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1. ABSTRACT 

Progress has been made on improving the photon efficiency of the 

planar CdS/Cu2s solar cell. Currents in excess of 20 mA/cm2 have been 

achieved. Mixed s.ulfide solar cells responsive to heat treatment are now 

.being produced; The morphology of. the Cu2S/CdZnS junction ha:s been examined 

and found ·to be significantly different than the morphology oil CdS/Cu2S cell's. 

Efficiencies measured under ELH simulation approaching .8% have been achieved~ 

Work in.the a:n.alytical task has focused on establishing the e?Cperimental_ 

techniques to studythe trap ~evels in the CdS and to provide a working model 

for thevolta:ge instabilities ii1.some (CdZn)S/Cu2S cells. Cells under roof 

top exposure continue to be monitored . 
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3. INTRODUCTION 

Improved control on the peposition of CuCl ~nd a·modified pre-treat­

ment for the CdS layer have resulted in better current ·with the planar junc­

tion. The variability in CdS sub~tr;:tte materialhas been progressively 

red,uced during the CdS solar cell program and further improvement has been 

achieved this quarter. 

By using the inform:1tion qeveloped in Ta~k 1 to direct the mixed 

sulfide cell program, it ha,s beel) possible to systemaL.ically improve the 

performance of (CdZn)S/Cu2S ~;ells. D1,.1ring this month modificat:j..ons to the 

mixed sulfide deposition procedure qnd post deposition heat treatments to· 

reduce the substrate resistivity have resulteq in substantial improvements 

in cell performance. Of equal significance is the fact that ·cells produced 

are now responding to the redU<~ing he!it t:reatm~nt.~ developed in Task 1. 

A major expansion in scope and reduction in turn E,tround time has 

been achieved for the routine analysis and feedback aspects of the analysis 

task. Techniques are being establ.i::.hed and the analyses r,levP.loped for iden­

tifying the trap levels in the CdS. A theoretical model has been developed 

to explain the· time dependent open cin:uit Voltage of mixed sulfide cells 

and this model will guide the experimental effort to .eliminate the phenomem.un. 

Monitoring of cells exposed on the roof continues. Another cell has 

been sealed between a glass pl3:te· and l:l Kova.1' sheet A.nd put on test. 
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4.1 Task 1 Development. of CdS/Cu2S Solar Cells 

The need .to develop effective light trapping as well as reducing 

first surface reflection losses has significantly extended the effort on 

·Phase 2 of this. task. Progress has however been made in both the develop-. 

ment of a good analytical model and in the realization of effective cell 

· structures. 

4.1.1 Phase 1 Planar Junction with Good Open Circuit Voltage and Fill 
Factor 

Some difficulty has arisen with excessively high series resistances 

in planar junction CdS/Cu2S cells. In order to achieve over 70% fill factqr 

. the series resistance of a 1 cm2 cell must be ' 3 n. · Measurements on parallel l 

solution-reaction cells proves that the cause. is not related to the CdS sub-

strate and electrolytic analysis qf the Cu2S lay~r indicates that the desired 

thicknesses are being achieved.·· A thorough review of the solid state reaction 

procedure and·detailed analysis of the cu2s layer was carried out. As a result 

much better CuzS layers are now being produced with better reproducibility.· 

· 4.2.2 Phase 2 Achievement of Low Photon Losses 

As described at the SERI Send-Annual review meeting the necessity of 

achieving light trapping. has significantly extended this phase .. A model has 

now been developed to permit an analytical attack on the problem. The model 

is fully described in the.appended paper which was presented at the Berlin 

Photovoltaic meeting. 

4 .1. 3 Phase 3 Combine Technologies to Give Jsc > 27 mA/cm2 

· Substantial difficulties. in achieving the goal of this phase have 

been caused by the substrate to substrate variation of CdS properties. 
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A procedure to rapidly test the CdS by making a -standard textured cell is 

being developed. 

A light HCl etch (20% HCl at 60°C) to remove 0.5 llm of CdS has 

proved beneficial in both voltage and current for the planar cells resulting 

in the highest light generated currents that have been achieved for·this 

structure. Cell 20858.123 gave 20.8 mA/cm2 and.21.5 mA/cm2 before and after 

deposition of Ti0x/Si02 anti-reflection coating, under 100 mW/cm2 solar 

·simulation •. 
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4.2 Task 2 De~elopment of (CdZn)S/CuJS Solar Cells 

Th~ specific phases·of Task 2 addressed during th~ past quarter 

·were the optimization of (CdZn)S films and the iiwestigation of the 

process of junction formation. Thin film optimization requires the 

achievement of not only the appropriate resistivity ·cp < 20 ohm.:.·cm) and 

thickne.ss (t > 20 .)..tm), but· also the attainment of the appropriate film 

microstructure.· The formation of the junction was monitored by the 

analysis of 1-V curv~s and photocapacitance data from cells subjected.to 

a sequence of heat treatments. 

4.2.1 Phase 1 Optimum {CdZn)S Films 

The preparation of 20-30 l.l.m thic.k (CdZn)S films having. zinc composition 

in the range of 10-20°~ with resistivities values less than "' 20 ohm-em, can 

be reprod~ciblyrealized; Using the concentric source design, (I) films exhi­

biting these pr~perties ,· and which are compositionally homogeneous over an 

eight centimeter square substrate, are routinely prepared.· Typically~ these 

films have been grown at deposition rates of less than 1.5 lJ111/min on zinc 

plated copper substrates held at 200°C. 

4. 2. 2 · Phase 2 DevelQJ? Ju_ncti.on Morphology 

The designstrategy for fabricating the other components of a (CdZn)S 

. based solar cell was the same. as the cell design which led to the outdoor 

. . f. f. . . .f 9. 15° (2) . h dS/ S convers1on.e 1c1enc1es o .. ?a 1n t e C cu2 system. Sp~cifically, the 

(CdZn)S .surface was first textured, (using a 50% HCI etch at 60°C for 1 second) 

and then the heterojunction layer of cu2s was formed by the immersion of the 
I 

~(CdZn)S film in a solution. of CuCl. Contrary to early findings on (CdZn) S 
I 
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films prepared from multiple sources, (3) the rate of Cu2s formation did 

not depend markedly on the zinc content of the (CdZn)S film. Figure 1 

shows a plot of the equivalent thickness of copper sulfide, measured by 

the electrochemical method, (
4

) as a function of reaction time for the 

indicated parametric set of zinc compositions. A Cu2s formation time was 

selected to achieve an equivalent Cu2s thickness of 0.3 J.lm. The device 

fabrication was completed by the application of an 80 line/inch gold grid 

preparP.rl by vacuum evaporation through an aperture mask. The best such 

(CdZn) S/Cu2s cell hau an open c;irr-.n it voltage o~ 599 mV, short cucuit 

current of 15.8 mA/cm2, and a fill fac.tor.of 65.2% under ELH simulation 

of 83 mW/cm2 equivalent power. The (CqZn)S substrate contained 19% zinc 

and had a resistivity of 21 st-em.· 

Optical cross-sections of devices prepared·as.above indicated the 

presence of 4-6 v.m long Cu2S intrusions into the CdS ~ These intrusions 

were observed with much higher resolution by the careful removal of the 

(CdZn)S layer from a (CdZn)S/Cu 2s junction. The SEM micrograph~ of the 

free s·tanding Culs l:'P.vt::a'lc:::J tho oxistfmr.e of 6-~ ,urn long cone-like Cu2s 

structures (i.e. "intruding" into the (CdZri) s) cu2s intrusions are also 

present at CdS/Cu2s junctions, however, they appear as "walls" around the 

CJS colummu' houndaries 1 and typicaqy extend only 1-2 ].1m into the CdS. 

Figure· 2 shows representative areas qf '!;hese two types. These intrusions 

are·expected to. strongly influence the solar cell device characteristics, 

and the V0 c value of devices exhibiting long con~ like int:J;Usjons is found 

to decrease when the device is held in the open circuit condition. The 

formation of these intrusions is expected to depend on the (CdZn)S microstructure, 

and will be influenced by the manner in which the Cu2S is formed. 
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-- ---------- --------------- -
Fig. 2 Scanning Electron Micrographs of Cu2S removed from CdS 

and (CdZn)S cells. 
a) CdS cell 778.814 
b) (CJZn)S cell Ml54.Bll (19% Zn) 

Both micrographs x 10,000 
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Al tho~gh the present cell performance has. greatly improved over the. 

former. results, (5) the best short circuit current is still about 5 mA/cm2 · 

less than the best short circuit current measured under the IEC simulator 

for a CdS/Cu2s cell of the same design. In addition the fill factor for the 

(CdZn)S/Cu2s cells 'is typically 10-15% less than achieved with CdS/Cu2s. 

The heat treatment of the (CdZn)S cells has not improved performance, but 

, rather· h.as resulted in a general degradation of cell properties in marked 

·contrast to the behavior with CdS/CuzS. 

Preliminary microstructure analysis· of the (CdZn) S indicates that the 

number of subgrains per unit area can be·decreased by increasing the film 

·growth rate. It is planned to utilize this change in growth conditions in 

order to reduce the frequency of Cu2s intrusions. Higher growth rates will 

also yield films having lower electrical. resistivity which should reduce, . 

fill factor los~es due to series resistance, and also allow for a more 

~avorabie collection field(6) in the (CdZn)S at the junction leading to 

increased short circuit currents. 

The first cells have been prepared on a (CdZn)S film grown at a 

higher than usual rate of·2.5 pm/ml.n. The best cell had an open circuit 

voltage of 579 mV, a'short circuit current of 15.6 mA/cm2, .(no anti-reflection 

·coating) and a fill factor of 71. 2% under the IEC solar simulator at 83 mW/ cm2 

equivalent power. The.(CdZn)S resistivity was 15 Q-cm and the Zn content was: 

14%. Of particular significance is the fact· that it was possible to 'improve 

·the properties of this set of cells by heat treatments. Specifically, a 16 

hour heat treatment at 170°C in carbon monoxide optimized the above ·cell. 

-11-



4.3 .Task 3 Electro-Optical Analysis 

4. 3.1 ··Phase· 1 Feedback Analysis 

In order to improve and automate existing test facilities some 

form.of software development was needed for the microcomputer-processors 

which were built into the test systems. A. Digital Equipment Corporation 

floppy disc based IIV03 system was a~quired and high speed communication . . . . 

lines. were. established between jt ~nd the remote processors. This allows 

.sottware to·be rapidly developed,. documented, and loaded into the proper 

test system. With this capability one can easily create new testing pro­

tocols or modify existing ones. It also allows more complex programs to 

be written, which leads to J110re automation of.thetest procedure, and more 

real t~me results available to the operating technician. The system was 

installed durfng this quarter, and programs for the solar simulator I-V 

tester were developed. The-. first set of programs automatically samples the 

current waveform as a test is performed, a~d extracts V0 c, Jsc• Vmp• Jmp· 

It then calculates the component values for <~ lumped equivalent circuit and 

print:J Rs, Gsh• JL .tuu J 0 . Suftware has also been ~itten to operate the! 

microprocessor controlled spectral response test facility. It is now in th.e 

process of being debugged. 

The new test capabilities are :be.ing developed. A facility to allow. 

rooftop solar cell life studies has been designed, and a pro~otype has been 

constructed and tested. It allows remote testing o"f arrays, .·cells within 

arrays, and single cell~ to track degradation iJ1. cell performance. The 

system as designed can select one of iOPO cells, and can be expanded. Cells 

are selected by thumbwheel switches wh:i.~h are read by CMOS digital logic. 

The logic controls relay·s which connect the proper cell to a data bus. The 
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data.bus is connected to ah indoor cell I-V tester. The system is designed 

to be easily automated. Also monitored at the cell location is temperature 

and solar insolation. 

The second new. test facility is .a Laser Spot Scanner similar to one . 

developed by D. Sawyer of NBS. It will allow rapid scanning of cells to 

'detect spatial inhomogeneity i11 cell response. This will be used to screen 
. . . 

cell material in the early stages of cell production. The system has been 

designed and ordered, . and ·.components are beginning to arrive. 

The I-V cell Tester and Spectral Response System will become more 

automated with work beginning on the design of a centralized data base." 

The Rooftop L:i,fe.Test.Facility will be instillled and optimized.· Construction 

on the Laser.Scanner will continue and should become operational next 

quarter. 

4.3.2 Phase 2 and 3 Map Junction Field CdS and. (CdZn)S 

. . 

The break in 1/C .versus nc-1 curves which was seen at high intensity 

was found to be an instrumental problem related to the silicon solar cell 

wh~ch .was being used as a reference cell. Recent measurements confirm the. 

previous results obtained using the spectral response apparatus. Fig. 3 shows 

the results .on cell 675Al-2. The linear region extends from 0.03 to ·1.25 AMI 

and yields SI/ll = 3.1 x lo3v/cm, nQ =0.47. 

4.3.3 Phase 4 Quantify Interfa~e Recombination 

·The voltage dependent ~\ measui·ements were extended to include . 

intensity variation of the-filtered bias light. A summary of the results 

are contained in a papE:)r presented by L. Kilgren at the Photovoltaic Solar 

Energy Conference in Berlin .. (Appendix B). 
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4.3.4 Phase ~ Identify Trap Levels 

The use of photocapacitance to measure trap densities has contim.u:~d 

(see Fig. 4). Preliminary measurements show that the variation of capaci-

tance with bias voltage.is complicated particularly in conjunction with the 

quenching experiments mentioned below. Even in the best:case (AMI), l/C2 
I 

vs. V does not fit a straight line except near V = 0 (typical No* = 5.2 X 

1016 ·cm-3), see Fig. 5. Rather, the slope cha.nges in such a way as to 

indicate a decrease ~f No* farther from the junction. 

In the dark, Cis almost constant.with V, while ~nder some quasi 

monchroma·tic excitation, ~he expected decrease of C under reverse bias is 

·actually reversed· in some ranges of V. · These effects will have to be inter-

preted in terms of: a) photogenerated carriers from the Cu2S reaching the 

depletion region, b) uncovering of trap levels and interface states by the 

Fermi level and/or c) transitions involving trap levels. 

Connected problems' include ihe instability of conductance as the bias 

is varied, and .the consideration of alternate (more difficult) methods of 

calculating c·taking·into account finite R5 . 

After looking at transients in capacitance produced by chopping white 

light, it was found that better results, containing greater .potential infor-

·mation can be obtained by quenching with long-wavelength excitation. Two.:. 

'beam methods produce even better :results, where the sample is excited con-

tinuously with blue light,· while a second beam in the red and IR region is . 

. chopped~ ·High-intensity bulbs foliowed by color-glass filters give better 

results than use of a grating monochromator. 
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With sufficiently intense red beam, quenching can be 80% or 

· · higher. Low temperature improves quenching, .but will require a con­

trolled atmosphere. The results must be interpreted in terms of loading 

and unloading traps. In order to investigate the dynamics of the states, 

measurements have been started on the effect of varying beam intensity 

.and on transient· response. Usable traces of Vq and Vi have been made on 

a chart recorder, and it has been found that the transients depart from 

simple exponentials even more than previously reported. A start has been 

made on computer analysis of these transients. 

Extension of the temperature range to liquid nitrogen is planned. 

4;3.5 Phase 7 Theoretical Modeling 

a) In the theoretical modeling aspect of Task 3 a complete derivation 

of the dependence of the current voltagerelation upon the.value of NA in 

CuzS and No in CdS wa:s carried out. Experimental studies· to verify some of 

the predictions were performed on special cells wfth very.thick CuzS (0.~5 lim) 

produced by the solid state reaction. Much of ·this wu:rk ·was reported in thP. 

1979 Photovoltaic Energy Conference in Berlin. A. copy of Lh,is paper i:. 

attached in Appendix C. 

b) Studies .of the decay of V0 c in (CdZn)S/CuzS cells coupled with the 

material studies that reveal deep· spikes of 'cu2s forming into the (CdZn)s· 

lny~r ~uccests thP. followin~ model for the V0 c decay . 

. Under il.lwnination, the space charge region near the junction shrinks 

uue to· tho trapping nf holes at copper acceptor center. This shrinking of 

the space charge region wid.th would generally altow some tunneling through the 

junction if it proceeds far enough. Experimentally tunneling effects which 
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arc attributed to this cause are seen uhder illumination with strong blue 

light, in which case V drops. In . strong infrared light, the spac.e charge . oc . 

region does not shrink as much, and v .is observed to be larger than. with . oc 

either blue or white light. 

For the deep fingers the amount of blue light reaching that depth 

. is very slight. Therefore the shrinkage in the space charge region width 

.and the higher field will not take place ·at these deeper fingers for a 

considerable tiine. However, once the space charge region has. decreased by 

virtue of the holes being trapped, the current will be considerably higher 

because in the geometry of a point the field is much larger and hence the 

tunneling would be taking place to a greater extent. The tentative model 

is that the time dependence is associated w:lth the narrowing of the space 

charge region·at points which are at different depths below the junction 

.. and hence the amount of light reaching them and the time at which the tun­

neling takes place will vary. The marked decrease in V0 c is dtie to the fact 

that once tunneling begins in these regions they carry a higher current than 

.the planar regions of the junction, and in .effect have·a lower barrier height 

causing a lower Voc· 

., 
·c) The work on the two dimensional aspects of sheet resistance in 

solar cells can be summarized as follows: 

Assumptions: 1. Resistance loss. in grid line, bus bar, and CdS are 

negligible 

2. CuzS is uniform 

3. Junction acts as ideal diode (i;e. J - J 0 exp(aVj) 

. h' - q )• . w ere: a - nkT 
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Definitions: J 
1. J - ---J-:::­

JL + 0 

2. v 

3. v c . 0 

av 

JL 
- Ln y­

O 

aR i2cJ + J l 
L 0 

4. r - ------:8..-.-.---

5. a =ax 

R =sheet resistance of. cu2s. 

L = grid ~p~~ing 

where x ·is. the maximum voltage drop across the cu2s 

Equations· to be solved: 
. \ 

1. a - exp(-v0 c + v) [exp(a) ~ 1] . 

2. dx 

[x - exp( -V0 c + v + a)(l - ~AP - x)] 
112 

theabove set has to be solved to eliminate a to get Lh~ current voltage 

characteristic (i.e. f(j, v) ,; 0). 

Limits on solutions: 

j ~ 1 :-. exp:( -viOc + v + jr) 

This gives· an upper limit to series resistance losses of 'the cu2s .. 

j ' 1 -.exp(~~oc + v + jr/2) 

This gives a lower li~it for losses; a :b:etter approximation (but more 

complicated) ·is: 
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., 

' ·' 

.·.' 

· j 2 ~ l- exp(-v
0

c + v)[(r+l) exp jv- 1]/r 

.j' 1- exp(-v0 c + v)(exp jr· ~ 1)/jr 

All the tiumerieal solutions used to find the maximum power point used.· 

excessive CPU timeand a new iteration scheme being programmed will take 

care of this. 

In order to study the predictions of this model and determine by 

direct measurement on actual cells the value of sheet resistance, .an inter-

digitated contact has been designed. It consists· of a pair of grids with 

. equal line spacings, offset by half that spacing, each connected to separate 
. . . 

·bus bars. Measurements of cell characteristics using each grid and both 

together, as well as the current voltage relation with a voltage between tlte 

bus bars allow the sheet resistance and photoconductive effects to be studied . 

., . 
.! 
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4.4 Task 4 Encapsulation for Improved Stability 

Monitoring of the. roof top cells has been maintained and a third 

cell was added on May 9. The latter cell .#695A1.4 was encapsulated 

between glass and a Kovar plate using Dow Corning QL2577 potting compound. 

·Plots of Jsc' V0 c and Efficiency are given in Figures 6 and 7 for . 

cell 69581.3. A preliminary interpretation of the data is that the rapid 

.loss of performance at about day 100 corresponds to the onset of warm humid 

weather. This would imply that the packaging procedure is not giving a 

good hermetic seal . 

. , 
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Fig. 7 Plots of fill factor.and efficiency versus time. Cell 695.813. 
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5. Future DevelojJmcnt 

In both·Task 1 and Task 2 the recent results .. indicate that sub-· 

stantial improvements in efficiency should be achieved within the next 

quarter. A model. to account for the time dependent voltage in mixed 

sulfide cells will be used to direct cell fabrication efforts designed· 

to produce a junction with more stable behavior. 

It 1s anticipat~d that by combining the information derived from 

.Photoluminescence and the· studies of· trap levels using transient capati-

tarice, the foundation of a quantitative.model of hole traps in CdS and 

·their relation to impurities and intrinsic defects will be developed . 
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Appendix A 

.PHOTON LOSS ANALYSIS AND DESIGNOF 'n-llN-FILM . 

. PLANAR JUNCTION Cu2S/CdS DEVICES 

JULIO A. BRAGAGNOLO 

Institu~e of Energy Conversion 
University of Delaware · 
Newark, Delawate 19711 

Planar junction dcviccs.with increased opcin-circuit voltage and 
projected cfficicn~y over 10%(1) have been obtained by solid-state reaction 
growth of Cu2S on unetched CdS layers. When the morphology of the CuzS 
layer is changed, a subst~ntial decrease in short-circuit current (Jscl 
is observed. A quantitative photon loss analysis shows that achievable 
Jsc in present planar cells is limited by reflection and that re-cmission 
of light after internal reflection in the cell is the primary contributor 
to the measured losses. Light trapping, caused by diffuse iriternal ref1ec­
t~on leading to total internal reflection of outgoing photons at the o~ter 
cell boundary, ieduc~s re-emission losses of thin-film polycr~~tallihe CdS/ 
Cu2S ·devices to a fraction of their valtie for a piane-parallel multilayer 
device. Variations in cell morphology, leading to changes in diffuse in­
ternal reflection, can explain the observed differences in reflection losses. 
This analysis .can. be useful in developing designs and processing techniques 
for increased photon collection efficiency of thin-film cells~ 

' 



1. INTROOUCT10N 

Thin-film polycrystalline cells of over 9% efficiency and AMI 

short-circuit current in excess of 27 mA/cm2 have been recently reported by 

the· Institute of Energy Conversion of the University of Delaware (2). It 

has been proposed that higher open circuit voltages (V
0

c) leading to higher 

conversion efficiencies could be obtained by reducing the area of the CdS/ 

Cu2S junction (1). This change can affect other cell characteristics, in 

particular its photon economy (3). ' 

The purpose of this work is to quantify the effects of solar 

cell morphology on photon losses of CdS/Cu 2s devices. Total (diffuse and 

specular) Reflectance Spectrometry is the technique best sui ted _for optical 

~nalysis.of polycrysta1line layers. Spectra for the complete ~ell and its 

constitutive lay~rs were measured using a 4w Gier-Dunkle Integrating Sphere 

detector in conjunction with a Beckman DK-2A spectrophotomet~r and the data 

were used to develop a quantitative photon loss analysis. 

2. DESIGN ANALYSIS OF CdS/Cu2S CELLS 

A ~chematic crciss section of a thin-film polycrystalline CdS/ 

Cu2S cell is shown in figure 1. The cells are built up on a substrate of 

electro-formed Cu ~ 30 pm thick which is plated with 0.1-0.4 pm of Zn. CdS 

is vapor deposiied to thicknesses between 20 and 30 pm with ~rain sizes 1 

to 5 ~m. The two sides of the copper substrate have different. surface mor- · 

phologies· resulting in signific~nt differences in the surface area of the 

CdS layer and consequently, of the CdS/Cu2S junction. Conventional textured 

cells are made by first etching the CdS layer, grown on the rough side of 

the substrate, in hydrochloric acid. The Cu2S layer, approximately 0.1 pm 

.thick, is formed by reaction in a cuprous ion solution. Cu2S forms along 

the CdS and also penetrates down the CdS grain boundaries resulting in a 

mu~h lar~er juhction area, Aj, than the projected cell area, At. A s~bother 

planar CdS/Cu2S junction can be obtained if the cu 2s is grown by solid-state 

:reaction between CuCl and Urietched CdS. This Cu2S formation process elimi­

nates grain boundary penetration. To complete the.cell the top electrical 

contact is formed by depositing a highly transmitting (96%) Au grid onto 

the Cu 2s and ·applying an anti-!efl ecting (AR) coa tin'g. 

In conventional, high efficiency cells the heavy texture of the 

Cu2S layer results in an open-ci TC:ui t voltage (V0 c) luss (1). This· 1 oss is 

given by (1) V0 c =. (kT/.q) ln (Aj/~tl, i.t amounts to '\, 40 mV for the textured 

cell and is negligible for the planar junction. ·A summary of the open cir-
' 

cui t .voltage values achieved with CdS/Cu 2s cells having various junction 



textures is given in Table I. The data shows that planar junction cells on 

both the rough and smooth side of the copper substrate.have the capability 

of achieving efficiencies over 10% if the short-circuit currents, Jsc ~ 26 

mA/cm2 and fill factors ~ 0. 72, typical of the textured cell can be main­

tained. If the only design feature that is changed is the morphology of the 

cu 2s lay~r a substantial decrease in current is observed even though the o~en 

circuit voltage increase~. To provide direction·to design and technology 

modifications to restore the current a full quantitative analysis of the pho­

ton losses for each cell design is required . 

. . 3. PHOTON LOSS ANALYSIS 

The key facto:r in determinin~ J sc is the· photon absorption rare· 

. in the Cu2S• in which more than. 95% of the minority carrier.s are created. 

Photons· can be lost to electron-hole pair creation in the Cu2S layer by sev­

eral processes. The present IEC cells have a grid designed to have values · 

of 12.5 ~m wide ~ines and 32 lines/em, giving a design loss of 4%. Actual 

widths are generally 17-25 ~m r,esult:i.ng in S-8% shading los:se.s. Photon a.b­

sorption proc'esses not resulting in electron-hole pair creation in the Cu2S 

arise from Cu2S free-carrier absorption, ·cdS extrinsic absorption and AR 

cover ·and substrate losses. Cu2S free-~arrier absorption has been shown to 

be negligibl~ for neaily stoichiometric material (4). CdS extrin5ic absorp-

~iori can be, neglected due to the low CdS absorptio~ ~onstant ~ 10 cm-1 for 

>.. ?: 550 nlll. Total absorptance of the AR layers used has been measu.t·t::u for 

~onitor samples deposited on Corning 7059 glass slides and found.not to ex­

ceed 1%. Finally, substrate absorptio~ losses have been estimated to be 

~ 10%.(3). This and total reflection constitute the major photon losses in 

· present cells. 

Experimental reflectance spectra of gridded thin-film polycrys-

talline CdS/Cu2s devices with various c~2s layer and substrate morpholog1t::~ 

but similar cu 2s thickness are shown in Figure 2. Thickness values refer to 

the "skin" of the CuzS Jayer and have been est;imaled from·cfft~\;tive thick­

nesses measured electrochemically by cathodic stripping (5). Reflettion losses 

decrease with increasing junction and substrate texture both before (curves 

1, 2, and 3) and after (curves 4, s. a1~1J 6) SiOx An coating application. The 

average over the solar spectrum of the· reflection losses using a spectrum cor­

responding to N-Il. 5 (6) has been computed from the curves. Table II summarizes 

the" calculated averages, together with the achieved short-circuit current Jsc 

for each cell type after SiOx An coatinG application. 

To reduce the "reflection" losses from the planar cell would 



appear to merely require the ;-~ppl:ication of more effective anti-reflection 

techniques. A double layer e.g. ZnS/I-1gF2 coating can be designed so.as to 

cancel the front surface reflectance from Cu 2s at "" 500 and 750 nm. A cal­

culation assuming a semi-infinite Cu2S layer covered by a 0.06 pm thick ZnS 

~ layer of refractive index 2.3 and a 0.1 pm thick layer of NgF2 of refractive 

ind~x 1.39 and u~ing literature values for the Cu2S optical constants (8) 

yields.curve 1 in figure 3. Howev~r, when such an AR coating is actually 

applied to a gridded plana~ junction cell (curves 2 and 3) a non-zero re­

flectance results which increases monotonically for).> 550 nm. This long 

~ave reflectance is clearly dominated by re-emitted light leaving the cell 

after reflection at the back contact, and not by front surface reflection. 

·•1." 

Increasing the Cu2S thickness is also 1 imi ted ·as a technique to 

increase the photon absorption efficiency in planar junction cells. While 

the reflectance for ). > 500 nm is decreased by increasing the Cu2S "skin" 

thickness d1 (figure 3, curves 2,4, and 5), the condition for efficiency 

collection of -photogenerated carriers requires that d 1 < L2n where Ln "" 0.1~ 
0.3 pm is the minority carrier diffusion length in the Cu2S (7). Cells with. 

d1 ·~ 0.1 pm already show a decreasiDg Jsc presumably due to carrier losses, 

whereas thickness in excess of 0.15 pm are necessary to achieve losses below 

10% (curve 6, figure 3)~ In summary~ losses caused by re-emitted light af­

ter reflection at the back contact account for up to 17% of Jsc losses in 

planar junction cells and are a major obstacle to the achievement of .Jsc 

comparable with that of textured junction CdS/CuzS cells. 

The key role of.the front Cu 2s surface texture in the high pho­

ton efficiency of the textured junetion cell can be seen for ). < 500 n~ 

(figure 2). There CdS absorption pr~vents re-emitte& light from contributing 

and total reflectance equals that of the front ,cell surface which is 20% 

lpwer for the textured cell. The major part of the reflection loss however, 

arises from the region A > 500 nm where for Cu2S thicknesses ~ 0.1 pm the 

contribution by re-emitted .light can be substantial. As we shall see in 

what follows. a model of the cell as a specular 1 plane parailel.multilayer 

structure yields reflectance values in total disagreement with the data for 

both planar and textured junction cells. The results can instead be ex­

plained by "light trapping". ~Ti this model, diffuse reflection at high 

angles at the Cu 2S/CdS and'CdS/substrate in~crfaces, leads to total internal 

refl'ection of outgoing photons at the Cu2S/Air interface. Titis "light trap­

ping" decreases the re-emi tted component ~f reflectance, enh;:mc i ng absorp.:. 

tion in the Cu2S. The effect is minimized as either the junction or the 



substrate are made more nearly planar; A quantitative analysis of reflec­

tance which can be useful as a design tool for improved photbn collection 

in the planar cell follows. 

t-10DEL ·FOR LIGHT TRA.PPING . 

. TI1e simplest semi-quantitative model.that .embodies all the fea-:­

tutes necessary to the analysis of texture effects is pictured in figure 4. 

In this model the Cu2S layer (inedium 1) is represented .as resting on a vir­

tual substrate (medium 2) which replaces the CdS/substrate combination of 

the real cell. Diffuse reflection of iight will be assumed to occur at 

this interface with an angular dist:dbution f (0) ·, indepencient of the angle 

of incidence. The function f (0) reflects the morphology of both, the CdS/ 

Cu2S junction and the CdS/substrate inteiface. The Cu~S/Air interface (Oi) 

will be assi.I,Jned specl)lar .for the planar· junction l:ell, and the calculations 

lim.ited to this case. Finally, the variations in orientation and thickness 

of the polycrystall ine layers which result in diffuse· reflection .will be 

assumed to cause incoherent addition of waves reflected from the various 

cell interfaces. ·This assuf!lption is consistent with the absence of inter­

ference effects in reflectance. The normal incidence reflectance is then 

given by: 

R = + 

where 
'IT/~ 

h = 2nf.0 f (0) [1 

· n/2 
I2 = 2nf0 f (0) R1o 

Rol = (1-nl)2 

(hn1.}2 

RlO (0) 
·sin2 (9 --. 
~in2 ((:) ~· 

sin 0 I nl sin 0 

e 
u· 

n10 (0)] exp ,.. (a 11.1 1 ) sin 0da · 
('O<; 8 

(0) exp 

I) t~n2 (fl - 0 1) 
+ 

I) t·an 2 (0 ... a '') 

(1) 

and where a,, n1 and d1 are the absorption constant, refractive index and 

thickness of the Cu2S layer. The con·tribution of the cu2S.· extinction .coef­

ficient k1 to Ro1 and RIO (0) has been neglected. 

Two cases deserve attention. For a specular, plane parallel 

multilayer structure equation (1) becomes: 

R = Rol + 
o. -__ Roi)_2 _R12. ~xr .. _-:._ C?.<lldt) 

1 - Ro1 RJ~ cxp - (2~Jdi) 
( 2) 



whc'rc R12 is the normal jncidence reflectance of the virtual interf£~ce. Ne­

glecting CdS ahsorpt.ion and the small("' 0.02) cu 2S/CdS interface reflec­

tance, R12 equals the reflectance of the CdS/Br<lss interface, t Equation (2) · 

has been evalu~t~d wit~ literature values for the optical constants of Cu 2S 

(8) and Brass (3) for various C.u 2s thicknesses (figure 5). Calculated values 

of reflectance are much higher than those measured (figures 2 and 3} for 

either planar or textured junction cells of equivalent cu 2s "skin" thickness. 

Th1s difference can be quantitatively explained by. this model of light trap­

ping: calculating R in equati6n· {1) using a reasonable form for f(G)a cosG, 

normalized in such.a way that the. total reflect£~nce of interface (12) 

in the diffuse case equals its normal incidence specular value R12 the model 

. yields reflectances that are drastically lower than those given by the spec­

ular approximation, but are within a few per~ent of the planar cell'results 

(figure 5). This suggests that light trapping arising from substrate tex­

tu~e is a plausible mechanism to explain th~ reflectance of planar junction 

cells. The relative insensitivity of the computed relfectance to Cu 2s thick­

ness, as compared to the specular case, 1S also in agreement"with the results 

(figures 3 and 5). The low reflectance of the textured cell for A > 550 nm 

can be qualitatively analyzed in terms of variations in f (G) induced by 

CdS/CuzS junction texture. 

CONCLUSIONS 

Analysis and experiments show that cell.morphoiogy is a dominant 
• 

factor in determining the optical ef~iciency of thin-film CdS/tu2s cells .. The 

high photon efficiency of the conventional textured cell arises from both, . 

light capture at its front surface and trapping caused by diffuse reflection 

at the CdS/CuzS and CdS/Brass interfaces. Removal of the CdS(Cu2S junction 

texture, while increasing Voc• introduces losses which limit the Jsc of 

planar cells to about 809o of that in textured cells. 

The pri~ary contribution to reflection losses of planar cells 

is re-emission of light after reflection inside the cell. A simple model 

for reflecta~ce shows that light trapping ·limits re-emission losses of thin 

planar devices to a fraction of their specular value. Design and processing 

techniques utilizing light trapping to improve photon collection of thin-film 

polycrystalline CdS/Cu2s devices are under development at IEC. 

A'c KNOI~LEDQ.IENTS 

Many useful discussions with A. Rothwarf and E.A. Fagen are 

gratefully acknowledged. J.A. Cambridge is to be thanked for assistance in 
tlnterd1ffusion of zin~ and copper produces a Brass layer during processing(3). 



llata tak1ng. Special thanks are due to J.E. Phillips and J.E. Cambridge 

for th~ir help with the calculations. 

REFERENCES 

I. A. Rothwarf and A.M. ~arnett, IEEE Trans .. Electron Devices~ Vol. ED24, 
p. 381 (1977). 

2. A.M. Barnett, J.A. Bragagnolo, R.B. llall, J.E. Phillips and J.D. Heakin, 
Proc. 13th IEEE Photovoltaic Specialists Conference, p. 419 (1978) .. 

3. J.A. Bragagnolo, Proc. 13th IEEE Photovnltaic Specialists Conf .. p. 412. 
(1978). 

4. B.J. Mulder, Phys. StaL Sol. (A) 13; p. 79 (1972). 
5. B. Baron, A.W. Catalano and E.A. Fagen, Proc. 13th Photovoltaic Spe­

cialists Conference, p. 406 (1978). 
6. Tcrres.trial Phntovoltaic ~!easurcment Procedures, ERDA/NASA/1022-77/16. 
7. J.J. Oakes, I.G. Greenfield & L~D. Partain,· J. Appl. Phys. 4~, p. 2548 

(1977) -
8~ B.J. ~lulder, Phys. ·stat. Sol. (A)..!!!_, p. 633 (1973). 

Table I. Achieved V0 c and design analysis for CdS/Cu2S cell. 

t * 
Cell Junc.tion Substrate Aj/At V0 c [mV] V0 c[mV] 

690813 Textured Rough 10 509 513 
834814 ,Planar Rough 2 545 . 556 
686A24 Planar Smooth 1 557 570 

t tvleasured at maximum Jsc• Solar Simulator Intensity: 
*·Normalized to Jsc (AMI) = 26 mA/cm2 

** At Jsc (AMI} = 26 ·mA/cm2, fill factor ;; 0,72 

Achievable** 
Efficiency[%] 

9.6 
10.4 
10.7 

0.83 mW/cm2 

}'abl~!.· Average Reflectance of CdS(Cu 2s cells with SiOx AR coating 

l.osst 
jsc (AMI) 

Cell Junction Substrulo Reflection fmA/cm2] 

690813 ·Textured Rough 0.04 ± 0.03 24.8 
686Al4 Planar Smooth 0.17 ± 0.03 ·20.5 
46201. Planar Rough 0.12 ± 0.03 . 20.2 

tAfter subtracting grid reflectance. 



FIGURE 1. SCHEMATIC CROSS~SECTION 
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Appendix B 

.INTERFACE RECOMBINATION AND JUNCTION FIELD 

STUDIES IN THE Cu
2

S ..:. CdS SOLAR CELL 

LESLIE M. KILGREN 

Institute of Energy Conversion 

· University of Delaware 

Newark, DE 19711 

U.S.A. 

In the CuzS - CdS sola~ cell a significant part of ihe recombina­
tion losses are due to interface ~tates in the junction. A technique has 
been developed which directly determines the voltage dependence of the 
in.terface recombination·. . An experiment is described which allows one to 
measure cell response· to a modulated monochromat.ic source while the. cell 
is bias~d with an applied volt~ge and illuminated by light of varying 
spectral content and intensity. Phase-sensitive detection is used to 
m.easure the ·cell. response to the modulated source. It has been determined 
that the light-generated cur~ent is a function of the applied voltage. 
Al~o, marked differenc~s in the fraction of current lost due to voltage~ 
dependent junction effects have been noted for cells of differing perfor­
mance characteristics. For cells of generally good.performance character­
·istics ,the changes noted as a function of spectral .content and intensi.ty 
of the bias light are in good qualitative agreement with theoretical 
predictions as well as conclusions inferred from capacitan~~ and. current­
voltage· studies. 



1. INTRODUCTION 

There are many mechanisms whereby the current-collection capabili­

ties of solar cells can be limiteq. Besides the design and materials­

production-related· losses such as grid shading, series resistance and shunt 

~onduct~nce, there are the more involved carrier-related phenomena of sur­

face, bulk and interface recombination. For the case of the Cds-cu2s 
heterojunction solar cell,where the lattice mismatch_is nearly 5% in two of 

the three dimensions, interface recombination can become the dominant 

mechanism controlling current flow (1). That this is the case can also be 

seen. from barrier h¢ight mea~urements of these cells. Values consist~ntly 

rang~ between .85 eV.and .95 eV, which.are all much less than the 1.2 .eV 

which would be required if significant numbers of carriers were passing. -through the junction without re-combining (2). An experimental technique 

has been developed. which separat.es out the voltage-dependent interface 

loss~s and quantitatively determines their significance. 

2. THEORY 

Following is the current~voltage relation for the CdS-Cu2s cell: 

J = j 0 {exp .[ ~T(V JAR ) ]- 1} - J 
S L 

where J
0 

is the saturatioq current, e is the electronic charge, k is 

Boltzmann's constant, T·is the -absolute temperature, A is the cell area, 

Rs is the series resistance, and J
1 

is the light-generated current ~ensity 
'-

(3). 

Varying the applierl v·nl t.age across ~ cell will cause t:hanges in 

the width of the depletion region and in .the juriction electric field, and 

hence will infloence .the amount of current lost due to interface recombina­

tion. The present model of cell operation states that the interface 

recombination depends on the field at the junction as follows: 

. J = 
L 

ll 2F2 
---
SI-+,.t2F2 

where J
10 

is· the light-generated current .density flowing into the junction 

from the cu 2S; IJ 2 is the electron mobility in CdS, F
2 

is the electric 

field in the CdS.at the junction, and SI is the effective interface recom~ 

bination velocity (4). The junction field itself is a function of. the 



illumination on the cell as well as the a~plied voltage across the cell. 

Since. efficiency is related to the ratio of JL at the max.imum power point 

to JL at V = 0, (5) it foltows that significant progress toward the under­

standing of efficiency~limiting mechanisms ~~uld be realized if an experi­

ment could be performed which would specify the voltage dependence of JL~ 

i.e., if an.experiment could be performed which would determine the magni­

tude of the. interface recombination current as a function of the applied 

voltage. In what follows we will present such an experiment. 

3. EXPERIMENT 

3.1 Development 

Our interest is in cell behavio.r under normal operating conditions, 

but a measurement of J under AMl bias at a given applied voltage different 

from zero is insufficient to d~terrnirie the magnitude of JL, Jf, however, 

with a given non-zero applied voltage across the cell we add in a small 

modulated signal via chopped light, then phase.,-sensitive-detection tech­

.niques can be used ~o separate out. the resulting AC current j fro~: the 

much larger overall DC Al-U current. We will be correct in calling this AC 

current jL since only the light~generated current due to.the additional 

chopped light will possess an AC component. Now if we have chosen this. 

additional chopped light at a wavelength which does not affect the june~ 

tion field, and we measu~e jL for different applied voltages, then we have. 

succeeded in determiningJL(V), since the functional form 

the sam~ as that of jL(V) for moder~te light intensities. 

of JL(V) will be 

Also, if · 

mea.suremcnts of jL in far reverse bias yield a constant, then we will be 
. 

correct in calling that constant jLO' and we have everything we need to 

determine what fraction of the ligt)t-generated_current is lost due to 

interface recombination. 

Our concern about finding a wavelength which will ~ot cause 
I 

chari~es in the junction field is a valid one, and the succ~ss of the above 

approach is dependent upon it. While actual band-to-band excitaLluu in· 

the CdS can occur only for wavelen~ths less than 515 nm and in our cells 

will account for less than 5% of thE:! total collected current under AMl 

bias conditions, (6) there are many srates (lu:,le traps, or deep centP.rs) 

in the CdS at the junction which cap pe_ excited by a broad band of wave­

lengths, and which could thereby chaq~e the charge distribution within the 

depletion region and hence change the junction field. That there are a 
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significant number of these hqle tr.:tps can "be seen from c."lpilcit:tnce mea­

surements of CdS-Cu S cells, where the difference between light and dark 
. . 2 

·capacitance tan be as much as two orders of magnitude (5,7). Because of 

the complexity of the kinetics involved, those changes in j
1 

which are a. 

result of changes in the depletion region (and hence junction field) due to 

·excitation of these deep centers will not be in phase with th.e changes 

which result from the interface recombination losses, and we therefore have 

a means by which we can "find the appropriate wavelength for our chopped 

light. All we need to do is to pick some convenient applied voltage and 

.measure the. out-of-phase component of j
1 

as a function of the wavelength 

. of the chopped light. Any wavelength from the range where the out-of­

phase component goes to zero will then serve our purposes. That.such a 

·wavelength range exists ·can be seen from data on the optical. quenching of 

photocapacitance (2,8). Wavelengths in the 650-700 nm range suffice for 

our cells • 

. 3 .2 Technique 

·Figure I shows a schematic representation of the experimental set-up 

which is used. Light from a DC-powered tungsten source passes through a 

grating monochromater and an image of the exit slit· is focused on the·. 

surface of a silvered light-chopping blade placed at 45° to the path of 

the incoming l.ight beam. The transmitted beam illuminates the cell under 

test through an appropria~e lens system. The beam reflected from the 

chopper is suitably monitored to give a continuous measurement of the 

primarybeam intensity. The light-chopper cO"ntrol provides·a reference 

si-gnal for the lo.ck-in amplifier which is used to measure the AC output of 

the cell. An ELH tungsten-iodide lamp driven by a stabilized DC supply 

provides the bias light. The cell under test is mounted on a thermo­

electric te~perature-controlled bl~ck with the necessary electrical con­

nections to allow for application of a bias voltage and measurement of 

.cell output. Output from the lock-in amplifier and the voltage-biasing 

. power supply are fed to an x-y recorder for. d :!.splay. 

4. RESULTS 

Marked differences in the fraction of current lost due to voltage­

dependent juntt:i.on effects have been noted for. cells of differing perfor:... 

* mance characteristics. Figure II shows J
1
/J

10 
at AMl as a function of 

bias yol tage for two cells of significantly different performance. A 

* AM1 is set on the ELH lamp simulator using NASA standard reference cells. 



table of current-voltage parameters has been included and it can be seen 

·that while the open-circuit voltages (V
0

C) are within 5% of each other, 

and the short-circuit currents (J ) are within 3%, the fill factor (FF) . sc . 
of cell Ml69B2-2 is nearly 20% less than that of cell Ml69B2-l. This 

disparity in fill factor is clearly mirrored by the JL behavior of the two 

cells. 

For cells of. generally good performance characteristics the variation 

of JL with voltage is not so pronounced under ·normal AMl·conditions. For 

these cells, however, it is possible ~o induce strong·voltage dependence 

by varying the j~nction field via the bias light. Figu·re III shows .JL/JLO 

vs. voltage for cell U810Al-4 under three different conditions of bias 

illut;nination. The top curve was taken under standard AMl, while the two 

bottom curves were obtained using color filters which limit the shorter 

waveleng~h portions of the spectrum} Frol!l the included table of current­

voltage parameters measured under corresponding bias· light conditions we 

see that the .JL/JL
0

.behavior clearly mirrors the progressive loss in fill 

factor observed for. longer wavelength·illumination. This lowering of the 
. . . 

f;ill factor, along with corresponding change.s in photocapacitance, has been 

reported previously (5) .. Even more pronounced dependence of JL on voltage 

may be observed if we reduce the junction field by lowering the intensity 

of the bias light. Figure IV show~ corresponding data for 0.1 AMI illum­

ination, while Figure V shows the results for 0.01 AMl. It should be 

noted that as we proceed to lower.and lower light intensities the.differ­

encebetween tli.e two filtered measurements decreases. More specifically, 

adding back in some of the removed shorter wavelengths now has less of an 

ability to enhance Ji.. This follows from :the fact that the bluer light, 

which is better able to affect the CdS at the junction and hence modify the 

depletion region and the field, now has less of an effect as far as 

increasing JL' since the junction field, is. significantly lower at the out­

set due to the decreased bias intensity~ 

S. CONCLUSIONS 

Our results clearly indicate that JL is a function of applied voltage. 

They are in good qualitative agreement not only with theoretical predic­

ti,ons of the effect of the junction field on interface recombination, but 

with conclusions inferred from other analysis techniques, such as current­

voltage and capacitance studies~ It is apparent that the present 

t Corning sharp cut orange filter c.s.3..:.6a (507 nD\ <>.< 574 nm) and sharp cut 

red filter C.S.2-73(558nm<>..<618 nm). 



technique pro~ides ·a poweif~l ~ean~ of monitoring junction-related ch~n~es 
. . . . 

in cell response corresponding to variations in cell prod~ction parameters. 

We feel that further studies are extremely importa~t in that they will atd 

in refinement of present theory and thereb~ provide insigh~ intci cri~ical 

efficiency-limiting loss mechanisms. It must be stressed that previously 

all information about junction-related effects had to be extracted from 

current-voltage studies·and capacitan!=e measurements, and hence that the 

p~esent work is a large step forward in that it allows for the first time . . 

direct determination of·J
1 

as a function-of applied voltage.· One must 

also stress the broad applicability of the technique, as it ~a~ eas~ly 

be applied to the study ~f ~ny curr~nt-coliecting photovoltaic device. 
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FIGURE CAPTIONS 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5~ 

Experimental Equipment. 

Light generated current as a function of the applied volta~e 
for cells /IM169B2-l ·.and IIM1698'2-2 at AMl intensity. 

Light generated current as a function of the applied voltage 
for cell //810Al-4 at three different bias illuminations of 
AMl equivalent intensity. 

Light generated currerit as a function of the applied voltage 
for cell //810Al-4 at three different bias illuminations of 
0-.1 AMl equivalent intensity. 

Light generated current as a function of the applied voltage 
for cell I/810Al-4 at three different b·ias illuminations of 
0,01 AMl equivalent intensity. 
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Appendix C 

* OPTIMAL NATERIAL PROPERTIES FOR CdS/Cu
2

S SOLAR CELLS 

ALLEN ROTHWARF 

Institute of Energy Conversion 

University of Delaware 

Newark, DE 19711 USA 

1. Suminary 

The~CdS/CuzS solar cell has been studied for a number of years(l) . 
. The properties reported for these cells have shown wide variations in 
efficiency as well as in phenomena exhibitted by the cells. The material 
properties of cadmium sulfide a.nd copper sulfide have also displayed a -
wide variety, with significant changes in prope~ties occuring with heat 
treatment of the materials. 

A heterojunction model proposed previously (2) accounts for many of 
the properties of. the cell, and has been used to guide modifications of 
.cell .production and design to achieve improved efficiency (3,4). Here we· 
present a revi~w of the model with emphasis on the role of the material 
properties of the CuzS ~nd CdS layers, and experimental confirmation of 
predicted effects. The combined exper~mental and theoretical results indi-: 
cate that the donor density Nn in CdS and the acceptor density NA in 
Cu2s are the crucial material properties. Optimal operation of the cell 
requires Nu =1016 - 10l7fcm3 and NA = 100 ND· 

* This work was supported in part by the Department of Energy under 
contract EG 77 C 03-157&. 

.· .. 



2. THE HETEROJI,!NCTION MODEL AND MATERIAL PROPERTIES 

The equation derived to describe the current voltage relationship 

of the CdS/Cu2S solar cell 

I qAj Nc 2s1exp ( ~ /kT] (1) 

wh~re q is the electronic charge, and N 2 the effective density of states 
. c 

at the band edge of the CdS (2xlol8cm-3). It is based upon the band model 

for the cell under illumination illustrated in Fig. 1. 

The parameters which are involved and the relation to material 

properties are as follows: 

1. s
1

, the interface recombinGtion velocity is related to the mi~­

fit dislocation density at the interface between the Cu
2
s and CdS due to 

~l1e lattice mismatch 6a across the junction. s
1 

is given by the relation 

* * s
1 

=· V tho N
1 

where N
1 

= 2 b.a/aJ is the effective density of interface 

states and a the capture cross section of the interface states. The 

expected range of s1 is 105-5 x 106 em/sec. 

2. Aj / A_L is the ratio of. the junction area to the planar area of 

the cell; and depends on the grain size in the CdS and the method of prep­

aration of the Cu2S: Aj/Al ranges from 1 to greater than 10, and reduces 

the open circuit voltage by an amount(S)b.VOC = (AkT/q) ln A/A_L ·Two 

effects influence the junction area. One arises from intentional texturing 

of the surface with A./AI "'2.5; Lhe other fl:om the formation of ·cu S down 
J . 2 

grain boundaries, cracks .. : .... or other defects in the CdS layer. By use of 

CdS grown on a smooth substrate and forming the Cu2s by a solid state reac­

tion (CuCl on CdS), on the untextured surface A./A1 is near unity•and the 
J• _L 

measured v0C is increased by 0.06 V. The planar structure is more highly 

reflecting from the front surface (6) and does not trap light effectively(]).· 

3. ~ is the activation energy or barrier height to electron flow 

between thQ CdS and Cu2S ~idQs of the iunction. It depends on the h~nrig~p 

of the copper sulfide,the difference in the electron affinity between the 

two materials,6x, the position of the Fermi level in the cu2s and the 

extentof band bending in Cu7S.The latter two parameters in .turn depend upon 

the density of carriers in Cu2s and the ratio of the density of carriers in 

CdS, ND to the dens:lty in Cu 2s, NA. The equatiqns of importance are (2): 

~ = Eg - qVDp - 01 - 6x = (Eg - b.x - o + o2{A.:..l))/A (2) 
1 ·1 1 

N Nc2 NA + NO 
kT ln v 

02 kT ln A (3) 01 
.. = --

N· • Nn 
, 

NA A 
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NA + ND 

( 4) 

VD Egl llX- (\ 02 (5) 

(6) 

The maximum .vc;tlue for <1> for non-degenerate cu
2
s is -1 eV when. VDP 

an'd o1 are zero, and as low as 0. 5 eV depending upon the values of NA in 
19 3. 

Cu2s and N0 in CdS. For degenerate.cu2s (p~lO. /em), 6
1 

will be negative 

and <!> can exceed Egi - llX. The upper values of· <1> = 1 eV, reported on 

cells, may inc~ude a small contribution from negative o
1 

values. 

4. A - The diode ideality factor depends directly upon the ratio 

of the carrier con2entiation in the Cu
2
s and the CdS, or assuming the 

acceptors and donors to. be fully ionized N
0

/NA. The expression for A is 

given .in eq (3) for NA ? N0 . Hence A ranges between 1 and 2. 

5. R
5 

is the series resistance to the .extent that a series resis­

tance written in the form given in Eq. (1) is repre.sentative of the effects 

of resistivity in the various layers. An adequate expression for R5 is(8) 
2 

R5Al = p1s /12d1 , with pl ~he resistivity of the cu2s layer, d1 its thick-

ness and s the spacing betweeri parallel grid line. The values of p1 /d 1 the 
3 . 

sheet resistance in good cells are 3 - 10 x 10 ohms .per square. The sheet 

resistance depends very strongly upon the formation of a thin copper oxide 

lay~r. 6n the ~urfgce of the Cu
2
S(9). Since the oxide thickness seems to be 

self limiting the magnitude of p
1
is determined.by_ the thickness of the· 

. . r . 
underlying Cu2s layer .. The grid spacing (4) that gives optimal shading and 

-1/3 fill factor goes as (p
1
/d

1
) . The property of the ~ell affected direct-

ly by R8 is the fill factor FF. The loss in FF associated with R8 (4) is 

llFFR . . s 
(7) 

where c is-0.9. Howev~r, other terms ~articularly the voltage deperident 

part of jL can influenc.e FF as strongly as R
5

. In Fig. 2 we have plotted 
2 

the theoretical dependence of FF on NA with v0C = 0.5 V, ~l = 6 em /V 
-2 4 

sec and s = 3. 2 x 10 em,, assuming a loss of 0. 05 from the voltage depen-

dence of j
1

. Table I illustrates effects of heat treatment on the fill 

tactor and oth~r ceil para~eters. 

6. J
10 

is the light generated current density arriving at the 

junction. Theoretical expressions for J 10 in terms of· the modes of 

operation of the cell, absorption coefficient, .thickness of the layers, 

and diffusion length have been derived and presented elsewhere (3). 



Fig .. 3 shows the collection efficiency, nc6ll• and jLO is the integral of 

ncoll over the appropriate wavelength range, allowing for reflection and 

grid absorption losses at the front surface. E~perimentall~reducing heat 

treatments in Hz-Ar or CO increases the shorf'circuit current, while heating 

in air or allowing the cell to remain unprotected in air decrease~ the short 

circuit current. The.changes are reversible (see Table I). The sheet re­

sistance of the CuzS is also modified. The strong dependence of both jSC 
.... 

and the sheet resistance on stoichiometry is well documen~ed (10) and may 

result· from modifications in the absorption coefficient, (ll) the lifetime, 

or the ,electron mobility (12). Diffusion length values are on the order of 

_0.3 'l.lm (13,·14) with one report of 2. 7 ·1-1m (15'). Cumparlsuu uf experimental 

and calculated spectral response curves indicate that our cells have 

L ~ 0.3 l.lm (5). 

7. ll2 is the electron mobility. in the CdS layer near the interface,. 

It can .depend upon impurity levels in the C~S, dislocation densities, grain 

size, stacking faults, etc. llz is expected to range from the 300 cm 2/V sec 

seen in single crystal material down to as low as 20 cm 2/V reported in poly­

crystalline material (16). The true mobility in polycrystalline films is 

obscured by difficulties in interpreting Hall measurements and because the 

resistivity may vary through the thickness of the layer. 

1", 
8. F2, the junction field i~ given by Fz = (2qVoNo*/EE 0A)~, with 

No* the effective donor density in CdS (4,17). The ionization state of the 

deep levels in CdS as determined by the light reaching them controls No*, 

and hence F2. In Fig. 4 current-voltage curves under various spectral illu­

minations are illustrated and Table II lists the corresponding photocapac_i­

tance and F2 values. Both the capacitance and collection eff~ciency hav~ 

.been shown to be 'dependent (17) upon the intensity and spectral content of 

the light reaching the CdS layer. Photocapaci tance and collection effi- · 

ciency experiments (17) have established the accuracy of the Fz term in 

Eq. (1). The results yield typical S1 values of 3 x 105 em/sec, assuming 

P2 ~ 100 cm 2/V sec . 

. 3. INTERRELATIONSHIPS OF CELL AND MATERIALS PROPERTIES 

In this section the detailed relations between the cell parameters. 

_jsc, Voc and FF and the material properties of Cu2S and CdS arc treated. 

A .. Short circuit current - Jsc is the 1 ast term in Eq. (1), thus we 

can write an expression for the expected short circuit current as a function 



. ' 

/ 

of both No anti NA, and in F.ig. · 5 1~c have i lltts I. rated a p 1 ot. of j sc versus 

Np ~ssuming jLO = 20 mA/cm2 for NA = Idl.9/crn3 nnd jLO .= IS mA/cm2 for · 

NA = 2 x Io19/cm3, hased on Table I. 

B. Open-circuit voltage. Voc is given by Eq. (6). Fig. 6 indi­

c~tes the dependence of v0C on both NA and N0 .. The bais are the best values 

of Voc taken from the ·literature (18), with ihe corresponding donor density· 

. deduced from the resistivity reported (ll2 = 100 cm2/V sec assumed). ·Values 

for recent IEC cells are indicated by a. 

In Fig. 7 we shciw the current-voltage relationship for a c~ll made 

with very thick CuzS, 0.85 llm as compared to 0.1-0.3 llm used in ordinary 

cells. While the thick layer cell is clearly not of interest for high 

efficiency its properties allow us to test key. features of the model. · .The 

thick layer minimizes the· effect of the thin natural oxide layer which is 

built up on the cell when it is exposed to air. Consequently the copper. 

sulfide has high stoichiometry and the open circuit voltage of the cell 

.(curve 1) is extremely low.· The air and 112-Ar heat treatments moc~.ify NJ\ 

thro~gh the CuzO surface layer; changing Voc in accord with Eq (6). Similar 

curves were.reported by TeVelde (19) .. 

When cell 748Al-2 had an AMI, Voc value of 0.368 V and jsc = 1.4 rnA/ 

cm2 its I-V ~haracteristics at various white light intensities (.1-1 AMI) 

· were obtained. From the v0C vs In intens~ty plot an A-factor of 1. 3 was 

. deduced. Since P2 for this cell was 1.1 ohm-em, No - 5. 7 x rol6jcm3 is 

deduced and hence·NA = 1.9 x lol7/cm3. The observed value of Voc agrees 

quite well with the 0.39 V.predicted by cq .. (6) using SI = 3 x 105 em/sec 

and Aj/AI = 1. 

The variation in reverse bias illustrated w Fig. 7 stems from the 

fact that j LO become.s vol tag·e dependent due to the higher collection in the 

.space charge region on the CuzS side of the junction . 

. C. Fill Factor. The primary dependence of the fill factor an NA is 

given by Eq. (7) and Fig. 2. The fill· factor also depends. on NA due to band 

bending in cu 2s which tends to cause a greatei current collection. FF de­

pends upon No arid th~ charged ac~eptbr levels in CdS through the. effect 

illustrated in Fig. 4. 

4. OPTIMAL ~~TERIAL PROPERTIES 

There are six material properties of interest. ln Cu2S in addition 

to NA, lln which affects fhe diffusion length and llp. the series resistance 



/ 

are importani. If ~p were greater than the 2-10 cm2Jv sec range (12) and 

IJn scaled with llp thicker CuzS could be used to obt.ain higher efficiency 

cells .. In CdS, N0,. \12 and the deep level acceptor.density NA2 together 

affect v0c, jsc• and FF, with No"' NA2 and No*= No assumed at AMI inten­

sities. In present cells the lJ'S are not controlled. No is determined by 

growth c6nditions, with NA and NA2 controlled by heat treatments. The 

calculated and experimental results indicate that for high efficiency cells 

No"' .1016 .- lol7jcm3, (p 2 = 1-10 ohm-em), and NA = 100 N0 , (p 1 = 0.1-1 ohm­

em). This corresponds to CuxS with x 1.9995 - 1.99995. The thickness·of 

CuxS indicated (neglecting that ·in grain ~oundarie~) is 0.1 )Jm. 

That this range of proper:ties produce high efficiency cells (20) is 

illustrated 1n 1~ble 111. 
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Table I. Effects.of Heat Treatment on Cell Parameters at Simulated AMI 

· C.eil js<;(mA/cm2) Voc· FF(%) n (%) dl c~m) p1/dl(ohm) Heating 

393C2 14.9 0.500 71.9 5.4 0.19 6 X 103 . 11 2/\r 120°C. 
p=2.3 ·9. 3 0.471 69.2 3.0 0.19 2.4 X 103 Air 150°C 
581A2-l 20.1 0~502 72.1 7.27 0.36 
p=7.8 . 14; 8 0.498 73.8 5.42 0.36 . Air 170°C 

.21.4 0.491 67.1 7.06 0.36 H2-Ar 170°C 

Table III. Characteristics of High Efficiency Cells lind·e.r Collimated 
Sunlight Illumination 

Cell jsc(mA/cm2 Voc FF(%) 

69081-3 21.8 ~516 71.4 
p=4.8 
695Al-4 20.8 .. 500 73.1 
p=L8 

Table II. Fill Factor and Photo­
capacitance Changes With Spectral 

. n(%) 

9.15 

8.88 

. Content. Celi 67581-4 p=8.3 ohm-em 

.d 1(pm} 

0.3 

0.3 

· C/ A F2 
Illumination . FF(%) nF/cm2 (lo4v/cm) 

AMl (ELH Lamp) . 66.2 46.8 7.9 
· Blue >.<0. 59 urn 67.7 45.8 7.7 
Orange >.>0.54 lJffi 61.2 18.7 3.2 
Red >. >0. 5.8 J.lffi . 56,9' 16.0 2.7 

Area 
Inte~si~y mW/~m2 (cm2) 

0.884 87.9 

1. 26 . 85.7 



.FIGURE CAPTIONS 

Fig. 1.. 
Fig. 2. 

Fig. 3. 

Fig. 4. 

Fig. s. 

Fig. 6. 
Fig. i. 

Band diagram. of the CdS/Cu2S solar cell under illumination. 
The calculated fill factor of the Cu2S solar cell as a function 
of carrier concentration in Cu2S (p = NA) 
Calculated collection efficiency jgc/q~ (A) as a function of· 
absorption coefficient a, thickness d, diffusion length L, and. 
surface recombination velocity S. . 
Current voltage. curves for cell 675 Bl-4 indicating dependence 
upon· spectral content of illumination (see Table I I). 
Calculaiod depcndcn~e of jsc on the d6nor density No in CdS, ~ith 
s1 = 106 em/sec. . 
Calculated dependence of Voc on NA and N0 _with experimental data. 
Current voltage curves of special CdS/Cu2S cell illustrating 
pronounced effe~t of heat treatments on cell characteristics. 
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· lnit~al·. 2 
After 17 hr. tn air· at 120° C 
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