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ABSTRACT 

Unencapsulated thin-film solar cells. of the Cu2S/CdS type have 

been aged in controlled flowin&-gas ambients,to characterize changes in 

their photovol taic, properties,. Severe degr?dation oc;cl}rring in wet 0 2 

ambients at room temperature probably accounts for the large short­

circuit current losses reported earlier •. Limited loss ((15% of. initial 

values) in J sc occurs at RT in dry oxygen., No_ loss can be att:r.ibuted to 

moisture in Ar or N2 ambients for exposure times greater tha~ :--2 hrs. 

Direct me?surements.of optical.absorption i~ the front Cu2s layer would, 

be facilitated by an integral CdS/Cu2s df~~~t9r on the back surface. 

Several techniques for ~aking such a detec~?r were successfully 

demonstrated. 
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1. SUMMARY 

The Westinghouse R&D Center is engaged in a program to develop 

and document cell-processing· methods for 9% efficient, low-cost cu2S/CdS 

thin- film· solar ceil~. This is the second q·uarter of work involving an 

expansion of the scope of the program. Three tasks are currently'being 

addressed:'· (1) establishing· the reproducibility of·a wet-che~istry 

processing sequence for 9% efficient cells, (2) improving the 

performance bf cells in terms of' efficiency and stability, and -(3) 

developing low-cost elec trade g.ridding methods. During the previous two 

quarters, efforts on· the first a'fid third" t~sks were· essentially 

completed. ''For the presen·t ·quarter, empli.asls has been !>laced on the 

second task. The effort on .. this task has dealt with two areas: (t) 

characterizing the dynamic changes in cell performance during aging in 

several controlled ambients, and (2) exploring methods for producing 

back-surface Cu2s layers in cell structures to permit measurement of the 

light transmitted by the front-surface Cu2s layer in actual cells. 

In our opinion the most important result of the work this 

quarter is evidence that oxygen and water vapor are required to produce 

large () 80% of the initial value) losses in Jsc of unencapsulated cells 

at room temperature. A much smaller loss (~ 20% of the initial current) 

appears to be associated with oxygen alone. Water vapor in nonoxidizing 

gases (Ar .and N2) had no detectable effect comparable to that for an 

oxygen carrier case. To our knowledge, earlier reports of degradation 

in Cu 2S/CdS cells have not involved differentiation of oxygen and water 

vapor influences. 

We have been able to show that short-term (~ 50 hrs) degradation 

of thin-film cu 2S/CdS cell performance in dry oxygen is limited and 

occurs within about 10 hrs at RT. Maximum losses in Jsc of-10 to 13% 
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occur within this period. Over a period of ~200 hrs, the maximum total 

loss in Jsc is from 12 to 15%. The results just cited were obtained for .. 
cells which had been previously annealed in hydrogen at 150?c for very 

long periods (·~00 hrs). Cells which had been annealed for only ~150 

hrs appeared to have less short-term and total loss in Jsc. (only about 

10% maximum). Aging in dry oxygen at 80°C appears to involve a slightly 

higher maximum current loss, ~20%. Short-duration anneals were not 

used, thus we cannot estimate the shortest interval over whjch most of 

the ioss occurs. 

As mPntinnPrl ~bove, the most significant loooco in Jsc. and 

efficiency occur for cells exposed to a moist oxyeen ~mhient •. We 

limited the experiments to room temperature and very high values of 

relative humidity (75 to 95% RH). The time dependence of Jsc for cells 

aged in this way can be fit by using a sum of two decaying exponential 

functions. One, having a time constant of 2 to 3.5 hrs, accountg for 18 

to 20% loss of the initial Jsc value. The other, wlth a time constant 

of about 45 hrs, appears to represent 80 to 82% loss of the initial Jsc 

value. Even after 75% ~oss of their initial Jcc capability, cells could 

be restored to the performance levels recorded before aging by annealing 

in H~ at 150°C. 

loss in Jsc or other PV parameter when cells were aged in wet argon or 

wet nitrogen ambients. Losses in J
0

c were noted after the .f~rst 1.5-hr 

long interval of exposure, suggesting that the hydrogen-AnneAline step 

immediately preceding any of the aging intervals may sensitize the 

Cu 2S/CdS cell and make a 10 to 15% loss in Jsc inevitable during any 

short exposure to a nonreducing atmosphere. 

It should be kept in mind that the previous results on cell­

aging effects were obtained by using a special stress/evaluation tube in 

which the cells were mounted, electrically contacted, and retained under 

controlled gas-ambient conditions for subsequent annealing, measurement, 

aging, and - in some cases - recovery. We believe that such an 
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approach is necessary if exposure to uncontrolled laboratory ambients 

and erratic chang~s in photovoltaic performance of these cells are to be 

minimized in order that meaningful evaluations can be made. 

The mechanism first suggested and most frequently invoked to 

explain Jsc reduction in aged cells is a reduction in optical absorption 
. ' 

of the CuzS layer due to changes in its stoichiometry as oxidation 

occurs. To the best of our knowledge, no direct evidence has been 

presented to confirm that this mechanism actually occurs and accounts 

for loss of short-circuit current in cells. The topological 

complexities of the surfaces and heterojunction interfaces in a thin­

film cell make it difficult to obtain optical information, by standard 

methods, which is relevant to cell performance. We feel that relevant 

information can be obtained by using an integral CdS/CuzS detector on 

the ba~k of a standard cell. In this way, reflection losses with an air 

interface and errors in positioning are minimized, as compared to using 

a remote ·photodctcctor in conventional measurements. 

Several methods of forming Cu2s layers on the back surfaces of 

celis were developed during this quarter. In one case, this has been 

done on completed cells which are laminated to a glass slide. The back 

surface of the CdS film is exposed by etching or peeling away the copper 

foil substrate. Photoresponsive detectors on the back surface have ~en 

made by ~et-CuC! processing methods similar to those used for preparins 

the ab~orbing front layer in a cell. Although the front and back 

junctions were isolated under dark evaluation conditions, they were 

electronically coupled during spectral response measurements. 

In order .to minimize the possibility of CuzS formation along 

defects or grain boundaries through the full thickness of the CdS film, 

we attempted to prepare a CuzS layer adjacent to the copper foil 

substrate before the main CdS film was deposited. Our fi~~t approach to 

such·a structure was to deposit a thin (1 ~) CdS layer which was then 

converted to CuzS by immersion in CuC! solution. Such films did not 

remain adherent to the copper substrate. We were successful in making 
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an adherent structure and a photoresponsive back~surface detector by 

evaporating ~ 8000A of CuCt on the copper substrate prior to the 

standard deposition of CdS. Such a structure would serve for the 

optical measurement purposes described above. Some problems remain in 

isolating the co~tact to the back cu 2s layer from that to the CdS film 

for the more complex device structures that would be needed for complete 

optical measurements. 

Future efforts will be directed toward identifying the source of 

the short-circuit current loss in cells aged in wet oxygen. More 

comprehensive characterization of the heterojunction behavior will be 

made to determine if mechanisms controlling diode-opposing current are 

affected during aging. Measurements will be made to ascertain effects 

of aging on the optical behavior of cu2s layers in cells. 
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2. INTRODUCTION 

2.1 Objective and Tasks 

The objective of this program is to develop and document cell­

processing methods for 9% efficient Cu2S/CdS .thin-:filin solar cells and 

to assess selected alternate routes for achieving cells with 10% or 

higher efficiency. Three specific tasks are being addressed for the 

current phase of the program: (1) improving baseline processing methods 

to give greater control over the reproduc:i.bil;ity of cell ·performance; 

(2) investigating means to make more stable, high-efficiency solar 

cells; and (3) evaluating alternatemeans of forming the grid electrodes 

which reduce the high cost of the thic.k, evaporated gold grids presently 

being used. 

2.2 Technical Approach 

During this ~uarter, most of the effort has been directed toward 

the second task, that of investigating methods to make more stable, 

high-efficiency solar cells. The status of the other two tasks has been 

reportep previo~sly.(l) Two major lines of study have been followed 

during this period. ·One has involved baseline characterizations of 

state-of-the-art cells aged by storing in controlled, flowing'-gas 

ambients. The second has been exploration of methods for characterizing 

the optical properties of Cu 2s layers used in thin-film solar cells. 

2.2.1 Baseline Stability Characterizations 

From our own experience and from the literature we appreciate 

that the performance of cu 2S/CdS thin-film cells, particularly in terms 

of short-circuit current, 9egrades with time during storage or in use. 

\ole undertook to characterize, as a function of time, the performance of 
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cells held in controlled atmospheres to understand better the dynamic 

nature of the degradation effects. For this purpose, a special quartz 

tube was prepared incorporating the features shown in Figure 1. The 

stress/evaluation (S/E) tube has a main body of rectangular cross 

section (2.2 em x 4.4 em) which is ~ 30 em long. The tube is fitted 

with a flange which is sealed by an 0-ring to a plate through which pass 

an electrical cable and tubes to feed and exhaust the gas for 

controlling the ambient. The gas inlet tube passes through and supports 

a copper block on which thin-film cells are mounted, along wlth a 

silicon reference cell, as shown in the ·lower part of Figure 1. Probe 

contacts to the grid electrodes o'f each cell are made which are capable 

of withstanding temperatures of. at least 200°C~ .. 

Experimental cells are generally selected from those tested 

earlier and subsequently stored. They are mounted in the S/E tube, 

which is then sealed and purged with nitrogen. The cells are then given 

a short (overnight) anneal in pure hydrogen at 150°C to return their 

performance to near levels achieved b~fore shelf storage. Prior to 

annealing, hydrogen is flowed through the tube for at least 30 min at 

room temperature before the tube is inserted into 'a 150°C furnace. 

Subsequently, the cells can be evaluated for photovoltaic performance 

and subjected to controlled condit~ons of temperature and light under 

various flowing ambient gases·, without being exposed to the 

atmosphere. In this way, we remove the uncontrolled influences of 

oxygen and water vapor exposure which are present during conventional 

testing of cells in a laboratory. Water vapor, in particular, is of 

concern since the relative humidity of air in our laboratories can range 

as high as - SO%, if only for short periods of time (several hrs to 

about one day). 
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Schematic diagrams showing (top) the stress/evaluation 
tube for aging and characterizing thin-film cells under 
controlled ambient conditions and (bottom) the 
arrangement of teat and reference cells. 
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Initially, we planned to subject cells of moderate performance 

(~ 6% conversion efficiency) to aging in pure oxygen, using a series of 

elevated-temperature conditions not exceeding 100°C. We expected to see 

measurable short-circuit current degradation within a reasonable period, 

e.g., about one week. We then planned to humidify the oxygen by passing 

it through a water bubbler. By using several temperature and humidity 

conditions, we expected to derive an approximate measure of their 

effects on the acceleration of cell-performance loss. The method for 

doing this would be similar in principle to that used by Sbar and 

Kozakiewicz in tonsidering electrolytic conduction as a failure 

mechanism in bare- and encapsulated-silicon integrated circuits.< 2 ) 

If successful, this initial effort on the characterization of 

degradation in cu 2S/CdS cells would be combined with studies aimed at 

pinpointing the physical mechanisms responsible for reduced cell 

performance. In our opinion a critical area of concern is the ability 

to characterize more completely the cu2s layers used for fabricating 

cells. An approach to optical characterizations of Cu 2s films in a cell 

context was the other major task addressed during this quarter. 

2. 2.2 Optical Characterizations of cu1~. Fil~s in a Cell Conffgt~ration 

We believe that an important first step in providing basic 

information on cu 2s layers in cells is to produce specimens on which 

optical transmission measurements can be made. We have previously used 

single-crystal CdS substrates and made simultaneous measurements of 

local cu 2s photocurrent, and of light transmission for specimens with a 

tapered thickness layer of Cu 2s. This ~ethod allowed estimates to be 

made of minority-carrier diffusion length, surface rccomhinRtinn 

velocity. and heterojunction collection ~fficiency for the devi~es in 

question.< 3 ) With single-crystal specimens, this approach is relatively 

straightforward since the front and back surfaces can be made planar. 

In addition, the back metal contact need not be in the region of 

interest optically. 
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For state-of-the-art thin-film cells of the Cu2S/CdS type, a 

method must be devised for measuring the amount of light transmitted 

through the cu2s layer. In Ref. 4 we described initial attempts to 

produce free-standing specimens of CdS films by etching small holes in 

the copper foil substrate. We planned to use such free-standing areas 

within actual working cells in order to correlate closely cell 

performance and Cu2s optical behavior. Because of the differences in 

thermomechanical properties of the CdS film and the substrate, the free­

standing sections of CdS broke away. 

During this period we have explored a variety of methods, other 

than using free-standing films, for optical characterization of the Cu2s 
layers in cells. A common aspect of these efforts has been to apply 

them in a way to produce a back-surface detector of photons which 

penetrate the front-surface Cu2s layer used in a conventional cell. The 

alternative is to use a remote detector. With a remote detector, 

internal reflection and light scattering by the small grains and 

irregularities of the original CdS/Cu interface are expected to preclude 

accurate and reproducible measurements of Cu2s spectral transmission 

which are required for our purposes. An integral detector should avoid 

these problems. In Section 4 results are presented of our efforts to 

produce specimens with such detectors. 
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3. BASELINE STABILITY STUDIES OF CELL PERFORMANCE 

3.1 Light Calibration Using a Silicon Cell as a Reference 

In order to perform meaningful in-situ evaluations of cells 

within the stress/evaluation (S/E) tube, a silicon reference cell is 

mounted in the center posltion of the block shown in Figure 1. The 

simulator-cell distance is adjusted to give the same reading (within 

several percent) for'short-circuit current in the reference cell as was 

obtained for that cell in open-air testing with 90 mW/cm2 provided by 

the simulator. Table 1 gives values of percentage differences in 

photovoltaic parameters for the silicon reference cell and for four 

thin-film cells after mounting in the S/E tube, compared with values for 

open-air testing which was done about 15 min earlier. We cannot set the 

light level to get exactly zero difference for short-circuit current in 

the silicpn reference cell due to slight errors in repositioning the S/E 

tube with regard to the 3lmulator. In each new 3Ct of mcaaurcmcnt3, the 

silicon reference-cell data is within several percent of the base 

values. 

For the thin-film cells, the data of Table 1 show a slight 

enhancement of J values as a result of the cells being loaded into the sc 
S/E tube. For all other parameters, the percent changes are similar in 

magnitude to those observed for the reference cell. Until it is noted 

otherwise, percentage.comparisons to be made from this point· on will use 

the cell-parameter values obtained after loading in the S/E tube as the 

reference standard. 

3.2 Some Observations on Ambient Influences During Measurement 

Table 2 gives a condensed history of photovoltaic parameter 

behavior for the thin-film cells selected for initial study. All four 
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Table 1. PERCENT CHANGE IN PV PARAMETERS AFTER MOUNTING CELLS IN 
(S/E) TUBE 

PV Parameter 11 Jsc ff voc 
Cell Designation 

Si reference -3.5% -1.7% -1.9% 0.0% 

7372X -2.6% +2.3 -4.1% -0.8% 

7382X -1.7% +1.4% -3.0% 0.0% 

7382Y -1.3% +1.1% -2.2% 0.0% 

7382Z -2.2% +0. 7% -2.2% -0.4% 
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TABLE 2. HISTORY OF PV PERFORMANCE FOR CELLS SELECTED TO BE AGED IN THE 
S/E TUBE 

CELL NO. 7372X 
0.9800C"2 

AN~EAi.. voc JSC EFF F.F G R TI~CHIU mP COKP!ENTS 
A 0.496 14.95 5.96 72.3 2.20 1.35 116.0 150 DIP 1F10 
B 0.495 15.27 5.91 70.4 2.74 1. 75 208.0 150 
c 0.502 17.21 6.86 71.5 1.95 1.89 159.5 150 
D 0.510 15.85 6.15 68.5 3.27 2.36 320.0 21 STORAGE 
E 0.506 16.19 6.01 66.1 3.78 3.09 0.0 0 IN AKPULE Ant. 
F 0.499 19.59 7.16 65.9 4.51 2.59 18.5 75 H2 AT" 
G 0.499 19.05 6.89 65.2 4.62 2.81 7.0 21 STAG H2 
H 0.503 18.98 6.85 64.6 3.65 3.57 66.0 . 21 FLOWING H2 

CELL NO. 7382X 
o.9sOOCii2 

ANNEnL vac J&C m F.F G R TI"ECHRl TEPIP l'.(ll'lllfNT!\ 
A 0.495 15.75 6.21 71.7 1.96 1.78 116.0 150 DIP 11-10 
B 0.496 15.71 5.93 68.5 2.04 3.11 208.0 150 
c 0.303 1'7.78 8.88 89.3 1.92 2.79 150.5 150 
D 0.508 16.84 6.42 67.5 3.38 2.71 320.0 21 STORAGE 
E 0.508 17.10 6.29 65.1 4.09 3.32 o.o .0 IN AP!PULE Ant. 
F 0.500 20.40 7.28 64.2 5.24 2.90 1&.5 75 H2 AT". 
l'i 0.~04 1!1.12 7.04 65.8 2.90 3.+4 _1.g 21 s~M~~~~ H2 H 0.498 20.20 6.90 61.7 ·4.38 4.17 66. 21 

CELL NO. 7382Y 
0.9600CPI2 

TIKEtHRl AN~EAL IJOC JSC EFF F.F G R TE"P COP!P!ENTS 
A 0.490 15.68 6.27 73.5 1.07 1.65 116.0 150 DIP 11-10 
B 0.495 15.86 6.31 72.3 1.75 1.69 208.0 150 
C· 0.503 17.70 7.03 71.1 1.93 2.05 159.5 150 
C' g.5os ·~·58 I:U .7.2 ~.76 ::§~ 32i:8 158 • .507 1 .5 3.1 .35 STORAGE 
E 0.507 17.71 6.15 61.7 4.50 4.57 0.0. 0 IN AI! PULE Ant, 
f 0.500 20.69 7.10 61.7 1.38 4.93 16 .• 5 75 H2 AT"· 
& 0.501 17.99 6.28 62.8 0.92 5.40 7.0 21 STAG. H2 
H 0.504 20.49 6.75 5a.8 2.85 5.62 66.0 21 FLOWING HZ 

CELL NO. 7382Z 
0.9700CP!2 

AN~iAL voc JSC EFF F.F G R TI"ECHRl T£"P COIIKENTS 
A 0.491 14.90 5.93 73.0 1.82 1.30 116.0 . 150 DIP 11-10 
B 0.496 14.89 5.93 72.3 1.26 2.13 208.0 150 
c 0.504 17.38 6.85 70.3 1.89 2.38 159.5 150 
I 0.511 16.29 6.24 67.5 2.08 3.64 320,0 21 STORAGE 
E 0.509 16.43 6.11 65.8 2.63 3.98 0.0 0 IN AP!PULE Ant. 
F 0.504 18.35 7.15 69.6 1.72 2.68 18.5 75 H2 AT"• 
G 0.500 14.85 5.85 71.0 1.05 2.89 7.0 21 STAG. Hi 
H 0.506 19.73 7.18 64.7 3.29 3.61 •• o 21 FLOWING H2 

12 



cells (three of which used the same lot of CdS) were originally 

processed together with regard to Cu2s layer formation, electrode 

gridding, and preliminary tests. They were given long periods of 

initial annealing in H2 at 150°C. After 484 hrs (Anneals A through C), 

three of the cells were put into storage in a cabinet under a slight 

positive pressure of house nitrogen. The fourth cell (#7382Y), which 

had the highest efficiency of the group, was annealed for another 322 

hrs in H2 at 150°C. At this point, after anneal C', its efficiency had 

dropped slightly, primarily due to a change in the fill-factor value. 

The four cells were then retested, giving the results for Anneal 

D in Table 2. All three of the cells which were stored under a slight 

positive pressure of nitrogen exhibited reduced performance. As shown 

in Table 3, conversion efficiency for these cells was down from 6 to 10% 

as a result of the storage. Approximately two thirds of the percentage 

change in efficiency is associated with reductions in short-circuit 

current. 

·We have already commented in.Section 3.1 on the slight changes 

in measured photovoltaic parameters which resulted when the cells were 

installed within the stress/evaluation tube. Those changes (given in 

Table 1 and involving comparisons of results for Anneals D and E in 

Table 2) were much smaller than the changes that were noted after 

storing the three cells in question for two weeks. 

Further sensitivity of cell performance to a controlled 

atmosphere within the stress/evaluation tube is evident from the data 

for conditions designated as Anneals F, G, and H in Table 2. Overnight 

treatment in flowing hydrogen at a moderate temperature of 75°C (Anneal 

F) yielded higher cell performance than did any previous anneal. 

Etticiency values increased by 15 to 20% and, as in the case of the 

storage conditions, short-circuit current increases were the controlling 

parameter. After being stored in the S/E tube at RT under stagnant 

hydrogen for seven hrs (Anneal G), the cells suffered decreases in 

short-circuit current and efficiency ranging from 3 to about 19%. As a 

13 



TABLE 3. PERCENTAGE CHANGES IN PV PERFORMANCE FOR THIN-FILM CELLS 
DURING STORAGE FOR 322 HOURS IN NITROGEN DRY BOX 

PV Parameter n Jsc ff voc (ffV
0

c) 

Cell· No. 

7372X -10.3% -7.9% -4.2% +1.6% . -2.6% 

7382X -.6.4% -5.2% -2.6% +1.0% -1.1% 

7382Z - 8.9% -6.3% -4.0% +1.4% -3.1% 

14 



result.of storage in the S/E tube over one weekend at RT under flowing 

H2 (Anneal H),. the cells exhibited ·considerable scatter in the 

percentage change in efficiency (from -2 to +23%) and in short-circuit 

current density (from -1 to +33%). 

The results of initial tests on cells in the S/E tube 

established that significant differences in cell performance resulted 

from each of several ambient conditions (flowing H2 at 75°C and at 21°C 

and stagnant H2 at 21°C). These results have two important ramifica­

tions. First, they demonstrate that the S/E tube, under flowing-gas 

conditions, is an effective method for controlling the gas ambient in 

which Cu2S/CdS cells are aged and evaluated. Secondly, the increases in 

short-circu:f.t current due to very mild reducing ambients of flowing 

hydrogen and the loss of current merely due to cell exposure to a 

stagnant hydrogen ambient suggest that the photocurrent in these cases 

is modulated by a very sensitive surface mechanism. It seems unlikely 

that the stoichiometry of the Cu2s layer could be affected by the 

conditions we used in these studies. Furthermore, if that were the case 

one would expect more significant changes in junction-opposing current 

as reflected in the open-cirucit voltage. There is no evidence for such 

changes in the data of Table 2. 

3.3 Performance of Cells Aged in Dry Oxygen 

3.3.1 Dry Oxygen at Room Temperature 

The four cells used for the initial studies of ambient effects 

during measurement, as discussed in Section 3.2, were given new J 

identification numbers for an experiment involving aging within the 

* stress/evaluation (S/E) tube in an ambient of dry oxygen. Table 4 

gives initial values of Voc' Jsc• and fill factor for the cells together 

* Matheson Super Pure Oxygen with less than 100 ppm of water was used. 

15 



TABLE 4. SUMMARY OF CHANGES IN PHOTOVOLTAIC PERfORMANCE FOR CELLS AGED 
.AT ROOM TEMPERATURE (- 210C) IN DRY OXYGEN 

A. Initial J (mA/cm2) sc 
n (%) 

Voc (volt) 

ff 

10000 

(7372X)* 

18.980 

6.850 

0.503 

o. 6146 

B. Percentage changes after 
first 1.5 hrs of aging 

-7.5% 

-1.8% 

+1.0% 

+5.1% 

c. Percentage changes after 
219 hrs of aging 

* 

~12.2~~ 

~9 .1~; 

+1.6% 

+1.9% 

Former designation in Table 2. 

16 

Cell Number 

20000 

(7 382X) 

20.200 

6.900 

0.498 

0.617 

-8.7% 

+0.4% 

+2.4% 

+7.8% 

.,..13.0% 

+3.0% 

+4.2% 

30000 

(7 382Y) 

20.490 

6. 7 50 

o. 504 

o. 588 

-9.2% 

-5.5% 

+1.2% 

+2.9% 

-1'1. 9~~ 

-19.n 

+1.8% 

-7.1% 

40000 

(7 382Z) 

19.730 

7.180 

o. 506 

0-647 

-8.7% 

-4.7% 

+0.2% 

+4.3% 

-13.9~~ 

-12. 3?; 

+0.8% 

+0.9% 



with percentage changes after the first aging interval (1.5 hrs) and 

after 217 hrs of aging in dry oxygen. 

Of all the photovoltaic performance parameters, short-circuit 

current exhibited the most consistent percentage changes: 8 to 9 

percent reductions after the first 1.5 hrs, 10 to 13 percent after the 

first 4.5 hrs, and 12 to 15% reductions over the course of 219 hrs. 

Percentage changes in fill-factor values covered wider ranges: +3 to 

+8% for the first 1.5-hr period and +4 to -7% for the 219-hr period. 

Open-circuit voltage exhibited small increases (<2%) initially and (<3%) 

over the course of the entire aging period. As a result of the wide 

ranges in fill-factor changes, the percentage changes in efficiency were 

affected. These changes ranged from +0.4% to -5.5% for the initial 1.5-

hr period and from -7.0% to -19.7% for the 219-hr period. 

A second group of cells was similarly installed in the S/E tube 

at a later date and aged in dry oxygen at room temperature. Results for 

those cells are given in Table 5. They are similar to those in Table 4 

except for two features: (1) the percentage changes in fill-factor 

values were less than for the first group of cells and (2) the changes 

in short-circuit current after the first 1.5 hrs of aging were much less 

than for the first group of cells. 

The cells of the second group differed from those in the first 

group in terms of their annealing history prior to installation in the 

S/E tube. They had been annealed for only 144 hrs in hydrogen at 

~ 150°C, whereas those in the first group had been annealed for at least 

482 hrs. Cell #30000 of the first group had been annealed in hydrogen 

for a total of 805 hrs. (We speculate that the long anneal may be 

associated with the fill-factor reduction for long-term aging, which was 

counter to the trend in the first group of cells.) In addition to 

shorter annealing for cells in the second group, two of them (#11001 and 

#11002) were fabricated with electroplated rather than evaporated 

grids. Because of the process requirements for electroplating, these 

* cells had an Si02 film covering the Cu2s surface. Figure 2 gives 

* Processing details and p~rformance of cells with electroplated grids 
are discussed on PP• 27-36 of Ref. l. 
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TABLE 5. SUMMARY OF CHANGES IN PV PERFORMANCE FOR A SECOND GROUP OF 
CELLS AGED AT RT IN DRY OXYGEN 

Initial Jsc (mA/cm2 ) 

n (%) 

Voc (vulL) 

ff 

Percentage changes after 
first 1.5 hrs of aging 

jsc 

n 

Percentage changes after 
260 hrs of aging 

.1 sc· 

n 

Cell Numbers (Original Designations in 
Parentheses) 

11001 

(7143B) 

17.400 

6.880 

0.40) 

o. 737 

-6.2% 

-5.2% 

+0.8% 

+0.1% 

-5.3% 
-5.1% 

+l.l% 

-1.4%_, 

18 

11002 

(7083A) 

18.730 

6.690 

0.47 5 

0.677 

-6.0% 

-4.2% 

+1.7% 

+0.3% 

-1.1% 

+0.6% 

+l. 5% 

-0.7% 

11003 

(7432X) 

19.050 

6 .6uO 

0.491 

0.641 

-10.7% 

-6.5% 

+1.6% 

+3.0% 

~10. 7% 

-!3. 0% 

+:l-.47,; 

+0. 5% 

11004 

(7432Y) 

18.480 

6.730 

0.495 

0.662 

-8.6% 

-7.6% 

+0.4% 

+0.8% 

-10.1% 

-L0.3% 

+1.0% 

-1..1% 
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typical behavior of the short-circuit current changes for cells (one 

with an electroplated grid) from the two groups which were studied. 

From these experiments we conclude that standard cells aged in 

pure 0 2 at room temperature exhibit a measurable loss (from 8 to 11%) in 

short-circuit current during the first 1.5-hr period. (Two cells with 

electroplated grids exhibited a somewhat smaller loss of about 6%.) 

Over a long period (219 hrs), addi tlonal. losses of. 4 to 6% i.n short­

circuit current were observed in cells which had been annealed 

P1ft"PnsivPly (~ .100 to 800 hrs) i.!1 H2 prior to these experiments. About 

half of that additional loss occurred during the first 4.5 hrs of 

aging. Cells which had been annealed for about 144 hrs exhibited at 

most another 1.5% loss in short-circuit current during additional aging 

between 1.5 and 260 hrs. (Only two cells were used for this experiment, 

thus the results must be taken with some caution.) For ~ells with 

electroplated grids and an SiO film over the cu2s layer, subsequent 

aging appeared to result in some recovery of the current. For long-term 

aging, the total observed percentage loss in short--circuit current for 

these cells was less than half that for the standard cells. 

3.3.2 QEY Oxygen ot 80°C 

The second group of cells discussed in Section 3.3.1, which were 

aged in dry oxygen at room temperature, were then annealed in situ for 

24.5 hrs in hydrogen at 150°. This resulted in photovoltaic parameters 

being restored to or slightly above those values measured prior to room 

temperature Aging. The cells were then aged at 80°C (achieved by 

placing the S/E tube in a tubular furnace). They were removed from the 

furnace twice (after 80 and after 160 hrs had elapsed), cooled and 

measured in situ. 

Results of changes in performance are given in Table 6. For the 

cells with evaporated grids, large reductions in Jsc (~ 20%) and in n 

( ~ 23%) were observed after 80 hrs, with some ·very slight recovery 

occurring after 160 hrs. For the cells with evaporated grids, there 

20 
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TABLE 6. CHANGES IN PV PERFORMANCE FOR CELLS AGED AT 80°C IN DRY OXYGEN 

Cell Number 

11001 11002 11003 11004 

A. Initial J 5 c (mA/cm2) 18.070 19.000 19.290 19.240 

n (%) 7.040 6.830 6.850 6. 770 

voc (volt) 0.481 0.474 0.492 0.491 

ff 0.729 0.670 0.650 0.645 

B. Percentage changes 
after 80 hrs of aging 

Jsc -6.6% -2.8% -20.1% -20.4% 

n -9.9% -4.7% -23.1% -21.7% 

voc -1.0% -0.2% -0.8% -0.6% 

ff -2.5% -1.6% -3.1% -1.1% 

c. Percen~~ge changes 
after 160 hrs of aging 

Jsc -8.9% -7.0% -17.6% -19.1% 

n -9.8% -4.7% -18".1% -20.2% 

voc +1.2% +2.9% +1.6% +1.8% 

ff -2.3% -0.3% -2.3% -3.3% 
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were short-circuit current reductions of 3 to 7% after 80 hrs and 7 to 

9% after 100 hrs~ Reductions in efficiency values were only 5% to 10%, 

being held constant by some improvement in V
0

c over the course of 160 

hrs of aging. 

Our intent was. to age the cells longer at 80°C, but a furnace­

controller failure resulted in the cells being returned to room 

temperature during an overnight interval. As a result of this low­

temperature condition, the cells regained at least half of the short­

circuit current lost during the first 160 hrs at 80°C, as shown in 

Section A of Table 7. (One of the electroplated cells recovered nearly 

all of the current lost.) Open-circuit·voltage values for all cells and 

fill values for the cells with plated grids were not strongly affected 

by the furnace failure. Fill-factor values for the cells with 

evaporated grid cells were slightly worse. 

Aging in dry o2 at 80°C was resumed and the cells were measured 

after additional intervals of 80, 160, and 240 hrs. Results of these 

measurements are given in Sections B, C, and D of Table 7. They show 

that for all cells the percentage losses in Jsc over 240 hrs of aging 

were comparable to or slightly less tha~ the losses measured over a 

period of 160 hrs in the initial aging tests at 80°C. 

We feel it is safe to conclude that maximum percentage losses in 

~sc ~hould not exceed 20% for cells with evaporated grids aging in dry 

.oxygen at 80°C for periods of as long as 160 to 400 hrs. For cells with 

plated grids, the maximum losses in Jsc for ·comparable times would 

probably be lower, ~ 10 to 15%. 

3.4 Degradation of Cells Aged in Wet Oxygen at Room Temperature 

Effects of aging cells in flowing wet oxygen at room temperature 

were studied by using the first group of cells (Table 4) initially aged 

in a dry 02 ambient at room temperature. After those studies, the cells 

were annealed in the S/E tube at 150°C in flowing hydrogen for a period 

of 41 hrs. As a result of this conditioning, the performance of the 
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TABLE 7. PERCENTAGE CHANGES IN PV PERFORMANCE OF CELLS DURING A SECOND 
SERIES OF AGING TESTS AT ao0 c IN DRY OXYGEN (ALL REFERENCED TO 
DATA IN SECTION A, TABLE 6). 

Cell Nmnber 

11001 11002 11003 11004 

A. Change after furnace 
failure 

Jsc -4.4% -1.1% -8.7% -11.0% 

n -5.5% +0.1% -13.0% -16.5% 

voc +1. 7% +2. 5% +1.4% +1.6% 

ff -2.7% +0.6% -6.2% -7.9% 

B. Change after 80 hrs, 
80°C 

Jsc -6.6% -3.8% -15.1% -16.7% 

n -8.7% -3.2% -20.3% -22.5% 

v uc +0.8% +1. 7% +0. 8% +0. 8% 
(. 

ff -3.0% +0. 7% -6.9% -7.6% 

c. Change afte:r 
80°C 

160 hrs, 

Jsc -7.0% -4.2% -15.1% -16.1% 

n -9.5% -2.9% -24.1% -26~ 1% 

voc -i-0.4% +1. 9% +0.8% +0. 8% 

ff -3.2% +1.2% -11.2% -12.6%. 

D. Change after 240 hrs, 
B0°c 

Jsc -10.3% -6.3% -14.2% '-19. 4% 

n -13.6% -6.9% -19.0% -2 7. 8% 

voc 0.0% +1.3% +0. 8% +0.8% 

ff -3.7% 0.0% -1.1% -11.0% 
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cells was restored very close to the reference values given in Section A 

of Table 4. The· largest percentage deviations from the reference values 

were -1.8%, -3.6%, -1.4%, and +4.3% for Jsc' n, Voc' and fill-factor 

values, respectively. 

Immediately after these measurements, a flowing-gas ambient of 

wet o2 at room temperature was established for these cells in,the S/E 

tube. Dry oxygen was bubbled through room temperature distilled water 

and fed into the S/E tube. Gas from the S/E tube was fed into a plastic 

box containing an Abbeon brand hygrometer. Tubing of 0.64 em (0.25 in) 

diameter was used for all the gas connections. During an initial series 

of tests, the hygrometer indicated relative humidity values of 75 to 

807.. For later tests involving aging for more than 4.5 hrs, indicated 

values of relative humidity were in the range of 85 to 95%. We did not 

consider it worthwhile to expend greater effort for a tighter control of 

humidity in these experiments. 

After our experiences with cells aged in dry oxygen, we found 

the results of aging in wet oxygen to be different in several 

respects. First, the data was less erratic. There was also less 

difference between the performance of individual cells. Finally, the 

changes in cell performance were much larger than for the case of aging 

in dry oxygen. 

Figure 3 shows Jsc data for the four cells in question, which 

were aged for a total elapsed time of ~45 hrs in wet oxygen. We observe 

~hat the data points for these cells can be ·fit reasonably well by a 

function with double exponential decay. The solid curve in Figure 3 is 

the sum of two exponentials, one having a normalized amplitude of 0.18 

and a time constant of 3.5 hrs, the other having an amplitude of 0.82 

and a time constant of 46.5 hrs. Detailed fitting of the curves for 

each of the four cells can be done (without adjusting the component 

amplitudes) by choosing the shorter time constants to lie between 2 and 

3.5 hrs, the longer ones between 44 and 46.5 hrs. We note in passing 

that the four cells in question were initially exposed to wet 02 for two 
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1.5-hr intervals, then annealed in Hz at 150°C for 139 hrs before being 

given the exposures used to produce Figure 3. For those initial short 

exposures, the rate of loss of Jsc was somewhat greater than that shown 

in Figure 3. Using the double exponential fit with the same component 

amplitudes, we estimate a value for the short time constant of about 1 

hr for the initial exposure results. This may indicate that the value 

of the short time constant is dependent on the previous history of 

exposure to wet Oz or of annealing in hydrogen. 

Figure 4 shows short-circuit current behavior for the four cells 

in question, beginning with the initial 3-hr exposure in wet Oz at the 

left through the second and longer exposure to wet Oz (terminating at 

about ZZ5 hrs on the time scale used). The main purpose of this figure 

is to present the results for subsequent changes in Jsc during annealing 

in Hz at 150°C (shown for t ) ZZ5 hrs). Figure 6 is a companion figure 

to demonstrate that the effects of degradation and recovery of Jsc 

control the efficiency behavior of the cell. In Figure 7, similar 

treatment of the fill-factor data shows that exposure to wet Oz had 

relatively little effect on fill-factor values of the cells. 

3.5 Aging in Wet Argon and Nitrogen 

A new group of four cells was selected for aging studies in wet 

atmospheres of nonreactive gases. In this way we expected to be able to 

separate the relative influences of oxygen and moisture which were 

involved in the wet o2 aging studies of the previous section. 

The first series of tests was done for cells aged in flowing 

argon of relative humidity values from 73 to ~100%. Several aging 

intervals of overnight and one weekend were used, but most intervals 

were of a 1.5-hr duration. Three cells exhibited ~ 5% reductions in J
5

c 

(with regard to the starting value as references) during the first 1.5-

hr interval. (One cell exhibited no loss on that occasion.) One cell 

was 9% lower than the reference value of Jsc after one weekend-anneal 

interval. This was the largest deviation in Jsc over the course of the 
I 
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115-hr total time in wet Ar, and it occurred between two intervals 

giving Jsc values equal to or larger than the reference value for the 

cell in question. In other words, no consistent trends were noted for 

changes in Jsc in the cells subjected to room temperature aging in wet 

argon. Section A of Table 8 gives the total aging history (Anneals C 

through M) for a typical cell in the group. Note that the last row of 

data for Anneal N shows a 17% loss in Jsc resulting from a 1.5-hr 

exposure to wet o2 in line with the observations discusserl in Section 

3.4. 

Aft.;>~ th~ &hort expo~turQ to WQt 02 , the cells were ghren a 20-hr 

anneal in H2 at 150°C to verify that they were responsive to appropriate 

atmospheric conditions. Values of J 5 c after this anneal ranged from 4% 

higher to 5% lower than for ·the reference values prior to wet argon 

exposure. The new values of Jsc were used subsequently as references 

for changes during the course of aging in wet Nz at RT over a total time 

of -300 hrs. After the first 1.5 hrs of aging, Jsc values dropped by 7 

to 10%. Additional aging did not reveal any clear trends. As in the 

case of wet Ar aging, performance changes were erratic. For three of 

the cells, Jsc values did not drop any lower and reached or exceeded the 

new reference values at some time during.subsequent aging. The fourth 

cell exhibited somewhat l~rger changes in J~~ bvt w~thout any clear 
trend to suggest consistently greater degradation with time. Section B 

of Table 8 gives the complete aging history in wet Nz of the same cell 

treated in Section A. (The cell numbers differ only for convenience in 

logging the data by computer.) 

In reviewing the overall effect of wet Ar or wet N2 ambients on 

cell performance, we find no consistent long-term trends suggesting 

degradation. Values of Jsc did change erratically during these studies, 

·as was observed for long-term aging in dry Oz at RT and. at 80°C. In 

light of these Qbserved fluctuations during long-term aging, it"is 

interesting that all cells exhibit a decrease in Jsc during the ftrst 

short interval of aging in wet Ar or N2• The same was true of cells 

aged in dry 02• This suggests that the high-temperature hydrogen-
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TABLE 8. TYPICAL EXAMPLES OF CELL PERFORMANCE DURING THE COURSE OF 
AGING IN FLOWING WET ARGON AND NITROGEN ATMOSPHERE 

A. Argon 

CELL NO. 13001 
1.1100Cft2 

A.'t'iEAL IJOC JSC Eff F.F G R TIIt£tHR) TEPIP COPI1'1£NTS 
A 0.492 15.98 5.70 65.2 3.71 3.39 o.o 21 STORAGE 
8 0.488 17.48 6.28 66.3 3.98 2.65 21.0 150 FlOWING H2 
c 0.497 16.70 6.19 67.1 4.16 2.23 1.5 21 FlOW AR 73% HIJfl, 
D 0.499 17.30 6.41 66.8 3.22 2.99 1.5 21 FLOW AR 851 HUPI. 
E 0.429 17.06 6.36 67.2 3.89 2.41 1.5 21 FLOW AR 89% HUPI. 
F 0.499 17.24 6.36 66.5 2.60 3.45 0.7 21 FLOW AR I 97% HUPI. 
G 0.495 17.36 6.32 66.2 4.57 2.40 16.0 21 FLOW AR I 100% HUPI. 
H 0.500 17.48 6.42 66.2 2.50 3.62 1.5 21 FLOW AR I 99.51 HUPI 
I 0.497 17.54 6.42 66.3 3.94 2.74 2.5 21 FLOW AR I 991 HUPI. 
J 0.489 16.94 6.11 66.4 3.52 2.88 2.5 21 FLOW AR I 98% HUPI. 
I 0.499 17.24 6,36 66.6 3.23 3.08 16.0 21 FlOW AR I 99% HUPI. 
L 0.494 16.82 6.07 65.7 2.65 3.73 6.0 21 FLOW AR I 97% HUPI. 

" 0.500 17.30 6.33 65.9 2.95 3.52 65.0 21 FLOW AR I 1001 HUPI. 

" 0.487 14.53 5.34 67.9 2.79 2.80 1.5 21 FLOW 02 1. 100% HUPI. 

B. Nitrogen 

CELl NO. 13011 1.1100012 
NtDL r.483 

JSC EFF F.F 6 R TU£UIU TDIP COPilOTS 

• 16.82 8.04 86.9 3.31 2.19 zo.o 150 FlOW H2 
I g.494 15.44 5.78 68.4 1·38 1·13 '·I if 

FLOW M2 81i HUll. 
c .498 16.64 6.18 67.2 .41 .71 •• FlOW ICZ 881 tot. 
I 0.496 16.04 5.90 66.8. 4.30 2.24 '·' 21 FLOW M2 91% lUI. 
[ 0.493 16.64 8.10 67.0 3.21 2.10 1.5 21 FLOW IC2 931 HUt!. 
F 0.498 16.34 6.04 66.8 2.65 3.41 16.0 21 FLOW N2 971 tot. 
6 0.497 18.82 6.08 65.8 . 4.29 2.87 a.o 21 FLOW N2 981 ..... 
H 0.496 16.40 8.02 66.6 2.84 3.33 1&.0 21 FLOW N2 981 ..... 
I 0.497 16.16 5.91 66.2 3.08 3.38 5.0 21 FLOW N2 991 Htm. 
J 0.497 16.22 5.93 66.2 3.48 3.13 16.0 21 FLOW N2 99% HUPI. 
I 0.498 16.34 5.97 66.0 3.43 3.27 73.5 21 FlOW N2 991 Him. 
l 0.494 17.00 6.13 65.7 3.24 3.39 22.0 21 FlOW N2 1001 HUft 

" 0.497 16.34 5.94 &5.9 4.41 2.82 Z3.0 21 FLOW N2 1001 HUPI 

• 0.498 15.50 5.66 66.0 2.63 . 3.86 23~0 21 FlOW M2 1001 Hlm 
0 0.496 15.74 5.75 66.3 2.57 3.72 Z3.0 21 FlOW N2 1001 HUft , 0.499 16.22 5.92 65.8 3.04 3.61 71.0 21 FLOW M2 1001 lUI. 
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annealing step may sensitize the cell. It appears that any subsequent 

exposure of at !'east 1. 5-hrs duration to oxygen or high humidity results 

in lower Jsc' although the cell may recover some or all of its current 

capability later, under aging conditions. 

3.6 Discussion 

We believe that the use of a stress/evaluation tube, which keeps 

Cu2S/CdS cells in a continuously controlled ambient during a~nealing, 

aging, and evaluation, allows more meaningful a~~essments to be madP. of 

cell performance changes than was possf.ble by previous workers. Even 

with this improvement, we note that erratic fluctuations in measured 

performance must be considered carefully before conclusions can be drawn 

regarding effects of aging in certain gaseous ambients. 

Significant degradation of the short-circuit current capability 

of cells occurs in pure and wet oxygen ambients. In the case of the 

former, it appears to be limited in time. About 10% loss of Jsc occurs 

within the first 10 hrs for cells aged at room temperature. At 80°C in 

dry oxygen, the cells we tested lost no more than ~ 20% of their initial 

Jsc capability. There was no evidence for increased losses during aging 

from 160 to 400 hrs in dry o2 at 80°C. 

Cells aged in wet RT ambients exhibit two components of loss, as 

viewed in terms of time dependence. One component in the loss of Jsc is 

not more than 20% of the initial value. This loss appears to behave 

exponentially in time, with a time constant of 1 to 3.5 hrs. An 

additional loss component of Jsc is present with a time constant of 35 

to 45 hrs. This loss component appears to involve the remainder of 

initial J
8

c capability of the cell. Recovery of Jsr by annealing in H2 
at 150°C is possible, but annealing times of as much as 75 hrs may be 

Tequired if the current is reduced to (30% of its initial value hy Aetng 

in wet o2 • 

If the aging experiments in wet Ar or N2 ambients had resulted 

in large photocurrent losses (~ 80%) of an exponential character with 
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large time constants (30 to 50 hrs), we might have associated such a 

loss with the presence of water vapor. Since no such losses occurred 

experimentally we can only conclude that the large component of Jsc loss 

in wet o 2 ambients appears to involve the cooperative action of oxygen 

and water vapor. As it is, the loss of Jsc associated with the shorter 

time constant for wet o2 may be associated with oxygen sensitivity 

alone, since a loss in Jsc of similar magnitude and time constant was 

observed for aging in dry o 2 at RT and at 80°C. 

Palz et al. first suggested that the oxidation of Cu2s to 

copper-deficient forms might be the cause of short-circuit current loss 

in cells exposed to o~idizing ambients.(S) Experimental determinations 

were made of Jsc' V
0
c, sheet resistance of the Cu2s, and spectral 

response for cells with varying degrees of cu2s stoichiometry. All 

samples were prepared identically, then variously anodized, and analyzed 

by electrochemical methods for stoichiometry. No quantitative 

justification was given for decreases in short-circuit current in terms 

of absorption changes. 

Peterson and Washburn contended that the reduced absorption of 

copper-deficient CuxS was not sufficient to account for observed 

reductions in Jsc· They proposed that dislocation arrays within the 

CuxS layer could attenuate the flux of collected photocarriers by 

factors of 0.4 to 0.8 by providing a very high density of carrier 

trapping and recombination sites. They have commented that such a model 

is consistent with the irreversibly deleterious effects on efficiency 

cells given air exposure at 60°C or higher. In the present work we did 

not find irreversible degradation for the conditions that were used. 

Rothwarf and Windawi have calculated that increases in a by a 

factor of two can be accounted for by free carrier-absorption effects, 

without phase change, as the carrier concentration is changed from 

degenerate ()lo20 cm-3) to nondegenerate ((1019 cm-3 ) values.< 7 > Such a 

change would produce a 20 to 40% increase in Jsc which is observed for 

c·ells heated i.n a reduci.ng atmosphere after aging in air. They also 
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offer a list of eight other mechanisms which were proposed at one time 

or another to account for experimentally observed changes in Jsc in 

Cu2S/CdS cells. They claim th~t no convincing quantitative calculations 

have been made to assess whether particular effects could be significant 

in actual cells. With regard to the results of the current work, we 

have observed an effect on Jsc which appears to be at least twice as 

large as that predicted in Ref. 7. 

In order to isolate better the physical mechanism for J~c 

reduction in our experiments, we require direct information on the 

optical properties of the actual Cu2s films used in devices. In the 

next section our efforts' at producing test structures to allow su~h 

measurements are reviewed. 
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4. OPTICAL CHARACTERIZATIONS OF Cu2s FILMS IN A CELL CONTEXT 

4.1 Background 

The topological ·complexity of cu2S/CdS thin-film cells has made 

it difficult to characterize the optical behavior of the cu2s layer in 

experimental cells. Such characterizat~on is important since changes in 

optical properties due to the stoichiometry of the material(B) or to 

free carrier absorption(]) have been in~oked to account for short­

circuit current loss as the cells age.(S,l, 9 ) Although techniques exist 

to characterize the optical absorption of free-standing films of cu2s, 
direct measurements in a cell context are more desirable. We have 

successfully done this for Cu2s layers of tapered thickness profiles 

* which were formed on single-crystal CdS substrates. In that case, the 

planar surfaces of the sample allowed intensity measurements to be made 

of light passed through the specimen onto a remote silicon detector. 

These measurements supplied information on the thickness-dependent 

transmission of light for correlation with local photocurrent response 

of the Cu2S/CdS device. 

In the case of Cu2s layers in a thin-film cell, measurement with 

a remote detector introduces additional problems. The roughness of the 

back surface of the CdS film, after removal of the substrate foil, 

attenuates the light transmitted out of the sampl~. In addition, the 

reproducibility of measurement conditions and results is more difficult 

than in the single-crystal case. During this quarter we have explored 

several methods of specimen preparation which would permit fabrication 

of an integral CdS/Cu2s detector at the back surface of the CdS film. 

With such a detector we expected· to reduce the optical losses and 

* Ref. 3, PP• 80-94. 
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improve the reproducibility of measurements which are associated with 

the use of remotely situated photodetectors. 

4.2 Preparation of Integral Detector After Cell Fabrication 

We have developed one method for fabri~ating back-surface 

detectors which uses previously processed thin-film CuzS/CdS cells. 

After the normal fabrication of such a cell, it is then laminated to a 

glass plate (with the CuzS surface facing the plate). The lamination is 

done using a method currently employed at Westinghouse for encapsulating 

arrays o£ silicon solar cell~. A schematic cross-sectional view of the 

laminated structure is shown in- Figure 7. A piece of aluminum foil over 

the back copper substrate is used to prevent adhesion of the EVA to the 

copper- foil. 

To expose the area of interest for back-surface detectors, the 

back outer layer of aluminum foil and the layers of Teflon©, Korad©, EVA 

film, and Craneglass© are carefully cut through and then peeled from the 

laminated workpiece. 

TWo methods were used to remove an area of the copper substrate 

and expose the back surface of the CdS film. For one, the copper w~s 

etched using Fe '¥P3 and a painted-on mask of TPA-85 thermoplastic 

adhesive.* For the other, which was discovered accidentally, the copper 

foil was peeled from the CdS film. Figure ~ shows a test specimen 

produced by ~he etch method. 

Conventional cells wit~ gold grids in place were used as the 

starting point for other test ~tructures. In order to allow comparative 

measurements of light transmissi9n with and witho4t the presence of a 

front CuzS layer, that layer was removed by et~hing on ~bout one-half of 

the cell area. That region is the upper ha+f of the cell ar~a shqwn in 

Figure-9a~ The light ~ray, nearly rectangular area in Figure 9a is a 

·*ITetails on the use of TPA-85 as a mask in front-lay~r cu2s formation 
are given in Ref. 11, p. 6. 
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Alumirwm Foil 
Teflon® 
Korad® 
EVA Film 

~~~~~~~~~~~~~~~~craneglas~ 
Cell 
EVA Film 

Z-6030 Silane 
on Glass 

Figure 7. Schematic cross-sectional view of a laminated, 
encapsulated sula( cell. 
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(a) 

(b) 

Figure 8. (a) View through a glass superstrate of the top surface 
Cu?S layer (black rectAnglP) formed on a CdS film Rpeci­
me~ from which the copper foil substrate has been etched 
in an irregular area. (b) View of the back surface of 
the same specimen. 
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(a) (b) 

Figure 9. Views of the front (a) and back (b) surfaces of a 
solar cell specimen at a stage prior to formation of 
a back surface, photo-responsive CdS/Cu2S heterojunct i on . 
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portion .of the CdS film from which the copper substrate has been 

removed. Figure· 9b shows a view of the back of this specimen with the 

large, slightly irregular window from which the copper was etched. The 

area with gridline markings corresponds to the light gray area in Figure 

9a. At this stage the specimen is ready for formation of back-surface 

cu2s areas to act as photodetectors for light passed through the 

specimen from the front. 

Local areas of Cu2s were formed on exposed back surfaces of the 

CdS films using wet and dry processing methods. For the former, TPA was 

painted on the surface to mask against the CuC~ dip except in a number 

of windows of ~ 0.08 to 0.14 em diameter. No etching was done prior to 

the dip in order to minimize the possibility of the Cu2s from the back 

surface contacting that from the front. 

For dry processing of the back-surface Cu2s, CuC~ was evaporated 

through an aperture mask onto the exposed CdS surface to define an array 

of circular dots, each dot being ~ 0.08 em in diameter. A short vacuum 

heat treatment (124°C, 1 hr) rendered the evaporated CuC~ areas 

opaque. After being rinsed in deionized water and dried, the specimen 

was fitted with contacts to the individual back-surface detectors. 

These contacts were made by using silver paint to bond ~old wires to the 

Cu2~ areas and to aluminum or copper foil cabs which were used fut 

tarminnl conncctiono. Figure 10 ohowo a view of the back-gurface 

detectors and contacts on one specimen prepared in this way. The upper 

four detectors are intended to measure light transmitted through the 

front-surface CuzS layer. The bottom four detectors are in an area frrnn 

which the front Cu2s layer has been removed by etching. 

The techniques just described were used for fabricating back­

surface CdS/CuzS heterojunctions as photodetectors on existing Cu2S/CdS 

thin-film solar cells. Shorting together of the front and back CuzS 

layers was a problem. Electrical measurements between these two layers 

indicated acceptable isolation only for devices which had been processed 

in a particular way. That processing involved removal of the copper by 
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Figure 10. View of the back of a thin film cell specimen with 
back surface CdS/Cu2S detectors. Three detectors 
are wired to foil terminal tabs at the left. At 
the right, the narrow tab and the wide one are 
for the front grid and the copper substrate con­
tacts, respectively. 
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peeling and preparing the back Cu2s layer by wet processing without any 

other treatment of that surface. Measurements between the front and 

back Cu2s layers indicated back-to-back diode behavior for voltages below 

5 to lOV. However, opti~al measurements with the back-surface detectors 

which are located under the front Cu 2s layer indicated response from the 

front Cu2s layer. Thus, it appears that effective isolation of theee 

front and back Cu2s layers is very difficult to achie~e. This is 

probably due to through-the-film paths, suc.h r~s mi.cro-cracks or other 

llt!fet:Ls, on which cu2s may form during processing. Altho11eh i.t may have 

been possible to solve this problem with additional effort, we elected 

to try several other more dirP.~t methods for implementine the desired 

measurements. 

4.3 Preparation of Back-Surface Cu 2s Layers Before Cell Fabrication 

We investigated variations of the wet and dry chemistry 

techniques to prepare cu 2s layers adjacent to the foil subs~rate before 

final fabrication of the front-surface Cu 2S/CdS junction. The wet 

techniques were not successful due to peeling of the Cu2s film from the 

foil substrate. Initially, we tried to form large areas of Cu 2s against 

bare copper and zinc-plated regions of the foil substrr~tP.. This was 

done by evaporating a thin (1 11m) layer of C.dS initially and converting 

ll to cu2s by a long (1.£) min) dip in hot CuCt solution. At that point 

some peeling of the film from the substrate was noted. After subsequent 

deposition of 30 llill of CdS over the cu2s layer, the composite layer 

cracked and flaked from the substrr~tP.. There was no difference in 

adhesion between the zinc-plated and bare copper regions of the 

substra te. We thought that adhesion might be improved if only smr~ll 

areas of cu2s were formed. To test this idea, we deposited the initial 

thin (1 11m) CdS film through holes of 2 and of 1 mm diameter in a foil 

mask. After only 20 sec of immersion in hot CuCt solution, about half 

of the 32 cu 2s areas had flaked from the substrate. We conclud ed that 

adherent cu 2s layers could not be formed in this way for our back­

surface detector purposes. 
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Success was achieved'with a back-surface cu2s layer formed by 

first evipoiating 800QA of CuC!'orito bate c6p~er ~ortions of a foil 

substrate~ A standard ·cdS film was deposited over the CuC! layer. 

Rectification·and photovoltaic behavior were observed on a small sample 

with an''indium.dot contact to the CdS film. A~ l-cm2 area sample was 

provided with an'evaporated.aluminum grid using the standard grid 

mask. A1 th?ug·h .·the dark reverse...:. leakage current of the resulting cell 

was hig.her ·than· for· cells with front-surface c~.2s layers, the short~ 

circuit current ·'of BOO· ~A fo~ ~· AMl illumination indicated adequately 

high iesponse for us~ as a back-surfac~ pho~odetector. 

We did not pursue this line of work further. Res~l~s ~f cell­

aging experiments suggested that changes in properties of the Cu 2s in 

cells exposed t.o. mild environment would probabl:>:. preclude the use of 

back-surface CdS/Cu2s detectors. Instead, we began to explore the 

possibility of' 'preparing CdS filtris ori silicon substrates with the idea 
.. 

of using a nioriciHth.ic silicon photodetector to measure light transmitted 

through the overlying thin-film cell structure • 
. ; 
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5. FUTURE PLANS 

Having established that severe degradation of short-circuit 

current occurs in thin-film cu2S/CdS solar cells exposed to water 

vapor/oxygen ambients at room temperature, we will attempt t~ identify 

the physical causes for the current loss mechanism. We will continue 

with work on in-situ measuring of the optical transmission of Cu 2S 

layers used in thin-film cells. We will al$Q vse detaileq measnremen.t.s 

of photocurrent vs. open-circuit voltage (over a range of illumination 

levels) for control cells and for those variously aged in. wet 0?. 

ambients. This investigation should reveal the extent to which changes 

in current transport across the heterojunction are involved in the aging 

process. 
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