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ABSTRACT

Copper sulfide films are formed on glass by sputte-
ring a copper target in a HpS/Ar atmosphere. The
properties of the films are investigated by various
electrical and optical measurements,while the sput-
tering parameters are varied. Films with a suited
stoichiometry, crystallography and resistivity for
solar cell application are then sputtered onto
evaporated CdS films. The influence of some para—
meters such as the CdS thickness, chemical and
sputter etching, the CupS thickness and post fabri-
cation annealing on the solar cell characteristics
is investigated. The best cell obtained is charac~
terized by : Jgo = 13.75 mA/em?, V.. = 0.572 Volt,
FF = 62,5 %, n = 4.9 Z. A brief discussion is given
on these parameters, on Jge versus V. measurements
, on I-V measurements in the dark and on C-V
medsurements.

INTRODUCTION

The copper sulfide - cadmium suifide 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)). In these cells, the copper
sulfide layver is commonly formed into an evaporated
Cd$ layer by the well known “wet 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 i1s well established
as an industrial technique for coating large area
substrates, and the fabrication of a solar cell
could be eorganised 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 reaction product CdCly between CdS and an eva-
porated CuCl layer is washed away.CusS films can be
sputtered on any surfaces; when the films are depo-
sited on glass, electrical and optical measurements
are not disturbed by an underlying layer, and are
thus more easy to interpret.In the literature re-
ports are given were CuzS is sputtered for solar
cell application onto single erystal CdS (2), onto
evaporated Cd$ layers (3-9), onto sputtered CdS
layers (8, 10-11}, and onto evaporated (CdZn)$S
layers (7,8).

We formed copper sulfide layers by sputtering
a pure copper target in an H2S/Ar gas mixture. The
fabrication procedure will be described here, as
well as its conseguences to the stolchiometric,
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crystallographical, optical and electrical proper-
ties of the CupS films deposited on glass, We also
sputtered CupS layers onto evaporated CdS layers.
We will present here the influence of the Cuy3 de-
position parameters on the solar cell properties.

Cu

28 DEPOSITION TECHNIQUE

We deposited CuyS layers in an R.F. sputtering
unit. The target was a 99.998 Z pure coppex disc
with a diameter of 10 cm. The Corning 7059 boro-
silicate glass substrates were placed 5.5 cm above
the target on a water cocled substrate helder.

Four substrates of 2.5cm x 2.5 cm area were ceated
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 Cu9S layer itself. HyS and Ar
gas were premixed in a gas f{low system, in such a
way that the HpS-to-argon flow ratio o was regula-
ted automatically to a preset value. The flow
ratio o is simply related to the pressure ratio
ppH28/py, where ppH,S is the partial pressure of
Hy8, and p, is the total pressure. As pointed out
earlier (9}, with the known pumping speeds of our
system, o and ppHS/p,. have about the same numeri-
cal value for the HS injection rates of interest.
In our apparatus, the R.F. power could also be ap-
plied to the substrates, so that the substrates
could be sputter cleaned pricor to the CusS
deposition.

CuZS FIIMS ON GLASS

Our CupS films sputtered on glass were inmves-—
tigated with X-ray diffraction, by analysing the
optical reflection and transmission spectrum R{})
and T{(A), and by measuring the resistivity and the
Hall mobility. X-ray diffraction allows the identi-
fication of the varlous copper-sulfur phases pre-—
sent in the film; when the film consists of pure
copper and pure chalcocite (Cu3S), the stoichio-
metry index x of the resulting CuyS f£ilm can be
determined quantitatively (9). When the film con-
tained also copper deficient phases such as
djurleite {(Cuj; g¢48), digenite (Cuy, g8) ox anilite
(Cu) 753), the crystal structure was so bad that
no clear X-ray diffraction peaks could be observed.

Te 1lnterpret the optical reflection and trans-
mission measurements, we calculated the reflection
and transmission of mixtures of pure copper-sulfur
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Figure 1 : Stoichiometry index x as a function of
the HZS—to—argon flow ratio o

phases, and fitted them to the measured R(}\) and
T(}}. Doing sc, the thickness of the film and its
stoichiometry could be determined accurately, when
the film consists of chalcocite, or of a mixture of
chalcocite and copper-deficient phases, i.e. for
x<2 (9). These characterization methods lead to
the same resuits as those obtained in the litera-
ture, where x was estimated by electron miecroprobe
measurements (2).

The electrical resistivity p is closely rela-
ted to the stoichiometry., The p versus x curve has
however to be gauged by independent measurements
of x, because there is some scattering in the 1i-
terature data (9). Finally,the form cof the p(T)
curve obtained whilst temperature cycling between
room temperature and about 150°C, is indicative for
the mixture of copper-sulfur phases under investi-
gation, and can thus be used for a quick qualita-
tive characterization of the CuyS layer. All these
characterization methods lead to the following
results for CugS films grown on glass (figures 1
and 2) (9) :

For
o< 5 Z,

very low HpS-to-argon flow ratios
the deposited films consist of pure cop-

per. For low values of o, i.e. 5 Z< a < 22.5 %,
the film consists of a pure chalcocite background,
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Figure 2 : The electrieal resistivity p as a funce—
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Figure & : X-ray diffraction diagram of a CugS film

on a glass substrate ; (a) no sputter—etching of the
substrate and (b) sputier-etching of the substrate
during 10 minutes prior to the Cugs deposition.

with isolated copper segregations. The resistivity
is high, some 200 ficm, and is believed to be that
of pure and undoped CusS. In an intermediate range,
22.5 Z < o < 32.5 %, the only phase present is
chalcocite; it is however not in equilibrium with
copper, and therefore not at the copper-rich limit
of its existence region, and thus heavily doped
(9). This is the g-range suited for solar cell fa-
brication. For still higher values of o, i.e.

o« > 32.5 % one obtains mixtures of chalcocite and
copper—deficient phases, i.e. x < 2.

When the chalcocite is deposited as described
it forms very smooth films on glass, the crystal-
lite size being very small (< 10 nm). The films
grow preferentially with their (3,0,%) 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 literature data for powdered
Cu,S 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 00l plane, is
completely absent when the substrate has been
sputter—-etched for 10 minutes prior to the Cu,S
deposition (fig. 3b}.

The Hall-mobility and the doping concentration
were measured on a cross-shaped sample geometry
(14), The pure chalcocite films have an acceptor
concentration of about 1020 ¢m™3 and a Hall-mobili-
ty of 2 to 4 cmZ/Vs (figure 4), 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 net be measured, due to the
very high sheet resistance of the film.

CuZS FIIMS ON CdS

CupS—CdS solar cells were prepared on Corning
7059 substrates of 2.5 cm x 2.5 cm area by succes—
sive evaporating a 50 nm Cr layer, a | um Ag layer
and a rather thick Cd$ layer. The substrate tempe-
rature for the CdS evaporation was 200°C to 210°¢,
and the thickness ranged from 5 ym to 30 um (15).
Some of these CdS substrates were completed to
CupS-CdS solar cells by means of both the "dry
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Uy as a funckion of the Hp-to—argon flow raitic a.

barrier method™ (16) and by the conventional wet
dipping process, for comparative measurements.The
other €dS substrates were loaded in the Cuj$ sput-—
tering apparatus. The H9§8 injection rate was such
as to obtain pure CusS, without copper segrega-
tions; the thickness ranged from 50 nm to 300 nm,
and the substrates were not heated.

The CugS geometry was defined by means of a
2 cmx 1.8 cm rectangular molybdenum mask. A 250 om
thick gold grid was evaporated as a front contact;
the finger width was B0 pm, and the spacing between
the fingers was 700 ym.Finally, a collecting con-
tact was evaporated onto the finger grid; it con—
sigts of a 40 nm Au / 1 Um Cu / 40 nm Au
sandwich structure, and produces an extra shading
of about 6 %, the total grid transmission being
thus about 84 7, 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 obtalned for CdS thick-
nesses ranging from 10 yum to 30 um. When the CdS
file however beccmes teoo thin, e.g. 5 um, the
cells suffer from an excessive shunt conductance
and can even be short—circuited., Sputtering of the
Cu2s film can thus 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 um, and since the CdS film accounts for
more than 30 % of the solar cell material cost
(7.

Etching the CdS substrate.

The CdS samples were sputter cleaned prior to
the Cuy$§ deposition, Typical parameters are : 0.4
Fa pressure, 600 V D.C. voltage during 10 minutes.
The resulting substrate etching speed was about
7.5 nm/min. This substrate sputter etching resul-
ted in a better crystallographic orientation of
the Cu,S film : the 106 to 004 peak height ratio
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Figure 5 : Short eircuit current I, ae a function
of the deposition time, for different Ffabricaiion
rUNS.

dropped by a factoyr of abeut 2; it did however not
drop to zerc as was the case for CujS films on
glass. This is due to the imperfect crystallo-
graphical ovientation of the thick CdS film (15).

Some of the CdS samples were also chemically
etched during 5 ¢ to 40 s in a diluted HCL solu-
tion (25 7 by volume) at 60 °C. The etch rate is
then about 85 nm/s. This etch enhances the CdS
surface roughness, resulting in an improvement of
about 25 7 of the light current due to increased
light trapping, tc 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
loss. As a result the efficiency improved by about
0.35 % (absolutely) by the HCl etch.

Cus§ film thickness.

During the sputtering of CupS, the R.F. power
was adjusted to give a D.C. voltage of 1600 Volt
at the target. The HpS-to-argon flow ratio o was
between 25 % and 30 Z, and the total pressure was
0.4 Pa. This resulted in the deposition of pure
chalcocite at a rate of abeout 0.6 nm/s. The sput—
tering time ranged from 80 s to 500 s, the Cus§
thickness from 50 mm to 300 nm, and the CusS sheet
resistance from 250 § to 1500 ©. The thinner films
have a better collection efficiency, but they also
have a slightly greater sheet resistance and hemnce
a fill factor loss due to a higher series
resistance. The best results were obtained for
thicknesses ranging from (00 nm to 150 nm
(figure 5).

Annealing of the cell.

As deposited cells show no photovoltaic ef-
fect and behave as a very smal} 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. Anmealing in vacuum gives the same results
at lower temperatures and for shorter times : 10
to 30 minutes at 140°C is the best vacuum annealing.
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This behaviour of our cells is in contrast with
what is reported for other sputtered CujS/evapo—
rated CdS solar cells in the literature, which do
show a photovoltaic effect before any annealing
(7,8).

CUZS—CdS SO0LAR CELL CHARACTERIZATION

I-V Characteristics.

The I-V characteristic of the best of ocur
sputtered solar cells is shown in figure 7. The
CdS layer was 20 um thick; there was no HC1 etch,
but the CdS was sputter-cleaned during 10 minutes.
The CupS layer was then sputtered during 200 s
with an Hy8~to—argoen flow ratio of 25 Z. The cell
was annealed in air at 160°C during 70 min. There
was no anti-reflection coating.

I-V data of some of the better cells are
shown in Table I.

TABLE I

Performance of some sputtered CugS/evaporated CdS
solar cells.

Cell mo. Jgefma/em?) Voe(mV) FECL)  n(X)
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.l

All the efficiencies were calculated with the total
CupS area of 3.6 cm2., We will compare our cells
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Figure 7 : The IT-V plot of the best eputtered Cu gS-
evaporated CdS solar cell, The area is 3.6 em® ahd
the efficiency n ¢s 4.9 % .

with the hybrid sputtered CujzS—evaporated CdS so-—
lar cell reported in the literature (7,8). No com-—
parison should be made with CupS/(CdZn)S cells,
because the latter have an open circuit voltage
and thus an efficiency that is intrinsically higher.

‘The short circuit current of our cells is sub-
stantially lower than the best cells in the iitera-
ture, but the open circuit voltage is substantial-
ly higher; this gives a comparable efficiency, be-
cause the fill facter is about the same. With open
circult voltages as large as 570 mV, one would ex-
pect lossless fill factors that are some 15 % to
20 %Z (absolutely) higher than the fiill factors we
actually reach (18). We ascribe this fill factor
loss to the large series resistance; it should be
avoided by using a contact grid with a smaller
finger spacing. One of the main reasons of our too
low short circuit current is the 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 circult vol-
tage, which is often more than 5350 mV. One cell
showed 612 mV, which is the highest open circuit
voltage ever reported on a CupS-CdS solar cell. Qur
Voc measurements were performed under the Standard
Test Conditions prescribed by the CEC (19) (This
means i.a. measurement under AM1 light, at 25
+ 2°C). Following Rothwarf and Barnett the open
circuit voltage of a Cuz5-CdS cell is given by

(18)
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dp = Eg — & were Eg ~ 1,2 eV is the CusS band gap t°CJ: 60 ‘Q%O;’U r 110
and Ay = 0.2 eV is the electron affinity mismatch * :v—Ma
between CupS and CdS; A is the diode factor, Np = b
2 1018 cm3 is the effective density of states in ' ooy
the €dS conduction band, Sy is the recombination .
velocity at the interface, A; is the junction area o :v ¢
and A) is the normal area of the cell. We assume oY
that our sputtered cells form planar junctions, so °,
that the last term in eq. (1) is negligible. Ome o¥
can obtain the barrier height &y by measuring V. 3
as a function of the temperature, and then extra- o
pollating to T = O K. This is dome in figure 8; -1 ? ey
one finds : Py = 0.92 ev, thus somewhat less than ’
the theoretical value of Eg = Ay = 1.0 ev.
One can gain more information if one measures
Voe and Jge at various light intensities and at
various temperatures. At each temperature, a loglge
versus Vg, diagram displays a straight line; from -2 001
the slope one finds the diode factor A; the inter-
cept with the Vye = 0 axis is then plotted in an
Arrhenius plot versus 1/T; from this plot one can
deduce again the barrier height 5 and the value
of q¥cSy. This is done in figure 9; one finds
the diode factor is about I,‘and-not dependent 2 ; : . . . . ; o001
zﬁdtksxe EETPST?SETE; t/:he barrier is dp = 0.93 eV, 0 ot 02 03 04 05 05 07 08
T = I. cm /s,
Dark current measurements, Figure 9a : Log J versus Voe for eell R30-5, at
The di . various tlluminations; the intercept Jy with the
e diode current was alsc measured in the V. = 0 anis 16 also shown .
dark. The measurements were treated in the same oc
way as we treated the diocde current measurements
under illumination (i.e. the Jso = Ve measure— 1 L 1 1 L
ments). We found that the dark diode current was b L
described by a temperature dependent diode factor D‘\
ranging from 2 to 3; the dark current therefore -4 A -
does not behave as an ideal dicde, whereas the x
light diode current does. The bandstructure of the -2 - -
Cuz8-CdS junction in the dark differs from that
under illumination, resulting in a different diode -3 % - i
. . - Bp=936mV
current mechanism. This phenomenon is closely -4 8 -
related to the occurence of a cross—over batween
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the dark and the light characteristics (20).

1t should be noted that our best cells show only
a very weak cross over; this is due te the rela-—
tively low annealing temperatures as compared to
some of the drv barrier solar cells (16),which
causes only a weak diffusion of Cu atoms from the
Cu28 into the CdS.

Capacitance measurements.

The junction capacity was measured at differ-—
ent frequencies (100 Hz — 100 kHz) and at differ-
ent reverse voltages (-1.5 V to 0 V), both in the
dark and under illumination (A = 500 nm, 4 mW/cm2).
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 Cd8, as explained in (21). From the capaci-
ty versus voltage measurements, we obtained for
the best cell (R25-6) : depletion layer width
0.12 ym at 0 V, effective donor concentration
6 1046 em3. In general the impedance phase
angjes amounted -85°, proving again the good
quality of the sputtered junctions.
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