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ELECTROCHEMICAL PROCESS

The present invention relates to the production of thin film
semiconductor materials by electrodeposition.

Thin film semiconductors are of value in the fabrication of
photovoltaic cells. The production of semiconductor problems by
electrodeposition gives rise to special problems. It is necessary to
prepare materials of electronic grade purity, as very small
quantities of impurity can have a large effect on the performance of

devices made from the semiconductor material. The purity of the

. materials required is much higher than that for example needed in

conventional metal plating.

One class.of semiconductor materials which have been deposited
by electrodeposition are the IIB/VIB semiconductor materials. Thus
the production of thin film IIB/VIB semiconductors, e.g CdTe, by
electrodeposition is disclosed by Panicker, Knaster, and Kroger,
"Cathodic Deposition of CdTe from Aqueous Electrolytes”, J.
Electrochem. Soc. 125, No &, April 1978 pp556-572. Deposition of CdTe
takes place from an aqueous solution of CdSO; to which TeO2 had been
added and electrolysis was carried out using a nickel plate or glass
plates covered with semiconducting tin oxide:antimony material on to
which the CdTe was deposited. Two anodes used were used together.
One was a graphite rod and the other was a rod of Te.

The production of a CdTe layer by electrodeposition and its use
in the fabrication of photovoltaic cells is disclosed in US 4 425
194, Various arrangements of electrochemical cell are disclosed,
for example one in which the anode is a tellurium bar and another in
which the anode is an inert carbon or stainless steel anode, or both
a cadmium and a platinum anode, described as a neutral anode.

US 4 548 681 discloses the electrodeposition of cadmium mercury
telluride from aqueous solutions containing Cd2+, HTe02+ and Hg+
ions. The principal anode is a Te anode but a graphite anode is also
provided.

The common types of "inert", "neutral” or "non-consumable" anode
are carbon anodes or are based on platinum, such as platinum metal or

platinized titanium, e.g. titanium metal coated with platinum.
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Although layers of II/VI semiconductor which can be used to
make photovoltaic cells, such as CdTe, can be deposited when using
such anodes we have found that the photovoltaic devices made from
such thin films have impaired properties. For example devices suffer
from low open circuit voltage (Voc) and low fill factor (F.F.), and
tend to have inconsistent and irreproducible behaviour.

We have found that in small scale production for short periods
of time the purity of the materials used to make the electrolytic
bath is of importance. However in larger scale production over
prolonged periods of time we have found that the anode is a
significant source of problems with semiconductor purity.

We have now found a method of depositing thin films of
semiconductor electrolytically which enables improved material which
can be used to make devices, e.g. photovoltaic cells of improved
performance.

According to the present invention the process for the formation
of a thin film of a semiconductor by a process which includes
electrolytic deposition of material from a bath by passing current
between an anode and a cathode is characterized in that
the anode is separated from the bath from which the semiconductor is
deposited by an ion-exchange membrane so as to give an anolyte
compartment and a catholyte compartment.

The semiconductor is preferably a IIB/VIB semiconductor, i.e. a
semiconductor containing at least one element from Group IIB and at
least one element from Group VIB. In this specification references
to IIB and VIB are references to the Periodic Table of the Elements
as appearing in "Advanced Inorganic Chemistry" by Cotton &
Wilkinson, &4th Edition, in which Group IIB jncludes Cd, and Group VIB
includes Se and Te. The preferred semiconductors are compounds of Cd
and Te, which may also contain Hg, as disclosed in US 4 548 681. In
addition to compounds of Cd,Te, and Hg it is also possible to use
CdTe doped with small quantities of Cu, Ag, and Au as disclosed in
US &4 816 120 and US & 909 857. It is also possible to use CdTe
containing chloride as described in US 4 548 681 and US 4 629 820.

Preferably the IIB/VIB semiconductor is deposited directly from
the bath. However techniques of making IIB/VIB semiconductors are

known in which alternate layers of say Cd and Te are deposited and
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the IIB/VIB semiconductor is formed after deposition of the layers by
the application of energy, e.g. from a laser. The process of the

present invention may be applied to the deposition of individual

layers of elements which are subsequently combined to give a

semiconductor layer or layers.

The present invention may also be applied to the
electrodeposition of semiconductors such as copper indium diselenide.
GaSb, GaAs, SnjiySe, InSb,CuInSySej.y have all been deposited by
electrodeposition.

The cathode is conveniently formed from a semiconductor which
forms part of a semiconductor device, e.g a photovoltaic cell,
together with the electrodeposited layer. Thus the cathode may be a
plate of transparent material, e.g. glass, covered with a transparent
conducting layer, e.g. a layer of antimony tin oxide, in turn covered
with a semiconconductor layer, e.g CdS.

The anode may be a consumable anode or a non-consumable
electrode. Examples of non-consumable electrodes are carbon,
platinum, or platinized titanium anodes. An example of a consumable
anode is cadmium. Normally, cadmium anodes cannot be used because
they become passivated by a layer of CdTe during the
electrodeposition process. However the present invention makes
possible their use by making possible the use of a non-passivating
anolyte solution.

When using consumable or non;consumable anodes small amounts of
impurities are liberated during the electrodeposition process. The
use of an ion-exchange membrane prevents these impurities from
reaching the electrodeposited material.

The bath in which the cathode is immersed (the catholyte)
contains the ions which are deposited on the cathode to make the
semiconductor. Suitable baths for this purpose are known. A suitable
aqueous electrolyte for electrodeposition of CdTe would contain
between about 0.1M and 2M CdSO,,20-100ppm Te, and 0-2000 ppm Cl°.

The pH of the electrolyte would be in the range 1.0 -3.0.

The electrodeposition may be conveniently carried out over a
range of temperatures for example 50° to 90°C.

The membrane is an ion-exchange membrane. Such membranes are

known. When used to separate two liquids containing ions they allow
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jons to pass from one side of the membrane while preventing the
passage of the liquids as a whole. A cation-exchange membrane allows
cations to pass and an anion-exchange membrane allows anions to pass.
Cation or anion-exchange membranes may be used in the process of the
present invention although the use of cation-exchanged membranes is
preferred. .

Examples of suitable cation-exchange polymer membranes are those
made from polymers containing perfluorosulphonic acid groups, such as
the material sold by E I duPont de Nemours Inc under the trade name
"Nafion" as a separator in electrochemical applications. This
material is made by the copolymerization of a tetrafluoroethylene
with a vinyl ether comonomer containing sulphonate groups.

The membrane divides the cell into an anolyte compartment and a
catholyte compartment, preventing mixing of the solutions. The
volume of the anolyte compartment may vary. In the case where the
membrane is applied directly to the anode the volume will be
negligible.

The known methods for making IIB/VIB semicondﬁctors by cathodic
electrodeposition in general place the cathode and the anode in the
same bath. The present invention is based on the understanding that
the known procedure can have an adverse effect on the nature of the
semiconductor as shown by the properties of photovoltaic cells into
which it is incorporated. In the process of the present invention
the anode is separated from the catholyte by the membrane. It is not
necessary for the anolyte to have the same compoéition as the
catholyte. The optimum anolyte will depend on the nature of the
anode. For Pt-containing anodes the anolyte can be for example a
dilute aqueous solution of HCI, but a chloride-free anolyte such as
dilute aqueous HZSOA is preferable. For the preferred Cd anode the
preferred anolyte is dilute aqueous HCl1, as H2804 tends to passivate
the anode.

A preferred form of the process comprises removing anolyte
either at intervals or continuously from the anolyte compartment and
replenishing the anolyte compartment with fresh anolyte. This helps

to keep the concentration of any impurities released from the anode

at a low level.
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As indicated above the process of the present invention can be
carried out using a cadmium anode. Alternatively the anode can be
what is conventionally described as an "inert" electrode, i.e. ome
which is not consumed during the anodic process. However we have
found that in known electrodeposition techniques the "inert" i
electrodes can interact in an undesirable way with the contents of
the electrodeposition bath, with release of impurities into the bath.
The present invention makes it possible to obtain satisfactory
results with platinized titanium, iridium dioxide, and carbon anodes.

The improved quality of the semiconductor film is shown by the

" improved properties in devices prepared from it. The preparation of

photovoltaic cells is disclosed in various published references.
Thus such a cell may be obtained by depositing CdS on a transparent
conducting substrate such as glass coated with tin oxide.(using
electrodeposition, chemical bath or vacuum deposition), and then
electrodepositing the IIB/VIB semiconductor on the CdS layer.

The IIB/VIB semiconductor may be heated to produce a change in
conductivity type from n-type to p-type as disclosed in US 4 388 483.

A conductive contact is deposited on the treated semiconductor
surface. Techniques for depositing conductive contacts are
well-known and there is therefore mo need to describe these in
detail. The conductive contact may for example be Ni, Cu, Au,
multilayers of two or more metals (e.g. Cu/Au), carbon, or
transparent conductive oxides, e.g. SnO2 (TO) or In203:Sn (ITQ).

The invention will now be described by reference to the
following experiments in which experiments identified by number are
Examples of the invention and experiments identified by letter are
comparative tests not according to the invention.

Comparative Test A
This shows the results of using a carbon anode and no cation-exchange
membrane.

A thin film of CdS was chemically deposited on a glass substrate

coated with SnO, by immersing the glass substrate in a warm alkaline

2
solution containing a cadmium complex ( [Cd(NH3)a]2+) and thiourea.
The method is disclosed in N R Pavaskar,C A Menezes, A B P Sinha, J.
Electrochemical Soc. 124 (1967) pp 743. The deposited film was rinsed

with DIV (deionized water) and dried with nitrogen. The glass
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substrate with the deposited CdS layer was then heated at 400°C in
air for 10 minutes.

The glass substrate was immersed in glacial acetic acid as an
etchant to remove surface layers on the CdS. In place of glacial
acetic acid hydrazine hydrate would have been equally satisfactory.

A suitable electrodeposition arrangement is disclosed in US 5
110 420.

The electrodeposition apparatus used comprised a plastics (e.g.
polypropylene) vessel. The cathode was a glass plate coated with
fluorine doped tin oxide, and then coated with a layer of CdS as
‘described above. The anode was a carbon rod and was placed aligned
parallel to the centre of the plate, at a distance of about 50 mm.
Electrical contact is made to the edge of the cathode by conducting
strips. A suitable electrical contact was cadmium metal strip coated
with self-adhesive polyimide tape.

The electrodeposition conditions were as described in US 4 400
244 and US 4 456 630 except that the Te ions were added as TeOp .

The bath electrolyte was an aqueous solution containing 0.5 M
Cd2+, 50 ppm Te, 300 ppm C1™, and pH about 1.7. Te ions were added by
the addition of TeO2 powder. The bath temperature wasr70°C.

The electrode potential corrected for resistive losses was held
at -0.5 volts relative to the Ag/AgCl reference electrode.

The bath was agitated during the electrodeposition of CdTe on
the plate, which took place at a plating current density of about
0.14 mA/cmZ. The deposition continued for about 4.5 hours.

The glass substrate, now carrying CdS and CdTe layers, was then
heat treated as disclosed in US & 388 483 to change the conductivity
type of the CdTe from n-type to p-type. It was then etched as
described in US & 456 630.

A back contact was then deposited by conventional techniques. A
back metal contact consisting of gold dots (thickness 70 nm) each
with an area of 2 mm2 was then evaporated on to the CdTe layer using
conventional techniques (i.e. vacuum evaporation)

The gold dots formed individual photovoltaic cells on a common
substrate and the performance of these jndividual cells was measured
at room temperature, under an illumination of 100 mW cm,'2 using an

ENH type quartz halogen light source with dichroic reflector.
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The average efficiencies and cell parameters of a number of such gold
dots was as follows: Voc of 0.69 V, Jsc of 19mA/cm2, FF of 0.52 and
an efficiency of 7%.

Comparative Test B

An experiment was carried out as in Test A, except that the
carbon anode was replaced by a 4 mm diameter platinized titanium rod.
and the catholyte bath contained 0.82M of cd2+, 49 ppm Te, 610 ppm
Cl- and at a pH of 1.74.

Average values of photovoltaic cell characteristics were
determined for a number of strips with 9 dots in each strip. The

results are shown in Table 1.

Example 1

An experiment was carried out as in Test B except that the
electrochemical cell was divided into two parts so as to separate the
cathode and anode by a sheet of a cation-exchange membrane, available
from E I duPont de Nemours Inc as "NAFION 324" membrane. The anolyte
surrounding the anode was an aqueous solution of sulphuric acid with
a pH of about 1.5.

The V,. was 0.80 V, the Jg, was 21 mA/cmz, the FF was 0.68, and
the efficiency was 11.3%.

The process of the invention leads to an increase in V,., Jg¢,

efficiency and fill factor.

Exam 2

An experiment was carried out as in Example 1 except that the
anode was a rod of high purity Cd (99.99% Cd). The anolyte was
aqueous HCl with a pH of about 1.5.

The Voo was 0.80 V, the Jg, was 21 mA/cmz, the FF was 0.72 and
the efficiency was 13%.

Comparative Test C
An experiment was carried out as in Comparative Test A (i.e

using a carbon electrode) and with a catholyte bath containing 0.43 M
cd2*, 305 ppm C1°» and 34 ppm Te and a pH of 1.88.
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Average values of photovoltaic cell characteristics were
determined for a number of strips with 9 dots in each strip.

The results are shown in Table 2. . N

Exagple 3 ) w

An experiment was carried out as in Example 1, with a platinized
titanium anode, and a catholyte bath containing 0.80M cd2t, 600 ppm
Cl-, and 50 ppm Te with a pH of 1.78, and a dilute H2S04 anolyte with
pH of about 1.6.

The results are shown in Table 3.

Example &4

An experiment was carried out as in Example 2, with a Cd anode,
a catholyte which contained 0.86M cd2t, 1636 ppm C1™:» 50 ppm Te, pH
1.81., and an HCl anolyte with pH of 1.6. The results are shown in

Table 4.

Table 1
Strip Voc Jse Rs FF Eff
mV mA/cm2 ohms %
A 667 20.40 294 0.55 7.3
B 698 25.1 216 0.59 10.0
C 673 21.7 271 0.54 7.9

In the above table Rs is sheet resistance and Eff is the %

efficiency.

*>
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Table 2
Strip Voc Jsc Rs FF Eff.
mV mA/cux2 ohms 2
A 594 15.6 515 0.47 4.3
B 619 15.4 705 0.42 4.1
C 610 154 587 0.45 4.3
D 602 15.9 564 0.46 4.5
E 541 14.8 862 0.39 3.2
5 Table 3
Strip Voc Jsc Rs FF Eff
mV u:A/cm2 ohms $
A 770 21.8 198 0.68- 11.4
766 20.3 242 0.65 {10.2
761 20.5 206 0.67 10.4
Table 4
Strip Voc Jsc Rs FF Eff
mV mA./cm2 ohms %
759 23.0 183 0.67 11.7
B 788 24.4 161 0.70 13.5
773 21.4 194 0.68 11.3
10

We have found as a result of our observations on the different
cells than those according to the invention will show more consistent
and reproducible behaviour in use. The catholyte life is greatly

extended.
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Table &
Strip Voc Jsc Rs FF Eff
mV mA./cm2 . ohms %
759 23.0 183 0.67 11.7
788 24.4 161 0.70 13.5
773 21.4 194 0.68 11.3

We have found as a result of our observations on the different

cells than those according to the invention will show more consistent

The catholyte life is greatly

and reproducible behaviour in use.

extended.

?
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Claims:

1. The process for the formation of a thin film of a semiconductor by
a process which includes electrolytic deposition of material from a
bath by passing current between an anode and a cathode is
characterized in that

the anode is separated from the bath from which the semiconductor is
deposited by an ion-exchange membrane so as to give an anolyte
compartment and a catholyte compartment.

2. The process according to Claim 1 wherein the semiconductor is a
IIB/VIB compound

" 3. The process according to Claim 2 wherein the semicdnductor is a

compound containing Cd and Te.

4. The process according to any one of the preceding claims wherein
the semiconductor compound is electrolytically deposited on the
cathode.

5. The process according to any one of the preceding claims wherein
the anode is a consumable electrode.

6. The process according to Claim 5 wherein the anode is a cadmium
anode.

7. The process according to any one of Claims 1 to 4 wherein the
anode is a non-consumable anode. |

8. The process according to Claim 7 wherein the anode is platinum or
platinized titanium.

9. The process according to any one of the preceding claims wherein
the cathode is a glass plate covered with a transparent conducting
layer, in turn covered with a layer of CdS.

10. The process according to any one of the preceding claims wherein
the ion-exchange membrane is a cation-exchange membrane.

11. The process according to any one of the preceding claims wherein
the ion-exchange membrane is a polymer containing perfluorosulphonic
acid groups.

12. The process according to Claim 11 wherein the polymer is the
product of copolymerizing of tetrafluoroethylene with a vinyl ether
comonomer containing sulphonate groups.

13. The process according to any one of the preceding claims wherein
the anolyte in the anolyte compartment and the catholyte in the

catholyte compartments are of different compositions.
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14. The process accofding to Claim 13 wherein the anode is a mnon-
consumable electrode and the anolyte is dilute aqueous sulphuric
acid.

15. The process according to Claim 13 wherein the anode is a Cd anode
and the anolyte is dilute aqueous HCl.

16. The process according to any one of the preceding claims wherein
anolyte in the anolyte compartment is continuously removed during the
electrodeposition process and replenished by fresh anolyte.

17 A photovoltaic cell comprising a layer of CdS, a layer of IIB/VIB

semiconductor deposited from a bath containing ions containing IIB

and VIB elements, by passing current between an anode and a cathode

characterized in that
the IIB/VIB semiconductor is deposited from a bath in which the anode

is separated from the bath from which the semiconductor is deposited

by an ion-exchange polymer membrane.

Y
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