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ABSTRACT 

Copper sulfide films are formed an glass by sputte- 
ring a copper target in a H2SlAr atmosphere. The 
properties of the films are investigated by various 
electrical and optical measurements,while the Sput- 
wring parameters are varied. Films with a suited 
stoicbiometry, crystallography and resistivity for 
solar cell application are then sputtered onto 
evaporated CdS films. The influence of some para- 
meers such as the CdS thickness, chemical and 
spufter etching, the Cu*S thickness and post fabri- 
carion annealing on the solar cell characteristics 
is investigated. The best cell obtained is charac- 
terized by : Jsc = 13.75 mA/cnJ, V,, = 0.572 Volt, 
FF = 62,s %, q = 4.9 %. A brief discussion is given 
on these parameters, on Jsc Versus voc measurements 
, on I-V measurements in the dark and on C-V 
measurements. 

INTRODUCTION 

The copper sulfide - cadmium sulfide thin film 
solar cells have been studied since many years, and 
have reached their actual state-of-the-art some 
years ago (e.g. (1)). I" these cells, the copper 
sulfide layer is commonly formed into an evaporated 
CdS layer by the well known lCwet dipping process". 
This process is rather critical, and alternatives 
have been proposed for large scale solar cell pro- 
duction. The reactive sputtering technique is very 
promising to that purpose : it is well established 
as an industrial technique for coating large area 
substrates, and the fabrication of a solar cell 
could be organised in an all vacuum process, avoid- 
ing all wet steps. It should be noted here that 
even the "dry method" involves a wet step, in which 
the reacrionproductCdC12 between CdS and an eva- 
porated CuCl layer is washed away.CugS films can be 
sputtered on any surface; when the films acre depo- 
sited on glass, electrical and optical measurements 
are not disturbed by an underlying layer, and are 
thus more easy to interpret.In the liceracure re- 
ports are given were Cu*S is sputtered for solar 
cell application onto single crystal CdS (21, onto 
evaporated CdS layers (3-g), onto sputtered CdS 
layers (8, IO-111, and onto evaporated (CdZn)S 
layers (7,8). 

We formed coppe-; sulfide layers by spurtering 
a pure copper target in an HzS/A~ gas mixture. The 
fabrication procedure will be described here, as 
well as its consequences to the stoichiometric, 
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crystallographical, optical and electrical proper- 
ties of the Cu2S films deposited on glass. We also 
sputrered Cqs layers onto evaporated CdS layers. 
we will present here the influence of the CqS de- 
position parameters on the solar cell pmperties. 

cu2s DEPOSITION TECHNIQUE 

We deposited CqS layers in an R.F. sputtering 
unit. The target was a 99.998 % pure copper disc 
with a diameter of 10 cm. The Corning 7059 boro- 
silicate glass substrates were placed 5.5 cm above 
the target on awatercooled substrate holder. 
hour substrates of 2.501, x 2.5cm area were coated 
at a time : two glass substrates previously coated 
with silver and cadmium sulfide for fabricating 
solar cells, and two bare glass substrates for 
characterizing the Cu2S layer itself. HIS and Ar 
gas were premixed in a gas flow system, in such a 
way that the HzS-to-argon flow ratio a was regula- 
ted automatically to a preset value. The flow 
ratio a is simply related to fhe pressure ratio 
ppH~S/p~, where ppHZS is the partial pressure of 
HzS, and pt is the total pressure. As pointed out 
earlier (9), with the knmm pumping speeds of our 
system, a and ppH2S/pt have about the same numeri- 
cal value for the Hz8 injection rates of interest. 
In our apparatus, the R.F. power could also be ap- 
plied to the substrates, so that rhe substrates 
could be sputter cleaned prior to the Cu2S 
deposition. 

cu2s FILMS ON GLASS 

Our CuzS films sputtered on glass were inves- 
tigated with X-ray diffraction, by analysing the 
optical reflection and transmission spectrum R(h) 
and T(h), and by measuring the resistivity and the 
Hall mobility. X-ray diffraction allows the identi- 
fication of the various copper-sulfur phases pre- 
sent in rhe film; when the film consists of pure 
copper and pure chalcocite (CuzS), the stoichio- 
metry index x of the resulting Cu,S film can be 
determined quantitatively (9). When the film con- 
tained also copper deficient phases such as 
djnrleite (0.1, ,g3Sl, digenite (Cul,gS) or anilite 
CCu,.,.$), the crystal structure was so bad that 
no clear X-ray diffraction peaks could be observed. 

To interpret the optical reflection and trans- 
mission measurements, we calculated the reflection 
and transmission of mixtures of pure copper-sulfur 
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Figure I : Stoichiometry index z as a function of 
the H~-to-argon j-la, ratio a 

phases, and fitted them to the measured R(h) and 
T(h). Doing so, the thickness of the film and its 
stoicbiometry could be determined accurately, when 
the film consists of chalcacite, or of a mixture of 
chalcocite and copper-deficient phases, i.e. for 
x<2 (9). These characterization methods lead to 
the same results as those obtained in the litera- 
ture, where x was eseimated by electron microprobe 
measurements (2). 

The electrical resistiviry p is closely rela- 
ted to the stoicbiometry. The p versus x cm-m has 
however Co be gauged by independent measurements 
of x, because there is swe scattering in the li- 
terature daea (9). Finally,the form of the p(T) 
curve obtained whilst temperature cycling between 
room temperature and about 15O"C, is indicative for 
the mixeure of copper-sulfur phases under investi- 
gation, and can thus be used for a quick qualita- 
tive characterization of the CuxS layer. All these 
characrerization methods lead to the following 
results for Cu,S films grown on glass (figures I 
and 2) (9) : 

For very low HZS-to-argon flow ratios a, i.e. 
a < 5 %, the deposited films consist of pure cop- 
per. For low values of cL, i.e. 5 % < a < 22.5 %, 
the film consists of a pure chalcocite background, 

Figure 3 : X-ray diffmction diagrm of a Cu2S film 
on a glass substrate j ia) no sputter-etching of the 
substrate and ibi sputter-etching of the substrate 
miring IO minutes prior to the CL& deposition. 

with isolated copper segregations. The resistivity 
is high, some 200 km, and is believed to be that 
of pure and undoped CqS. In an intermediate range, 
22.5 % c 0: < 32.5 %, the only phase present is 
cbalcocite; it is however not in equilibrium with 
capper, and therefore not at the copper-rich limit 
of its existence region, and thus heavily doped 
(9). This is the a-range suited for solar cell fa- 
brication. For still higher values of ~1, i.e. 
ci > 32.5 % one obtains mixtures af chalcocite and 
copper-deficient phases, i.e. x < 2. 

When the cbalcocite is deposited as described 
it forms very smooth films on glass, the crystal- 
lite size being very small (< 10 m). The films 
grow preferentially with their (O,O,i) plane paral- 
lel to the substrate. This can be seen from figure 
3a : the intensity ratio of the 004 peak to the 106 
peak is 2.35, whereas lirerature data for powdered 
Cu2S give 0.47 (12) or 0.37 (13) for this ratio. 
The undesired reflection peak of the 106 plane, 
which makes an angle of 10.8" to the 001 plane, is 
compleeely absent when the substrate has been 
spate=-etched for 10 minutes prior to the Cu2S 
deposition (fig. 3b). 

the Halllnobility and the doping concentration 
were measured on a cross-shaped sample geometry 
(14). The pure chalcocite films have an acceptor 
concentration of about 1020 cK3 and a Hall-mobili- 
ty of 2 to 4 c&/Vs (figure 41, whereas the films 
containing also djurleite show much larger doping 
concentrations, and a constant mobility. The doping 
and the mobility of samples containing both copper 
and chalcocite could not be measured, due to the 
very high sheet resistance of the film. 

Cu2S FILMS ON CdS 

Cuzg-Cds solar cells were prepared an Corning 
7059 substrates of 2.5 cm x 2.5 cm area by succes- 
sive evaporating a 50 nm Cr layer, a I Urn *g layer 
and a rather thick CdS layer. The substrate fempe- 
rature for the CdS evaporation was 200°C to ZlO"C, 
and the thickness ranged from 5 iim to 30 !.tm (15). 
some of these CdS substrates were completed to 
CqS-CdS solar cells by means of both the "dry 
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Figwe 4 : Hole concentration p and Hall-mobility 
,Q as a function of the H.#-to-argon flow ratio CA. 

barrier method" (16) and by the conventional wet 
dipping process, for comparative measurements.The 
other CdS substrates were loaded in rhe CUSS sput- 
tering apparaeus. The H*S injection rate was such 
as to obtain pure CqS, without copper segrega- 
tions; the thickness ranged from 50 nm to 300 nm, 
and the substrates were not heated. 

The CUES geometry was defined by means of a 
2 cmx 1.8 cm rectangular molybdenum mask. A 250 NO 
thick gold grid was evaporated as a front contact; 
the finger width was 80 pm, and the spacing between 
the fingers was 700 pa.Finally, a collecting con- 
tact was evaporated onto the finger grid; if con- 
sists of a 40 nm Au I 1 Urn Cu I 40 m Au 
sandwich structure, and produces an extra shading 
of about 6 %, the focal grid transmission being 
thus about 84 %. No anti-reflection coating was 
applied. Various fabrication parameters were varied 
to observe their influence on the cell charac- 
teristics. 

CdS film thickness. 

The thickness of the CdS layer is not criti- 
cal. Good solar cells were obtained for CdS thick- 
nesses ranging from 10 urn to 30 urn. When the CdS 
film however becomes too chin, e.g. 5 urn, the 
cells suffer from an excessive shunt conductance 
and can even be short-circuited. Spmttering of the 
012s film can fhus lead to a cheaper cell produc- 
tion, when compared to the wet dipped cells, since 
the Cd5 thickness for the latter has to be at 
least 30 urn, and since the CdS film accounts for 
more than 30 % of the solar cell material cost 
(17). 

Etching. rhe CdS substrate. 

The CdS samples were sputter cleaned prior to 
the CUZS deposition. Typical parameters are : 0.4 
Pa pressure, 600 V D.C. voltage during 10 minutes. 
The resulting substrate etching speed was about 
7.5 ndmin. This substrate sputter etching resul- 
ted in a better crystallographic orientation of 
the Cu2S film : the 106 to 004 peak height ratio 
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Figure 5 : Short circuit current I,, as a function 
of the aeposition time, for diffemnt fdrLoation 
runs. 

dropped by a factor of about 2; it did however not 
drop to zero as was the case for CuzS films on 
glass. This is due to the imperfect crystallo- 
graphical orientation of the thick CdS film (15). 

Some of the CdS samples were also chemically 
etched during 5 s to 40 s in a diluted HCI solu- 
tion (25 % by volume) at 60 'C. The etch rate is 
then about 85 an/s. This etch enhances the CdS 
surface roughness, resulting in an improvement of 
about 25 % of the light current due fo increased 
light trapping, to a decrease of about 10 mV of 
the open circuit voltage, due to an increase of 
the junction area, and to an extra fill factor 
lass. As a result the efficiency improved by about 
0.35 % (absolutely) by the EC1 etch. 

During the sputtering of CuzS, the R.F. power 
was adjusted to give a D.C. voltage of 1600 Volt 
at the target. The H2S-to-argon flow ratio o was 
between 25 % and 30 %, and the total pressure was 
0.4 Pa. This resulted in the deposition of pure 
chalcocire at a rate of about 0.6 m/s. The sput- 
tering time ranged from 80 s to 500 s, the Cu>S 
thickness from 50 M to 300 m, and the Cu2S sheet 
resistance from 250 n to 1500 n. The thinner films 
have a better collection efficiency, but they also 
have a slightly greater sheet resistance and hence 
a fill factor loss due to a higher series 
resistance. The best results were obtained for 
thicknesses ranging from 100 m to 150 m 
(figure 5). 

Annealing of the cell. 

As deposited cells show no photovoltaic ef- 
fect and behave as a very small resistance. An- 
nealing in air at an elevated temperature gradual- 
ly produces the solar cell diode characteristics 
as shown in figure 6. The optimum air heat treat- 
ment seems to be : heating at 160°C during 60 min- 
utes. Annealing in vacuum gives the same results 
at lower temperatures and for shorter times : 10 
to 30 minutes at 140°C is the best ~acwm annealing. 
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This behaviour of our cells is in contrast with 
what is reported for other sputtered Cu2S/evapo- 
rated CdS solar cells in the literature, which do 
show a photovoltaic effect before any annealing 
(7;s). 

Cu2S-CdS SOLAR CELL CHARACTERIZATION 

I-V Characreristics. 

The I-V characteristic of the best of our 
sputtered solar cells is shown in figure 7. The 
CdS layer was 20 urn thick; there was no EC1 etch, 
but the CdS was sputter-cleaned during 10 minutes. 
The CuzS layer was then sputtered during 200 s 
with an HzS-to-argon flow ratio of 25 %. The cell 
was annealed in air at 160°C during 70 min. There 
was no anti-reflection coating. 

I-" dara of some of the better cells are 
shown in Table I. 

TABLE I 

Performance of some sputtered Cu~Slevaporated CdS 
solar cells. 

Cell no. JscbA/cm2) V,,(mV) WC%) nva -__- 
R25-6 13.75 572 62.5 4.9 
R26-4 11.8 612 58 4.2 
R25-2 11.25 565 66 4.2 
R38-6 13.8 500 59 4.1 
R30-5 13.5 530 57.5 4.1 

All the efficiencies were calculated with the total 
CuzS area of 3.6 cd. we will compare our cells 

-7 : The I-V pZot of the best sputtered Cz,$- 
maporated CdS solar cell. The area is 3.6 en2 and 
the efficiency T- is 4.9 % . 

with the hybrid sputtered CuzS-evaporated CdS so- 
lar cell reported in the literature (7,8). No cm- 
parison should be made with Cu~S/(CdZn)S cells, 
because the latter have an open circuit voltage 
and thus an efficiency that is intrinsically hi&r. 

The short circuit current of our cells is sub- 
stantially lower than rhe best cells in the litera- 
Cure, but the open circuit voltage is substanrial- 
ly higher; this gives a comparable efficiency, be- 
cause the fill facror is about the same. With open 
circuit voltages as large as 570 mV, one would ex- 
pect lossless fill factors that are some 15 % to 
20 % (absolutely) higher than the fill factors re 
actually reach (18). We ascribe this fill factor 
loss to the large series resistance; it should be 
avoided by using a confacc grid with a smaller 
finger spacing. One of the main reasons of our too 
low short circuit current is rhe bad grid transmis- 
sion of 84 %, and the absence of any anti-reflec- 
tion coating. 

The open circuit voltage VOC. 

All our cells show a high open circuit vol- 
tage, which is often more than 550 mV. One cell 
showed 612 mV, which is the highest open circuit 
voltage ever reported on a Cu&CdS solar cell. Our 
",, measurements were performed under the Srandard 
Test Conditions prescribed by the CEC (19) (This 
means i.a. measurement under AMI light, at 25 
+ 2'0. Following Rothwarf and Barnert the open 
circuit voltage of a CuzS-CdS cell is given by 
(18) : 
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OB is the barrier height and is given by 
03 = Ep-Ax were Eg = 1.2 eV is the Cu2S band gap 
and Ax = 0.2 eV is the electron affinity mismatch 
between Cu2S and CdS; A is the diode factor, NC = 
2 1018 cm-3 is the effective density of states in 
the CdS conduction band, $1 is the recombination 
velocity at the interface, Aj is the junction area 
and AI is the normal area of the cell. We asmme 
that our sputtered cellsform planar junctions, so 
that the last term in eq. (1) is negligible. One 
can obtain the barrier height eB by measuring V,, 
as a function of the temperature, and then extra- 
pollating Co T = 0 K. This is done in figure 8; 
one finds : OB = 0.92 eV, thus somewhat less than 
the theoretical value of Eg - & = 1.0 eV. 

One can gain more information if one measures 
V,, and J,, at various light intensities and at 
various temperarures.Ateach temperature, a logJ,, 
versus V,, diagram displays a straight line; from 
the slope one finds the diode factor A; the inter- 
cept with the Ii,, = 0 axis is then plotted in an 
Arrhenius plot versus I/T; from this plot one can 
deduce again the barrier height @B and the value 
of qNi$~. This is done in figure 9; one finds : 
the diode factor is about 1, and not dependent 
on the temperature; the barrier is 0~ = 0.93 eV, 
and sI = 1.2 106 cm ,s. 

Dark current measuremenfs. 

The diode current was also measured in the 
dark. The measurements were treated in the same 
way as we treated the diode current measurements 
under illumination (i.e. the Jsc - Voc measure- 
ments). We found that the dark diode current was 
described by a temperature dependent diode factor 
ranging from 2 co 3; the dark current therefore 
does not behave as an ideal diode, whereas the 
light diode current does. The bandstructure of the 
CUSS-CdS junction in the dark differs from that 
under illumination, resulting in a different diode 
current mechanism. This phenomenon is closely 
related to the oc~urence of a cross-over between 

Figure 8 : The temperature dqmdence of the open 
circui‘t voltage V,, and the short circuit ~~mw-zt 
I sc under 0.6 AMI illtinatibn, of cell ~30-5 . 
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the dark and the ,light characteristics (20). 
It should be noted that our best cells show only 
a very weak cross over; this is due to the rela- 
tively low annealing temperatures as compared to 
some of rhe dry barrier solar cells (16),which 
causes only a weak diffusion of Cu acorns from the 
Cu*S into the CdS. 

Capacitance measurements. 

The junction capacity was measured af differ- 
ent frequencies (100 Hz - 100 kHz) and at differ- 
ent reverse voltages (-1.5 V fo 0 V), both in the 
dark and under illumination (h = 500 nm, 4 mWicm2). 
The capacity versus frequency behaviour was linear, 
as it is for wet dipped and dry cells; this indi- 
cates the existence of a band of deep donor levels 
in the CdS, as explained in (21). From the capaci- 
ty versus voltage measurements, we obtained for 
the best cell (RZS-6) : depletion layer width 
= 0.12 urn at 0 V, effective donor concentration 
= 6 1016 cmm3. In general the impedance phase 
angles amounted -85', proving again the good 
quality of the sputtered juoctions. 
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