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Thin film photovoltaic devices offer similar power conversion
efficiencies to polycrystalline silicon devices and consist of a p-n
heterojunction. Electrodeposition allows the deposition of large
area thin films with high material usage, low energy costs, and
potentially at high speed. Therefore, can electrodeposition be used
to grow high quality p-type compound semiconductors? Normally,
a two-step approach of precursor formation by aqueous
electrodeposition followed by annealing is taken. Aqueous
electrodeposition has the disadvantage of a narrow
electrochemical window and relatively low deposition
temperatures. The narrow window hinders the electrodeposition of
elements with negative reduction potentials. The direct deposition
of semiconductors at low temperatures leads to deposits with
deficient properties. Ionic liquids offer larger electrochemical
windows and higher deposition temperatures. Their use in the
direct preparation of p-type SnS and the electrodeposition of a
Cu/In-Ga precursor for Cu(In,Ga)Se2 is explored. A future
perspective of high-speed electrodeposition by designer ionic
liquids is given.

Introduction
Thin film chalcogenide p-type semiconductors are used in thin film photovoltaics to
absorb incoming solar radiation in order to generate electron hole pairs, which is the first
step in producing usable, renewable electricity. Examples of these semiconductors
include CdTe, Cu(In,Ga)Se2, Cu2ZnSnSe4, and SnS. All of these materials have been
synthesized by electrodeposition of a precursor, followed by post annealing treatment 1-4.
Common to all these materials is that they are polycrystalline p-type semiconductors and
have all been annealed at elevated temperatures, typically 50 to 66 % (450 – 600 °C) of
their melting point.
Aqueous electrodeposition is very convenient and an attractive alternative to vacuum
deposition methods, as water is cheap and abundant. However, it has a narrow
electrochemical window, and deposition temperatures are limited to about 80 °C. The
narrow window makes the electrodeposition of elements with a negative standard
reduction potential difficult, and with the limited working temperature range, the deposits
present poor crystallinity, as the deposition temperature is typically 25 % of the melting
temperature of the semiconductor.
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The group of Lincot and co-workers were one of the early pioneers for the aqueous
electrodeposition of precursors for CdTe and Cu(In,Ga)Se2 1, 2. Particularly they have
used co-electrodeposition of compounds to increase their deposition potentials, in order
to avoid the hydrogen evolution reaction (HER). This is particularly important for the
incorporation of gallium into Cu(In,Ga)Se2 precursors. Despite the achieved quality of
the as-deposited films, they require post annealing at high temperature to improve their
quality. Indeed, direct electrodeposition of a p-type semiconductor is challenging when
growing films by reduction of ions from solution. Unlike a metal, a p-type semiconductor
has many orders of magnitude less electrons (1023 vs. 106 cm3) to carry out the reduction
of ions. Thus growth rates and deposition currents are expected to be very low.

Ionic liquids consist of cations and anions that when combined have a melting point
below 100 °C. NaCl consists of a Na+ and Cl- ions where the charges are resident on an
individual atoms. Ionic liquid anions and cations consist of charged molecules or
complexes. Therefore the charge is often sterically protected. There is an ionic interaction
between the cations and anions, but they cannot approach closely, leading to much lower
melting points than more familiar salts like NaCl. Additionally, due to the steric
protection the ions are difficult to reduce and oxidize leading to large electrochemical
windows. Depending upon the ionic liquid they have high boiling points, and low vapor
pressures making them suitable to work at higher temperatures than aqueous solutions.
Finally some ionic liquids can dissolve both metal ions and nonpolar molecules such as
sulfur and selenium. Figure 1 demonstrates both the larger electrochemical windows of
ionic liquids and their greater temperature stability.

Figure 1. Electrochemical window on a Mo electrode vs a Ag psueudoreference of (i) 0.1
M H2SO4, (ii) ChCl:U, and (iii) PMPip[Tf2n]. Note the data is plotted on the same scale,
but the windows are vertically shifted arbitrarily to illustrate the temperature at which
they were acquired. Offset to the right are molecular structures of the ionic liquids.
The electrochemical window of 0.1 M H2SO4 on a Mo electrode is compared with the
deep eutectic solvent ionic liquid consisting of choline chloride and urea (ChCl:U in
proportion
of
1:2
mols),
as
well
as
1-methyl-1-propylpiperidinium
bis(trifluoromethylsulfonyl)imide (PMPip[Tf2n]). The electrochemical windows are all
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given on the same current scale, but are arbitrarily offset to illustrate the working
temperature that the cyclic voltammograms were obtained. It is clear to see that ChCl:U
has double the electrochemical window of 0.1 M H2SO4, and that PMPip[Tf2n] has nearly
four times the electrochemical window at 200 °C!
The remainder of this article will review and give some new results from our work on
electrodeposition of p-type semiconductors and precursors from ionic liquid media. We
have used ionic liquids to try to overcome two disadvantages of aqueous media. The
limited temperature stability of water means that high quality p-type semiconductors,
with charge carrier densities of 1015-16 cm-3 are unlikely to be directly deposited. Ionic
liquids allow to deposit at higher temperature offering the chance to directly grow these
p-type compounds. In the first part we review and give additional new results for the
deposition of SnS. The small electrochemical window of aqueous solutions means that
elements with negative reduction potentials are difficult to deposit. The larger
electrochemical windows of ionic liquids allow us to electrodeposit such elements.
Therefore, in the second part we demonstrate the controlled electrodeposition of indium
and gallium for the formation of metal precursors for Cu(In,Ga)Se2. In the third part we
look at how specifically tailored ionic liquids can lead to additive free, very high-speed
electrodeposition which could reduce costs in photovoltaic manufacturing.
Results
Ionic liquids for the direct electrodeposition of compound semiconductors

SnS is a binary p-type compound semiconductor that has received a large interest as a
possible earth abundant absorber layer in thin film photovoltaic devices. We have chosen
this material as a test case for the following hypothesis: It is possible to directly
electrodeposit a working p-type chalcogenide compound semiconductor for photovoltaic
applications without the need of post annealing treatment if the deposition is done at
elevated temperatures. Normally, compound semiconductor formation proceeds in two
steps, first the preparation of a precursor, and in a second step, the precursor is annealed
at high temperature in an oven under a chalcogenide pressure. In this context, the role of
the annealing step is multiple, including to: drive chemical reactions, diffusion of
elements, grain growth, and removal of defects 5. Typical annealing temperatures for the
chalcogenide compound semiconductors are in the range of 450 – 600 °C.
Electrodeposition is possible at these temperatures only with the use of molten inorganic
salts.Aqueous electrodeposition is limited to around 80 °C without the use of a high
pressure deposition chamber. However, some ionic liquids are stable up to temperatures
of 200 – 300 °C, and quality semiconductors may be obtained at these temperatures 6.
The direct electrodeposition of SnS from the ionic liqud 1-butyl-3methylimidazolium dicyanamide ([C4mim]-[DCA]) using SnCl2 and elemental sulfur
onto Mo coated glass substrates was achieved 7. A key point to choosing this liquid was
the possibility to dissolve up to 20 mM of elemental sulfur. Figure 2 shows the stationary
cyclic voltammogram of 20 mM SnCl2, saturated S8 on a Mo working electrode with Pt
counter, and a Ag pseudo reference electrode at 100 °C. A first reduction wave occurs at
E = -0.4 V, attributed to the reduction of elemental sulfur to S62-. A second broad
reduction wave at E = -0.7 V was attributed to the deposition of SnS 7. While scanning as
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far as E = -1.2 V and returning to E = + 0.5 V, no anodic peaks occurred suggesting that
SnS does not oxidize in this potential range.

Figure 2. Cyclic voltammogram of 20 mM SnCl2 and 20 mM S8 in [C4mim]-[DCA] on a
Mo working electrode at 100 °C. The counter and pseudo reference were Pt and Ag,
respectively. The scan rate was 20 mVs-1 (adapted from reference7).
SnS thin films could be deposited in the potential region -0.7≤ E≤ -0.8 V at 100 °C.
These deposits were single phase as observed by XRD and Raman 7. The deposition
currents were extremely low. Figure 3a shows the deposition current as a function of time
at E = -0.8 V. A current density of only 0.25 mA cm-2 was achieved, although 20 mM Sn
and S precursor are used. However, these low currents are not surprising if a high quality
p-type semiconductor is formed. p-type semiconductors typically have charge carrier
densities of 106 cm-3, whereas a typical metal has 1023 cm-3. Therefore the low deposition
rate is presumably due to the grown material being p-type. One way to test this is to
repeat the electrodeposition under illumination. If the growing deposit is a p-type
semiconductor, illuminating it will generate electrons in its conduction band, which under
a negative bias will be driven to the surface of the semiconductor enabling them to take
part in reduction reactions. Figure 3(a) shows that under illumination, the deposition
current almost doubles to 0.5 mAcm-2 which is consistent with the fact that the deposited
material is p-type. Unfortunately, the deposition media is extremely turbid and it is
uncertain the flux of photons incident on the deposition surface. Therefore no quantitative
study could be carried out to assess the effect of illumination intensity. Nonetheless, the
cathodic photocurrent is a good indicator of semiconductor quality. Interestingly, the
morphologies of the thin film deposited in the dark and under direct illumination, shown
in figures 3(b) and (c), respectively, are different but with identical chemical composition.

4

Downloaded on 2014-04-15 to IP 138.38.0.53 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

ECS Transactions, 58 (18) 1-12 (2014)

(a)

Figure 3(a) shows the deposition current as a function of time when a potential of -0.8 V
vs Ag is applied (black) in the dark and (red) illuminated. Figures 3(b) and (c) show the
resulting top view SEM images of deposits when grown in the dark and under
illumination, respectively.
As deposited SnS thin films were completed into full solar cells by adding a 50 nm CdS
layer by chemical bath deposition, followed by vacuum deposited i-ZnO and Al:ZnO
window layers, and e-beam evaporated Ni/Al contact grids. The best power conversion
efficiency of such devices was only 0.17 % 7. This efficiency is extremely low, although
the current SnS record efficiency is only 2.04 % 8. It is expected that higher efficiencies
could have been achieved if any slight Sn excess had been removed from the thin films.
Metallic tin would offer conduction pathways through the diode shunting the device.
Furthermore, SnS thin films were only possible to deposit at 100 °C, well below the
stability limit of the [C4mim]-[DCA] ionic liquid. Unfortunately at higher temperatures
the rate of sulfur reduction becomes extremely fast, and sulfur anions react with the Sn2+
cations in the bulk of the solution forming a precipitate, depleting it of electroactive ions.
Perhaps higher temperature depositions could be achieved with a different sulfur source.
In summary, it was shown that p-type semiconductors can be directly electrodeposited
from ionic liquid at 100 °C. The dependence of the deposition current on the illumination
conditions is direct evidence for the p-type nature of the as-deposited material.
Furthermore, solid state devices showed diode behavior, although the efficiencies were
extremely low. The principle of high temperature electrodeposition of p-type
semiconductors still remains valid, although experimentally it is extremely challenging.
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A scientific problem to be overcome for high temperature electrodeposition of p-type
semiconductors directly from ionic liquid is to find a suitable soluble chalcogen species
stable at high temperatures. Engineering challenges for high temperature growth include
achieving a uniform illumination of the substrate to allow for uniform growth rates, and
finding a suitable contact to the substrate that withstands high temperatures and solvent
agitation.
Ionic liquids for deposition of low reduction potential elements

The synthesis of the compound Cu(In,Ga)Se2 by aqueous electrodeposition and
annealing has been the subject of many publications. Two recent reviews are given here 9,
10
. One challenge in the aqueous electrodeposition of a Cu(In,Ga)Se2 precursor is the fact
that In and Ga have reduction potentials more negative than that of the hydrogen
reduction potential. Thus the electrodeposition of In and Ga can have a plating efficiency
as low as 5 – 10 % due to the parallel hydrogen reduction reaction (HER) 11. Other
potential issues include dendritic growth, hydrogen embrittlement, oxide and hydroxide
incorporation into the deposit. One elegant solution to this problem is to electrodeposit a
selenium-containing compound of indium and gallium. The lower free Gibbs energy of
formation of the compound compared to the metal alone allows a deposition at higher
reduction potentials, reducing or negating the HER 10. Another strategy is to reduce In
and Ga in the presence of nitrate anions to deliberately form a metal oxide deposit. This
deposit can then be reduced in the presence of hydrogen to form a metallic precursor
suitable for conversion into the semiconductor, with impressive efficiency 12.
The opto-electronic properties of compound semiconductors depend heavily on their
composition. Therefore, precise control of the electrodeposition conditions is required to
control the composition of the precursor deposit at all points of the film. It is essential
that the composition of the deposit is determined by easily controllable experimental
parameters. One way to do this is to work under diffusion-controlled conditions, i.e. the
composition of the deposit depends on the relative fluxes of the ions impinging on the
surface of the working electrode. The necessary requirement is that the mass flux is
spatially constant. This parameter depends on the design of the electrodeposition system
as well as on the working conditions (e.g. temperature). To obtain diffusion-controlled
conditions, a high deposition over-potential must be applied in order to minimize the
influence of electron transfer kinetics. This requirement implies working under the
interference of the HER when electrodepositing metals from aqueous solutions.
Another approach to aqueous electrodeposition of thin films containing indium and
gallium is simply to change the electrodeposition media so that the solvent break down
occurs at potentials more negative than the reduction potentials of In and Ga. This
condition can be achieved by using ionic liquids.
A type of ionic liquid based on the mixture of halide and quaternary ammonium salts are
called deep eutectic solvents (DES). When mixed in the correct molar ratio, these
compounds exhibit significant drops in their melting point (a eutectic point) and are
liquid at room temperature. This minimization of the melting temperature is due to charge
delocalization caused by hydrogen bonding between the halide species and the amide 13.
These liquids present various properties that are identical to other ionic liquids, of which
the large electrochemical window is relevant. Although the DES exhibit high viscosity
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compared to other ionic liquids, their synthesis is facile and of high purity 13. Furthermore,
they are often based on mixtures of inexpensive salts and are less hazardous than both
aqueous electroplating baths and other ionic liquids. Electrodeposition from the DES
Choline Chloride:Urea (1:2) (ChCl:U) for thin film solar cell applications has already
been performed 14-16. ChCl:U has a 2 V wide electrochemical window at 60 °C (see figure
1), allowing the efficient deposition of Ga, dissolves metal chloride salts and is relatively
cheap. However, its viscosity is relatively high (approximately 112 mPa.s at 60 ºC),
lowering the deposition current.
In the following, a two-step electrodeposition strategy is explored to grow Cu-In-Ga
containing precursors. In a first step, a compact and smooth layer of Cu is
electrodeposited and in a second step In and Ga are simultaneously deposited. Here, only
the deposition of In and Ga is considered. Figure 4 shows linear sweep voltammetry of
In and Ga chloride salts in ChCl:U obtained on a massive copper rotating disk electrode.
Figure 4(ai) shows the sharp reduction onset of the In3+/0 ion to be E = -0.65 V followed
by a limiting current over a wide potential range, indicating the system is diffusion
controlled. The Ga ion reduction, shown in figure 4(aiii) occurs at potentials negative of
E = -0.75 V and it exhibits a plateau of several hundred millivolts. A 1:1 mixture of the
two species leads to a voltammogram that essentially exhibits the same features as the
sum of the individual voltammograms (figure 4(aiii)). The large diffusion controlled
voltage range means that the composition of the deposit on all parts of the electrode are
the same, if the flux of species is the same at all points on the film. Figure 4(b) shows the
ratio of Ga/(In+Ga) (Ga/III) obtained from ICP-AES measurements obtained from
solutions of the dissolved 2 cm x 2 cm area deposits. In the range -0.9 ≤E ≤ -1.3 V a
constant Ga/III ratio is obtained. This implies that there is a 400 mV window where
deposition of a constant composition occurs. This makes the process robust to potential
drops caused by a series resistance in the underlying substrate, which is an important
consideration when electroplating on large area substrates. A comparison of Ga/III
achieved from the ChCl:U solvent and aqueous solvents is made in figure 4(b) with two
similar aqueous deposition studies taken from the literature. The study taken from
Viswanathan et al. is from acidic solution and the Ga/III ratio is found to be largely
potential dependent 9. The study of Zank et al. is from basic solution with cyanide
complexation 17. In both studies, when the Ga/III > 0 then the ratio is potential dependent.
Additionally, the shaded areas in figure 4(b) represent the electrochemical window of the
particular deposition medium. The potential range for the aqueous studies was
determined by comparing the solution pH with the Pourbaix diagram for water 18. The
depositions from ChCl:U are inside the solvent stability region whilst those for the
aqueous solutions are outside the region of solvent stability. These conditions severely
affect the faradaic efficiency of the process, which can be up to 10 times lower in the
aqueous process than in the ChCl:U solvent, where the charge efficiency stands between
80-95% for indium and gallium.
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Figure 4(a). Linear sweep voltammogram at 60 °C in ChCl:U of (i) 50 mM InCl3, (ii) 50
mM InCl3 and 50 mM GaCl3, and (iii) 50 mM GaCl3 on a copper working electrode with
Pt counter and Ag pseudo reference. A blank ChCl:U solution is also shown for
comparison (adapted from ref 19). 4(b) Ga/III ratio found in deposits as a function of the
deposition potential for ChCl:U and two aqueous deposition studies adapted from 9, 17.
Shaded areas indicate approximate electrochemical window for each of the systems. 4(c).
Ga/III for two Cu/In-Ga films deposited at 60 °C at 300 rpm as a function of
measurement position on a 2 cm x 2 cm deposit, as measured by point EDX. Sketch
indicates the approximate position of the measurement.
For making devices, In and Ga are potentiostatically co-deposited onto one inch square
Cu/Mo/glass substrates using a rotating disk electrode. The Ga/III ratio of the precursor
deposit is simply controlled by the concentration ratio of the In and Ga species in solution,
as long as the deposition potential is more negative than E = -0.9 V. Figure 4(c) shows
the Ga/III ratio for two such films as a function of position on the substrate; the position
of measurement is indicated by the sketch. For each film, within the error of the EDX
measurement, the Ga/III is constant across the surface. This measurement confirms that
the sample is reasonably laterally uniform and is suitable for conversion into a
semiconductor by reactive annealing with selenium.
The morphology of a typical Cu/In-Ga precursor electrodeposited from ChCl:U is shown
in figure 5(a) and 5(b). Figure 5(a) is a top down view of the precursor film which shows
a compact background layer with distinct islands of 2 to 4 microns in diameter. EDX
analysis shows that the background consists mostly of Cu and Ga, and the islands mostly
contain In 19. Figure 5(b) shows an edge view of the precursor confirming the compact
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under-layer and the island like morphology on the top surface. This morphology is
somewhat similar to that observed for vacuum deposited metal precursors, and dissimilar
to the dendritic morphology of Ribeaucourt et al. who co-electrodeposited Cu, In, and Ga
directly from aqueous solution 11, 20.

Figure 5(a) Top down and (b) edge view of a Cu/In-Ga thin film electrodeposited at
60 °C from a ChCl:U solution containing InCl3 and GaCl3. The deposition potential was
E = -1.2 V and a rotation rate of 300 rpm was applied.
The Cu/In-Ga precursors are converted into p-type Cu(In,Ga)Se2 semiconductors by
annealing them in a selenium atmosphere at temperatures above 400 °C 19. The
Cu(In,Ga)Se2 is then completed into a full solar cell, as already described for the SnS in
the last part. From preliminary annealing results the best device had a power conversion
efficiency of 7.9 %. Figure 6 shows a room temperature photoluminescence (PL)
spectrum of this absorber layer which had a Ga/III ratio of 0.4 and the external quantum
efficiency (EQE – the number of collected electrons produced as a percentage of the
incoming photons) of the corresponding device. The EQE spectrum highlights several
problems with the device. Firstly the device is not producing enough current, especially
at longer wavelengths, and secondly the absorption edge / band gap of the device appears
at longer wavelengths than expected. This result is confirmed by the PL spectrum
indicating a surface bandgap around 1.05 eV. Therefore the device is achieving less
current and less voltage than expected for the Ga/III ratio, leading to the relatively low
efficiency of 7.9 %.
Future work will be focused towards improving both the electrodeposition and annealing
conditions. Currently there is no knowledge about the impurities introduced to the
precursor material from the ionic liquid. Reducing impurities and improving the
annealing conditions will hopefully lead to higher device efficiencies thus demonstrating
the usefulness of ionic liquid solvents as electrodeposition media for producing
semiconductor precursors.
In summary, we have shown that by using a cheap ionic liquid with a large deposition
window, low reduction potential ions Ga(III) and In(III) could be deposited onto thin film
Cu electrodes, under diffusion control over a wide potential range. This means that the
Ga/III ratio in the deposit can be simply controlled by the concentration of the species in
solution as long as the flux of ions to the surface of the electrode is the same at all
positions. Previous work showed that through this method we are able to control the
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Ga/III ratio over a wide composition range 19. Initial Cu/In-Ga films could be annealed in
selenium vapor to produce absorber layers that give a best preliminary device efficiency
of 7.9 %.

Figure 6. External quantum efficiency spectrum, on a home built setup, of a
Cu(In,Ga)Se2 device created from a Cu/In-Ga precursor electrodeposited from a ChCl:U
solution. A photoluminescence spectrum is taken of the same absorber layer as that used
in the device. Excitation wavelength is 514 nm, and luminescence is collected to an
InGaAs detector through a monochromator. Data adapted from reference 19.

Future Perspective
Designer ionic liquids for high speed electrodeposition

One challenge for thin film photovoltaic device manufacturers is to produce modules
at lower cost, meaning to produce the same or better efficiency product as their
competitors, but using fewer resources. Electrodeposition is a deposition tool that has low
energy consumption and high materials utilization. At least two commercial companies
use electrodeposition to deposit their Cu(In,Ga)Se2 precursor. They could reduce costs if
they could carry out processes faster, meaning that they require less equipment for the
same output of material. If electrodeposition could be quicker, perhaps the cost of the
manufacturing process could be reduced. Ionic liquids may help with this challenge, and
could eventually replace aqueous plating solutions, especially when they become purpose
designed to assist in high speed electroplating.
Ionic liquids are tremendously adaptable due to their molecular nature with the ability
to change both the cation and anion. One very new class of ionic liquids is called “liquid
metal salts”. The cation of these ionic liquids contains a metal ion surrounded by ligands.
The first example of this class was [Cu(MeCN)4][Tf2N] tetrakis(acetonitrile) copper(I)
bis(trifluoromethylsulfonyl)imide 21. The cation is electroactive meaning that the cation
can be reduced at the cathode depositing copper, and the ligands remain in solution. If a
soluble copper anode is used, the excess of ligands formed during the Cu deposition will
be re-used to form a new cation at the dissolving anode. The advantage of such a liquid is
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that half the molecules in the solution contain the ion that is to be deposited, giving
concentrations of active species of approximately 3 M. Such high concentrations of the
active species lead to very fast deposition rates, such as a one micron thick layer of Cu
deposited in just five seconds 21.
Our future research efforts, in collaboration with the groups of Professor Binnemans
and Professor Fransaer will be aimed at creating similar liquids which contain Sn, Zn, In,
and Ga cations, respectively. The In and Ga liquids would allow the high speed
electrodeposition of Cu(In,Ga)Se2 precursors whilst the Zn and Sn ionic liquids would
allow the high speed electrodeposition of the new earth abundant p-type semiconductor
Cu2ZnSn(S,Se)4 which is foreseen as a long term replacement to Cu(In,Ga)Se2. Recent
efforts in our laboratories show that such Sn and Zn containing cations are possible, and
these results will be published elsewhere.
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