surface reflectance and 2) Diffuse

light scattering at the LuyS surtface and CdS/sub-
- strate interface and the acute angle of incidence
of reflected light on the outer surface of the
Cu3S layer decrecases the re-emission of unabsorbed
light (Vight trapping).

In order to increase Lu$ absorption in the
planar cell it is esséntial to reduce re-cmission
losses by enhancing diffuse internal reflection.

It can be shown (1) that only the small scale (0.5~
1.0 um) pyramidal structure of the CuS layer is

necessary to acccmplish the above reduction in re-
flection losses., By tailoring of the fine texture
coupled to the use of the non-intrusive solid-
state CuyS growth process we have simultancously
minimized both reflection and Vg losses. The
proper CdS texture was obtained by reducing the HC)
concentration in the etching solution from 55% by
\'U]U”ll.'.; as used for rhe o cEnvd nl icnAl Les Loned el
(1), to 25% oand incrcasing the ctching time from

2 to 20-N0 sece at 609C, at which point the desired
total rcflectance was achieved. The morphology of
the Cu,S surface of cells made by solid-state Cuj$
growth on lightly etched {dS is shown in Figure 3
(compare with Figure 1), wherc both the grain
boundary and fine structure are reduced relative

to the conventional textured cell (Figure 2). Use
of the conventional 55% HC1 etch with the solid
state CupS growth process yielded a CupS layer with
‘excessively thin reqions, leading to cells with
high resistive and J_ losses. ‘

3. REFLECTANCE, Voo AND J|

‘Reflectance spectra of gridded CdS/CuyS de-
vices-with various CuyS layer morphologies are
shown in Figure 4, The light texture introduced
by the new process (Figure 3) is sufficient to
reduce reflection losses to the level typical of
conventionally textured ecells, In fact, usc of
this process with the CuysS solution growth tech-
nique yields cells with the same photon economy
as the conventional cell but with a substantially
reduced frequency of shunt and short-circuit paths.

Values of J| and Vo (normalized to Ji = 25
mA/cm2) achieved with the various structures are
shown in Table 1. The data shows that an all eva-
porated thin-film CdS/CuyS cell can achieve effi-
ciencies over 92 if a fill factor ™~ 72% (typica)
of high efficiency textured cells) can be obtained
with the Voc and Ji values reported here, The Ji.
values (> 25 mA/cm?) nccessary to exceed 10% effi- ._
ciency have not yet been achieved, but the solution
of the reflection lass problem is a major advance.
lhe best J| achieved to date is 22.2 mA/cm2 which
is within 11% of the goal. Ongoing development of
the optimum CujS stoichiometry and thickness and
improved substrate reflectivity are cxpected to
yield cells of over 10% conversion efficiency,
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TABLE | ¢ 2 ‘ ' e '}
Janet § { . % .'.{'
Cell HC) Etchling s ’, 3 a2
Concentratlon Time Cuys Vnc‘ Jp (As1) ' 3 o ' P 2
(2 by volume] [sec] Growth [mV] [mA/em?) : ; L= romy S War a ' . \ ) j

630.813 55 2 Soluton 516 2.8 ; FR ey ; S
] * ‘ - /r_'?]
20948.121 - - Salld State 550 18.7 ¥ y 1
20368.121 20 25 Solld state 558 22.2 l Mok j
~ = . e
21057.121 20 4o solutlon 517 2k.7 | K o . s |
Typical values of V. and J| achievable with various cell morphologlies i:.m..z,:..-,:..-..v;.;;/..‘,z};u;.:.-s,-- {..‘,4-4»:.'_,;:;4 ‘-_.*_‘_',‘».;,:-:“L:;:_V-_:j

* Normalized to Ji = 25 mA/cm?

t Experimental Ji values prorated llnearly to 100 mW/cm? Intensity
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10,le Figure 2

SEM view of the top surfare of a conventlionally

textured cell with solution grown CuyS layer (mag.

I ]O#r,;{l Figure 3

SEM view of a lightly textured cell with solid
state grown Cu,$ (mag. 2000 X)-
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Figure 4

Reflectance spectra of gridded cells with various

Cu2$ layer morphologies
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