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A B S T R A C T

Electrodeposition and annealing (EDA) is a low-cost and promising growth route for Cu(In,Ga)Se2
(CIGSe). One of the main drawbacks of this method is the difficulty in controlling gallium deposition from
aqueous electrolytes due to the interference of the hydrogen evolution reaction. Thus, to avoid this
parasitic reaction and make the deposition more energy efficient we deposit from a deep eutectic solvent
(DES). In this work we investigate the one step electrodeposition of copper, indium and gallium from the
DES choline chloride:urea (ChCl:U – 1:2). The electrochemical behaviour of the ChCl:U-CuCl2-InCl3-
GaCl3 system was studied by rotating disk electrode cyclic voltammetry. This analysis revealed several
redox responses which related to the deposition and stripping of different Cux(In,Ga)y intermetallics. The
morphology of the deposits depended primarily on the metal salt concentration in solution, since
dendrites as well as compact layers were obtained. The metal precursor layers were successfully
converted to CIGSe by selenisation, whilst avoiding Ga segregation. However, the maximum solar cell
efficiency obtained was 2.7%. With this work we introduced a versatile one-step deposition method
where the morphology of the precursor can be controlled by tuning solution composition and by
introducing several potential steps during growth.
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1. Introduction

Thin film solar cells based on the semiconductor Cu(In,Ga)Se2
(CIGSe) have achieved record laboratory efficiencies of 20.8% [1]
and are already produced at an industrial level. Most CIGSe
fabrication processes are based on energy intensive vacuum based
methods. A low energy cost and material efficient alternative to
these methods is electrodeposition and annealing (EDA). The
maximum solar cell efficiency achieved using this growth method
is currently at 15.9% [2]. Despite this good efficiency, EDA still
presents drawbacks which have a negative impact on device
performance. Specifically the difficulty in electrodepositing galli-
um from aqueous electrolytes, due to its very negative standard
reduction potential (- 0.53 V) [3], which leads to the interference of
the Hydrogen Evolution Reaction (HER). This parasitic reaction
reduces the plating efficiency of the process and/or leads to the
incorporation of oxides and hydroxides in the layer. To avoid the
occurrence of the HER, we previously have shown the two-step
electrodeposition of metal precursors containing gallium from an
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aprotic deep eutectic solvent (DES) based on the mixture choline
chloride:urea (ChCl:U – 1:2), which is non-toxic and inexpensive
[4,5]. With this method we achieved high plating efficiencies
(above 85%) and precise control of the Ga content, which
influences the performance of the solar cells. In this manuscript,
the following atomic ratios of the deposit will be commonly
referred to: the first is the atomic ratio between the Cu, In and Ga
contents of the deposit and is calculated with the mathematical
expression Cu/(Ga + In). This ratio is abbreviated to Cu/III. The
second is the atomic ratio between the In and Ga contents of the
deposit. This ratio is calculated with the mathematical expression
Ga/(Ga + In) and is abbreviated to Ga/III. Moreover, in this
deposition route, no additional chemical substances such as
complexants, brighteners or smoothing agents are used. This
simplifies electrolyte preparation and avoids the need to refresh
the additives during processing. It should be noted that others have
reported that this DES can decompose due to the effect of high
temperature and electric potential [6–8] resulting in the formation,
for instance, of trimethylamine, dimethylaminoethol, dichloro-
methane and ammonia. During this work, one batch of DES was
maximally used to deposit up to seven thin films. Under these
conditions, neither a colour change nor a significant variation in
the deposition current was observed. Previously we first deposited
a Cu layer and then a second In and Ga layer together to form
metallic precursors [5]. To reduce the number of the
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Fig. 1. – RDE cyclic voltammograms of ChCl:U-CuCl2-InCl3-GaCl3 1) 50-30-25 mM,
2) 10-50-20 mM and 3) 25–20-50 mM on a Mo electrode at T = 60 �C, v = 1800 rpm
and Vscan = 5 mV.s�1.
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electrodeposition steps, here we deposit, in a single step, copper,
indium and gallium from the referred DES. Ribeaucourt et al.
coelectrodeposited Cu-In-Ga from an acidic aqueous electrolyte
containing NaSO4 and NaCl [9,10]. The authors reported that the
electrochemical behaviour of the solution depended on the
composition and influenced the formation of different
intermetallics in the deposits. In order to diminish the influence
of the HER, the authors used a paddle system to agitate the
solution, which is similar to a rotating disk electrode (RDE) (as used
in this work) in terms of hydrodynamics. The morphology of the
precursors was dendritic, regardless of solution composition but
after thermal annealing a compact film was obtained, giving rise to
a 9.3% efficient solar cell. Ganchev et al. reports on the
coelectrodeposition of Cu-In-Ga from an acidic electrolyte, and
found that the composition of the deposit depended on both the
deposition potential and on the hydrodynamic regime [11]. The
authors state that by stirring the solution, the deposition rate of
indium and copper is increased. Furthermore, it allowed control of
the Ga composition profile through the depth of the precursor. The
authors reported on a 4.35% efficient device. In this work the
simultaneous electrodeposition of Cu-In-Ga from the DES ChCl:U
will be studied. The study will focus on the influence of
solution composition on the electrochemical behaviour, deposit
morphology and crystalline structure. Finally, the formation of the
chalcogenide and its properties will be related to the precursor
deposition.

2. Experimental

All electrochemical and synthesis experiments were carried out
inside an MBraun Unilab glovebox, with a N2 atmosphere. At all
times, during the experiments the oxygen and water contents inside
the glovebox were kept below 1 ppm. More extensive details on
liquidsynthesis, conditions duringelectrochemical experiments and
characterisation methods can be found in [4,5]. The DES was
obtained from a 1:2 mixture of choline chloride (Sigma-Aldrich
99.8%) and urea (Sigma-Aldrich 99.5%). Anhydrous CuCl2 (Alfa Aesar
99.999%), GaCl3 (Alfa Aesar 99.999%) and InCl3 (Alfa Aesar 99.999%)
were stored in the glovebox and used as received. An Ecochemie
mAutolab type III potentiostat wasused.A threeelectrodecell withPt
as counter electrode and an Ag wire as reference was used. The
reference electrode was kept inside a separate glass vial, with a small
opening at its bottom to minimise the exchange of solvent. All
potentials in this paper are reported versus this reference electrode.
The working electrode, for cyclic voltammetric (CV) experiments,
consisted of a massive Mo electrode with 0.22 cm2 surface area and
was used in a rotating disk electrode (RDE) configuration. All CVs
were recorded starting at the open circuit potential (OCP) and
scanning in the cathodic direction with Vscan = 5 mV.s�1, v = 1800
rpm and T = 60 �C. Copper, indium and gallium were potentiostati-
cally coelectrodeposited onto Mo coated soda lime glass substrates
with v = 300 rpm and at T = 60 �C. As soon as the deposition process
ended, the film was immediately removed from the electrolyte, to
avoid any oxidation of the deposit due to the reaction with Cu2+ ions
and rinsed with deionised water. Before electrodeposition, the Mo
films were etched in a 30 vol.% NH4OH solution and ultrasonically
cleaned in purified water (18.2 MV.cm) and absolute ethanol (Fisher
Scientific 99.99%). The electrodeposited Cu-In-Ga metal precursors
were selenised to form CIGSe in a tubular furnace in a three-step
process as described in [5]. In short, the layers were annealed twice
undera seleniumatmosphere,withastepunderaninertatmosphere
in between. The aim of this process is to avoid Ga segregation to the
back of the absorber during selenisation, which is common when
annealing Cu-In-Ga metal precursors [10,12]. A Brüker D8 Discovery
diffractometer was used to perform grazing incidence X-ray
diffraction (GI-XRD), using the Cu Ka radiation (l = 1.5418 Å). A
scanningelectronmicroscope(SEM)Hitachi SU-70 wasusedto study
themorphologyof the deposits andanEnergy Dispersive X-ray(EDX)
analyser Oxford Inca X-MAX, coupled to the SEM, was used to
determine their chemical composition.

3. Results

The results will be divided into two sections. In the first section,
the electrochemical behaviour of the ChCl:U-CuCl2-InCl3-GaCl3
system will be studied as a function of solution composition via
RDE CV. The reduction reactions will be related to the deposition of
different crystalline phases by XRD analysis. In the second section,
the morphology and composition of the precursors will be studied
as well as the thermally annealed semiconductor.

3.1. Electrochemical study of ChCl:U-CuCl2-InCl3-GaCl3 on Mo

Fig. 1 depicts three CVs of ChCl:U-CuCl2-InCl3-GaCl3 solutions
on a Mo electrode, with varying metal salt (MeClx) concentration.
The metal concentrations were chosen so that on each CV one of
the metals was the most concentrated in solution, thus highlight-
ing its redox responses.

In all CVs the Cu2+/+ reversible couple is present at E = + 0.57 V.
This result is in good agreement with previous observations, when
performing cyclic voltammetry of ChCl:U-CuCl2 on a Mo electrode
[4] and indicates the reference electrode was stable in the presence
of different concentrations of metal cations. In CV 1), on the
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forward scan, three different reduction onsets (c1-3) are observed
at circa E1 = - 0.64 V, E2 = - 0.85 V and E3 = - 0.95 V. The reduction
potentials of Cu+/0, In3+/0 and Ga3+/0 in the single-metal ChCl:U-
MeClx systems on a Mo electrode are, respectively, ECu = - 0.41 V,
EIn = - 0.60 V and EGa = - 0.78 V [4,13], suggesting that c1, c2 and c3
are related to copper, indium and gallium reduction. The shift in
potential between E1-ECu, E2-EIn and E3-EGa has been previously
observed, when recording CVs of ChCl:U containing two different
metal cations on a Mo electrode [4,5,13]. We hypothesise that this
shift is a result of the higher activation energy needed to form the
alloys and consequently, a higher overpotential is required as well.
Moreover, these studies showed that despite the potential shift for
copper, it was possible to obtain films exclusively composed of this
metal by depositing at a potential close to the most noble reduction
onset. Onsets c1 to c3 are common to all CVs in Fig. 1 and their
magnitude increases with increasing copper, indium and gallium
concentrations, respectively. Additionally, limiting currents are
observed for E � - 1.00 V, indicating the system is diffusion
controlled in this potential range. On the reverse scan, there are
four anodic waves (a1-4), located at approximately E1 = + 0.01 V,
E2 = - 0.49 V, E3 = + 0.12 V and E4 = - 0.56 V in CV 3. However,
oxidation peak a4 is exclusive to CV 3) in Fig.1, corresponding to the
highest GaCl3 concentration. Moreover, all CVs present nucleation
loops. In contrast to the observations when studying the
electrochemical behaviour of ChCl:U-InCl3-GaCl3 [5] and ChCl:U-
CuCl2-GaCl3 [4] on a Mo electrode, the CVs in Fig. 1 cannot be
reconstructed from the addition of the concentration weighted
individual metal ChCl:U-MeClx cyclic voltammograms, since the
Fig. 2. – a) Cyclic voltammograms of a ChCl:U-CuCl2-InCl3-GaCl3 10-50-20 mM on a Mo
and Vscan = 5 mV.s�1. The XRD diffractograms of the films potentiostatically electrodeposi
and T = 60 �C are presented in b). Plot c) depicts the cyclic voltammograms of a ChCl:U-
Before reversing the cathodic sweep, the scan was held at different potentials EH for 300
same solution is presented in d).
redox features appear shifted in potential and an additional
oxidation wave (a4) is observed.

In order to link the cathodic currents with the anodic peaks, a
series of CVs with different switching potential, Es, on the cathodic
side were recorded. These CVs are displayed in Fig. 2a) and were
performed on a ChCl:U-CuCl2-InCl3-GaCl3 10-50-20 mM solution.
The Cu2+/+ redox couple is located at E = + 0.57 V on all scans,
indicating the reference electrode was stable during the entire
experiment. At Es = - 0.70 V and Es = - 0.80 V, only the reduction wave
c1 and oxidation peak a1 are observed, corresponding to Cu
deposition and Cu stripping, respectively, since Cu is the most noble
of the three metals in study. At Es= - 0.90 V cathodic wave c2 is
observed, giving rise to the anodic current a2. At Es = - 1.00 V
reduction onset c3 is recorded, causing the appearance of the anodic
current a3 on the reverse scan. This oxidation current appears as a
shoulder on the high potential side of the anodic peak located at
circa E = - 0.05 V. This result is further supported by scanning up to
Es = - 1.10 V, which shows a broad anodic peak, at the same
potential region. Moreover, the high potential side of the referred
peakexhibitsaslow decayrate,whichis indicativeofaconvolutionof
two different processes. To relate the different reduction onsets with
the crystalline structure of the deposits, XRD analysis was
performed. These results are depicted in Fig. 2b) and are of the
thin films potentiostatically plated at Ed = - 0.9 V and Ed = - 1.2 V from
the same solution of the previous CV study. The charge densities
passed during the deposition were - 0.5 C.cm�2 for the former film
and - 0.7 C.cm�2 for the latter. In both diffractograms the most
intense, 110, diffraction maxima of the Mo substrate is located at
 electrode with different cathodic switching potential (Es) at T = 60 �C, v = 1800 rpm
ted from the same solution at potential Ed = - 0.9 V and Ed = - 1.2 V, with v = 300 rpm
CuCl2-InCl3-GaCl3 25-20-50 mM on a Mo electrode, using the previous conditions.

 s. The XRD diffractogram of a film potentiostatically plated at Ed = - 0.8 V from the
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2u = 40.51 �, in good agreement with the reference position (JCPDS
card file 42-1120). For the film deposited at Ed = - 0.9 V, correspond-
ing to the position of reduction onset c2, metallic indium and CuIn
(JCPDS card files 05-0642 and 35-1150, respectively) are detected.
The latter compound is a metastable phase [14] and was observed
when co-electrodepositing Cu and In on Mo from a ChCl:U-CUCl2-
InCl3 solution [13]. The diffraction maxima of the CuIn phase appear
slightly shifted to higher angles, suggesting incorporation of Ga into
the crystal lattice, via a substitution mechanism, to form the Cu(In,
Ga) alloy. Such behaviour was observed in previous work when
codepositing indium and gallium from ChCl:U onto Cu [5]. The
formation of Cux(In,Ga)y alloys has also been reported when
depositing Cu-In-Ga by physical vapour deposition methods [15].
The peak marked with * cannot be assigned to any Cu-In-Ga
containing phase present in the JCPDS 2013 database. These results
indicate that reduction onset c2 leads to the deposition of metallic In
and CuIn and a2to its stripping.Regardingthe layerdepositedatEd = -
1.2 V, it exhibits a similar diffractogram as the previous layer,
however an additional CuGa2 phase is detected (JCPDS card file
25-0275). The diffractionpeaks for this phaseappear shifted towards
lower Bragg angles, suggesting the presence of a Cu(In,Ga)2 alloy.
This result demonstrates that reduction onset c3 and its oxidation
counterpart a3 are related with the deposition and stripping of
CuGa2. In the same diffractogram, the diffraction maxima related to
CuIn decrease in intensity, whereas the metallic indium peaks
increase. This observation indicates that, during growth, copper is
preferentially consumed in the formation of CuGa2, whilst indium
remains in its metallic form. An identical trend was observed when
codepositing In and Ga onto Cu [5]. In summary, the reduction onset
c1 corresponds to copper deposition, c2 leads to the formation of In
and Cu-In intermetallics and c3 to the deposition of Cu-Ga alloys. This
study only uncovers the main processes which are taking part in the
system. The occurrence of additional side reactions, leading to the
formation of other compounds is possible. However, these com-
pounds would not be observed, since XRD can only detect crystalline
phases which represent at least 5% of the probed volume. To
understand the relation between the oxidation wave a4 (CV 3) in
Fig.1) and one of the observed cathodic waves, CVs of ChCl:U-CuCl2-
InCl3-GaCl3 25-20-50 mM on a Mo electrode were recorded while
holdingthescanattheswitchingpotential,EH,onthecathodicsweep
for 300 s.ByholdingtheCVattheEHvalue,a largeamountofmatter is
deposited on the forward scan, thus increasing the probability of
detecting a minor anodic current on the reverse scan. These curves
are depicted in Fig. 2c) for potentials below reduction onset c2 1)
EH = - 0.85 V and 2) EH= - 0.90 V. In curve 1) a shoulder is present on
the lower potential side of peak a2, which corresponds to oxidation
peak a4. Moreover, the anodic current a1 remains as a single peak,
indicating there is no influence of gallium in the electrochemical
behaviour at this point. In CV 2) the magnitude of the anodic current
a4 increases, whilst peak a1 remains unchanged, indicating that a4 is
related to indium deposition, i.e., cathodic wave c2. These
Fig. 3. – Top view SEM micrographs of Mo/Cu-In-Ga thin films electrodeposited at Ed = - 1
10-50-20 mM and c) 50-30-25 mM. The deposition time was 20 minutes in all cases.
observations suggest that a second CuxIny alloy is formed. This
statement is supported by the XRD diffractogram in Fig. 2d),
corresponding to a film potentiostatically deposited from the same
electrolyte, at a potential Ed = - 0.8 V. The charge density passed
during deposition was - 0.6 C.cm�2. This diffractogram shows peaks
related to metallic Cu (JCPDS card file 04-0836), CuIn and Cu2In
(JCPDS card file 25-0275). The latter intermetallic compound was
not detected in the previously characterised deposits, leading to the
conclusion that c2 is related to the deposition of Cu2In and a4 to its
stripping. In previous work, regarding the codeposition of copper
and indium from ChCl:U-CuCl2-InCl3, an oxidation current at
E = - 0.6 V vs. Ag was observed, related to Cu2In stripping and is in
good agreement with the position of anodic current a4 here.
Moreover, in the same work it was found that the formation of Cu2In
was both potential and salt concentration dependent [13].
Specifically, Cu2In is only formed if [Cu2+] � [In3+], in accordance
with the findings described in this work. This argument is supported
by the fact that Cu2In was also detected by XRD on layers deposited
from a ChCl:U-CuCl2-InCl3-GaCl3 50-30-25 mM solution (data not
shown). The co-electrodeposition of Cu-Ga and Cu-In from ChCl:U-
CuCl2-GaCl3 [4] and ChCl:U-CuCl2-InCl3 [13] electrolytes, respec-
tively, lead to the formation of the same intermetallic compounds
found in the deposits here discussed. This observation suggests that
the alloying mechanism when co-electrodepositing the three
metals is still governed by the Cu-Ga and Cu-In binaries.
Additionally, it can be concluded that the formation of ternary
metal compounds is not favourable at this temperature, since the
XRD diffractograms show limited phase intermixing. L. Ribeaucourt
et al. reported on the formation of CuIn, Cu2In and Cu(In,Ga)
intermetallics when electrodepositing Cu-In-Ga from aqueous
electrolytes at room temperature. The authors reported that the
formation of intermetallics leads to the appearance of specific
features on the CVs [9], in agreement with our work. In the next
section we will focus on characterising the layers electrodeposited
from the solutions studied by CV and on optimising the electro-
plating in order to obtain a metallic layer suitable for CIGSe
formation and device finishing.

3.2. Study of the morphology of the Mo/Cu-In-Ga precursors and
conversion to CIGSe

Fig. 3 presents SEM top-view micrographs of Mo/Cu-In-Ga stacks
potentiostatically deposited from the ChCl:U-CuCl2-InCl3-GaCl3
solutions which were studied in the previous section. All films were
electrodeposited at Ed = - 1.2 V to ensure that all three metals are
electrodeposited, for a duration of 20 minutes. The deposit in Fig. 3a)
(electroplated from a ChCl:U-CuCl2-InCl3-GaCl3 25-20-50 mM
solution) exhibits dendritic morphology, due to the deposition
under a diffusion control regime and may indicate a low nucleation
density. EDX analysis of the deposit showed that gallium is the
majority element in the deposit, followed bycopper. As codeposition
.2 V, at T = 60 �C and v = 300 rpm from ChCl:U-CuCl2-InCl3-GaCl3 a) 25-20-50 mM, b)
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of Cu and Ga from a ChCl:U-CuCl2-GaCl3 25-50 mM solution resulted
in deposits of compact morphology [4], it appears the presence of
indium has influenced the morphology observed here. The deposit
depicted in Fig. 3b) (ChCl:U-CuCl2-InCl3-GaCl310-50-20 mM) shows
a compact morphology, with micron sized polygonal structures. EDX
analysis revealed Cu/III = 0.2 and Ga/III = 0.2, as compared to the
results obtained by inductively coupled plasma atomic emission
spectroscopy, of Cu/III = Ga/III = 0.7. This apparent discrepancy is
interpreted as follows: the indium is located at the front surface of
the film, thus being overestimated by the EDX and both gallium and
copper are positioned at the back of the layer. During electrodeposi-
tion, the current remained fairly constant, indicating that the three
elements were deposited at a constant rate throughout the
experiment. Therefore, during the first stages of electrodeposition,
the elements are distributed evenly, however, due to subsequent
alloying, the non-uniform distribution appears. This is related to the
high mobility of Cu and Ga in the film and to the fact that the
formation of CuxGay alloys is preferred over the formation of CuxIny
intermetallics. An identical elemental distribution was observed
when co-electrodepositing indium and gallium onto a copper layer
from the same DES [5]. Additionally, it was also observed that Cu-In
alloying diminished for metal precursors with higher gallium
content. Kim and co-workers observed an identical elemental
distribution for sputtered Cu-In-Ga metal precursors [16], suggest-
ing that this phenomenon is independent of the growth technique
and solely a characteristic of the Cu-In-Ga system. The deposit in
Fig. 3c) (plated from a ChCl:U-CuCl2-InCl3-GaCl3 50-30-25 mM
solution), presents dendritic morphology and EDX analysis showed
that copper is the majority element in the deposit. The dendritic
morphology can be due to an initially low nucleation density on the
substrate and deposition under a diffusion control regime, which is
commonly observed during copper alloy deposition. L. Ribeaucourt
et al. also observed such dendritic growth during Cu-In-Ga
coelectrodeposition and stated that this behaviour is due to the
depositionofCuundera diffusion control regime[10]. Forthegrowth
of CIGSe a compact precursor layer is preferred to a dendritic one,
since the morphology of the annealed p-type semiconductor will be
Fig. 4. – Top view SEM micrographs of Mo/Cu-In-Ga thin films electrodeposited from
Ed1 = - 2.4 V and Ed2 = - 1.1 V (type A) and b) is the same layer after annealing in selenium
1.10 V (type B) and d) shows the morphology after the annealing in selenium.
similar to that of the metal precursor. It is important for solar cell
absorber layers to have a compact morphology and a smooth surface,
so that efficient light absorption, good charge carrier transport
properties and reduced interface recombination are obtained. Apart
from the compact morphology, a less copper-poor chemical
composition is empirically found to be desirable for efficient devices
(i.e. 0.8 � Cu/III � 0.9) and therefore the deposition of Cu, In and
Ga from ChCl:U-CuCl2-InCl3-GaCl3 solutions is subsequently
optimised.

Thus, two methods were explored for electrodeposition from a
ChCl:U-CuCl2-InCl3-GaCl3 10-50-45 mM solution. The GaCl3
concentration was increased in order to diminish the possible
influence of indium in the formation of dendrites. In the first
method (type A) a short nucleation step at E = - 2.4 V was
introduced prior to the step at E = - 1.1 V, in order to promote a
higher nucleation density on the surface of the substrate. In this
way we hypothesised that a more compact morphology would be
achieved, since there is a greater density of nuclei per unit area. A
higher density of nuclei represents a higher number of reaction
sites for the incoming species to deposit. This scenario should lead
to a more even growth of the film, as opposed to the case where
only a few sites are available, ultimately leading to the growth of
dendrites. In the second method (type B), the same nucleation step
was also introduced, followed by a step at E = - 0.65 V, which aims
to promote the growth of solely a Cu layer before a final step at
E = - 1.1 V, where In and Ga are the main deposited elements due to
higher mass fluxes in solution. However, the type B process is
extremely time consuming since the deposition of Cu at E = - 0.65 V
generates a low current density of around 0.25 mA.cm�2, due to the
low concentration of this metal in solution. The charge density
passed during the electrodeposition of type A and B precursors was
- 1.2 C.cm�2. This deposition charge density for the precursor is
estimated to deliver a selenised absorber layer thickness of around
1100 nm, assuming a compact precursor. The type A precursor is
depicted in Fig. 4a), exhibiting a flat and compact morphology,
with irregular polygonal structures with sizes up to 4 mm and small
crystals scattered on its surface. However, the morphology after
 a ChCl:U-CuCl2-InCl3-GaCl3 10-50-45 mM. The film in a) was electrodeposited at
. Micrograph c) depicts a precursor plated at Ed1 = - 2.40 V Ed2 = - 0.65 V and Ed3 = -
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annealing with gaseous selenium (in Fig. 4b)), became extremely
rough with small crystals scattered all over its surface. Moreover,
EDX analysis of the absorber showed a very Cu poor composition
with Cu/III = 0.2 and Ga/III = 0.4, clearly not suitable for CIGSe solar
cells, since this chemical composition leads to the formation of
InxSey and GaxSey phases. The type B precursor, depicted in Fig. 4c),
has a compact morphology and small crystals scattered on its
surface. This precursor exhibits no large cracks, as opposed to the
precursor in Fig. 4a) but it has higher roughness. The morphology
of this precursor after annealing is depicted in Fig. 4d), showing a
rough surface with an apparent grain size below 1 mm. The
chemical composition of the absorber was determined by EDX,
giving Cu/III = 0.8 and Ga/III = 0.4. Additionally, the XRD diffracto-
gram of this absorber, with an incidence angle of ui = 3 �, is
presented in Fig. 5 and showed a single 112 chalcopyrite peak at
2u = 27.05 �. A common problem when growing absorbers by EDA
or sputtering and annealing is gallium segregation to the back of
the layer. This leads to formation of an absorber with a CISe/CGSe
layered structure, with nearly no intermixing between the two
phases. Ultimately, this segregation phenomenon will hinder
device performance, since a new interface may appear at the
back, increasing recombination. Additionally, because longer
wavelengths are absorbed at the back of the absorber layer, a
phase of much higher bandgap in this region would increase
absorption losses. This structure is easily identifiable by GI-XRD,
since, the 112 diffraction maxima of CISe and CGSe are clearly
distinguishable. The single peak detected for the case of the
absorber in Fig. 5 shows there was no CISe/CGSe segregation. From
the peak position, a Ga/III = 0.3 is extrapolated by employing the
model in [17]. However, with ui = 0.8 � (Fig. 5) a decrease in peak
width is observed, suggesting there is a slight Ga gradient towards
the back of the absorber. This observation explains the slight
discrepancy in between the Ga/III value obtained using EDX and
the XRD peak position.

The absorber grown from a type B precursor was finished into a
solar cell with the structure Mo/CIGSe/CdS/i-ZnO/Al:ZnO/Ni-Al
grid. These layers were sequentially deposited, on top of the
absorber layer, as follows: the CdS layer was deposited by chemical
bath deposition, the i-ZnO and Al:ZnO were grown by Radio
Frequency Sputtering and the Ni-Al contact grids were deposited
by electron beam evaporation. The efficiency of the solar cells, i.e.,
the ratio between the electric power output of the device and the
incident light power, was determined under simulated
AM1.5 illumination. The efficiency yielded by the solar cells
ranged from 0.8% to 2.7%. This low efficiency is mainly due to a high
Fig. 5. – GI-XRD of a CIGSe absorber, originating from a type B precursor, at two
different incidence angles ui = 0.8 � and ui = 3.0 � .
shunt conductance, which is related to alternative paths for the
current to flow and can be caused, for instance, by pinholes in the
absorber layer. For the most efficient device, the shunt
conductance was calculated to be 16.6 mS.cm�2, which is around
a hundred times higher than that of high efficiency devices and
determines the low efficiency of this solar cell.

4. Conclusions

In this work the coelectrodeposition of copper, indium and
gallium from the deep eutectic solvent ChCl:U was studied. In a
first section the electrochemical behaviour of the system was
investigated via RDE cyclic voltammetry. From this study it was
concluded that the redox behaviour and the crystalline structure
of the deposit depends on the composition of the electroplating
bath. Specifically, the deposition of Cu(In,Ga), Cu(In,Ga)2 and
Cu2In alloys was observed. However, the formation of the ternary
alloys was very limited and thus the alloying mechanism was
dominated by the Cu-Ga and Cu-In binaries. Additionally, the
latter intermetallic (Cu2In) was only observed if [Cu2+] � [In3+].
The morphology of the Mo/Cu-In-Ga metal precursors was also
dependent on the solution composition. In most conditions a
dendritic morphology was obtained, except when electrodeposit-
ing from a solution with low copper concentration. Under these
conditions, a compact film morphology was obtained, which
could be further improved by tuning the solution composition
and by introducing a short nucleation step. However, this method
changed the chemical composition in a way which was not
suitable for CIGSe absorber layers. As an alternative, a precursor
with compact morphology and suitable chemical composition
was obtained by adding a third potential step to the above
method, during which only Cu is deposited. The resulting
absorber after selenisation had suitable stoichiometry. Further-
more, XRD analysis demonstrated there was no Ga segregation, as
typically observed in EDA processes. The resulting solar cell
efficiencies were low, with a maximum value of 2.7%, due to
shunting. Although this one-step electrodeposition method is
versatile, allowing for several different approaches, the balance
that must be made between electrolyte composition and
deposition potential makes it extremely challenging for large
scale applications. This is due, on one hand, to the fact that there
are voltage drops across the surface of the substrates during
deposition, which, in this case can cause areas of the thin film to
have different morphology and/or chemical composition. On the
other hand, preparing large volumes of an electrolyte with
specific composition and monitor the concentration of the metal
salts is not straightforward.
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