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Cu,(Sn,Ge)Ss has recently emerged as an absorber layer for single junction thin film solar cells, already
achieving power conversion efficiencies of up to 6.7%. Electrodeposition of metallic precursors and their
subsequent annealing is an attractive synthesis method for such solar cell absorber layers, since it does
not require vacuum conditions and little energy is consumed. The aqueous electrodeposition of metallic
germanium based on current knowledge is limited to very thin layers, which do not provide the
stoichiometric amount of material required for thick semiconductor layers. Therefore we introduce an
electrodeposition method for the growth of germanium-containing precursors for Cu,(Sn,Ge)Ss, using
propylene-glycol-based electrolytes. These baths do not require additives, give rates of germanium
electrodeposition higher than other plating baths and are cheap. The electrochemical behaviour of
copper, tin and germanium in propylene glycol was studied and the corresponding deposits were
characterised. Smooth and compact layers of each of the pure elements were deposited. Additionally, the
co-electrodeposition of copper and germanium was studied as well and thin films containing the alloy
CusGe and metallic copper were obtained. A constant [Cu]/[Ge] ratio of around 3 was found over a wide
potential range, with a higher plating efficiency than that of pure germanium. For these reasons, copper
and germanium were incorporated into the precursor via the referred co-deposition method. After
thermal annealing in the presence of elemental sulphur, the semiconductor Cu,(Sn,Ge)Ss was
successfully formed and it was incorporated in a working solar cell structure with efficiency of 0.7%
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

(CTGS) [3]. The authors attributed the increased efficiency to the
enrichment of grain boundaries with germanium, thus resulting in

Interest in the semiconductor Cu,ZnSn(S,Se), (kesterite) as a
potential alternative absorber material for solar cells increased
over the last decade, since this material consists of relatively
abundant and cheap elements. However, development of solar
cells based on kesterite has been slow, achieving a maximum
efficiency of only 12.6% [1]. Cu,SnSs is a p-type semiconductor just
like kesterite, but contains one element less thus reducing the
number of possible secondary phases and defects. An efficiency of
4.6% was recently achieved for solar cells based on this material [2].
Umehara et al. demonstrated a higher device efficiency of 6.0% by
replacing some of the tin with germanium, to form Cu,(Sn,Ge)S3
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alocalincrease of the band gap [4]. Most recently, Umehara and co-
workers achieved a new record efficiency of 6.7% by using an
absorber layer with a graded band gap through the depth of the
film [5]. Various physical growth methods have been applied for
the growth of compounds in the CTGS material system. Umehara
and co-workers co-sputtered Cu-Sn precursors and thermally
annealed them in the presence of sulphur and GeS; [3,5]. For CGS
solar cells Araki et al. deposited a Mo/Cu/Ge stack, with germanium
being deposited via thermal evaporation and copper via e-beam
evaporation [6]. Kim and co-workers co-evaporated Cu, Sn, Ge and
Se [7]. Htay et al. sulphurised laminated copper, germanium and tin
layers in a closed tube in order to study CTGS material properties as
a function of the germanium content in the semiconductor [8].
Concerning wet chemical growth methods, a solvothermal route
was employed by Peng et al., who mixed solutions containing
GeC(ly, CuCl,-2H,0, SnSO,4 and sulphur powder in an autoclave and
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heated the mixture to a high temperature in an oven [9]. Jin et al.
synthesised a precursor containing copper and germanium for
CGS-based solar cells by combustion of a solution containing
copper(Il) nitrate, citric acid, ammonia, nitric acid and germanium
(IV) oxide [10]. The resulting powder was deposited on molybde-
num using a doctor blade method and sulphurised. The authors
reported a solar cell efficiency of 2.67%, being the highest for this
material. Electrochemical methods were only used for the growth
of CTS by electrodeposition of a metallic precursor and annealing
(EDA), as shown by the works of Berg et al., Robert et al. and Koike
and co-workers [11-13]. It is not surprising that electrochemical
processes have not yet been applied to the growth of germanium-
containing precursors for CTGS solar cells, since hydrogen
evolution has a low overpotential on germanium so that it cannot
be efficiently electrodeposited from aqueous solutions [14]. A low
hydrogen overpotential implies that gas evolution occurs exten-
sively in parallel with the reduction of germanium(IV) and current
efficiencies drop dramatically. Only ultrathin germanium layers
contaminated by hydroxide and hydride species could be obtained,
which is undesirable for photovoltaic applications. To avoid
hydrogen evolution and electrodeposit pure germanium layers,
ionic liquids have been used [15-19]. These works showed that
despite being possible to electrodeposit germanium from ionic
liquids, there were several issues: the germanium sources are
poorly soluble in the ionic liquids, non-standard experimental
setups had to be used to cope with the volatility of the most
common germanium compounds and deposition rates are low
under standard conditions. In another approach, Bartlett et al
electrodeposited amorphous germanium from liquid CH3CN,
CH,F, and supercritical CH,F, and CO,, using GeCl, and [NBu"4]
[GeCl5] as germanium sources [20,21]. Albeit successful, this
approach presents some drawbacks: on the one hand, the need of a
high pressure cell, which increases the complexity of the
experiment and decreases output. On the other hand, all the
electrodeposited germanium layers contained impurities such as
chlorine, which can be harmful to the performance of optoelec-
tronic devices.

Another alternative is to use electrolytes based on organic
solvents. Szekely electrodeposited germanium from propane-1,2-
diol (here referred to as propylene glycol and abbreviated to PG)
and ethane-1,2-diol (ethylene glycol) solutions containing GeCly
[22]. This author reported the deposition of thick and bright
germanium layers from both electrolytes, but the process involving
PG was considered better, since a graphite anode could be used
thus avoiding the formation of precipitates in the solution.
Nevertheless, the faradaic efficiency of the process was low (about
1%), since the best quality films were obtained when plating
outside the electrochemical stability window of PG. Saitou and co-
workers electrodeposited germanium from PG-containing GeCl, as
well [23]. These authors reported the presence of Ge-H bonds in
the film determined by infrared spectroscopy and stated that no
bright deposits were obtained. The fact that Saitou et al. did not dry
their PG solution, as opposed to Szekely, suggests it is essential to
remove as much water as possible from this organic solvent. This
literature survey shows that organic solvents are at this point the
most sensible option when electrodepositing germanium for
photovoltaic applications, since the layers exhibit high quality
and deposition rates of 8 wum.h™! can be achieved [22]. Moreover,
these solvents are much less expensive than ionic liquids and do
not require special setups to electrodeposit germanium. In fact,
Clauwaert et al. already used the method introduced by Szekely to
incorporate for the first time a germanium layer into electro-
deposited Mo/Cu-Zn/Sn stacked precursors for Cu,Zn(Sn, Ge)Se,-
based solar cells [24].

Interestingly, alloys of germanium and copper can be electro-
deposited from aqueous electrolytes as shown in the works of Fink

and Joi [25,26]. These authors electrodeposited Cu-Ge thin films
with constant [Cu]/[Ge] ratio of 3, forming the alloy CusGe. The
electrodeposition of the intermetallic is easier than the deposition
of pure germanium, due to the negative Gibbs free energy of the
alloy and hence to a more positive redox potential [27]. This
mechanism is generally referred to as Kroger's mechanism and is of
the utmost importance when aiming for the electrodeposition of
quality materials and with controlled chemical composition [27].
Still, the alkaline pH of those aqueous electrolytes may degrade the
quality of the molybdenum back contact, since the Pourbaix
diagram indicates that, even at negative potentials, this metal
dissolves in solutions of such high pH [28]. Moreover, in recent
work it was shown that oxygen is incorporated into Cu-Ge layers
electrodeposited from aqueous electrolytes, which is undesirable
for photovoltaic devices [29].

In this paper, we investigate the fabrication of CTGS solar cell
absorber layers, using propylene-glycol-based electrolytes and
thermal annealing. First we study the electrodeposition of copper,
tin and germanium layers. Second, we study the co-deposition of
copper and germanium and take advantage of the Kroger
mechanism to grow layers containing CusGe to be used as
precursors for CTGS solar cells.

2. Experimental

Electrolyte preparation and electrochemical work were per-
formed inside an argon-filled glovebox (Glovebox Technologies
Limited), with oxygen concentrations below 10ppm and a
moisture level below 1ppm at all times. Prior to their use,
CuCly-2H,0 (Alfa Aesar, 98%), SnCl,-2H,0 (Alfa Aesar, 98%), NaCl
(Merck) and Na,SO4-10H,0 (Acros Organics, 99%) were dried on a
Schlenk line, under vacuum (p =50Pa) at 110°C, during 24 hours.
Propane-1,2-diol, hereafter referred to as propylene glycol (PG)
(Sigma-Aldrich, 99.5%), was dried under identical conditions, but
at room temperature. This solvent was further dried inside the
glovebox by adding dried Na,SOy4 to it, thus forming Na,S0410H,0.
This hydrated salt was then filtered, making the propylene glycol
solution transparent and colourless. GeCl4 (Umicore, 99.99%) was
used as received. A Karl Fischer DL39 coulometer was used to
determine the water content of the water content of PG and of the
chloride compounds used. It was determined that after drying, the
water content of PG was 0.06 wt¥%, that of CuCl, was 3.3 wt% and
that of SnCl, was 8.7 wt%. The water content of NaCl could not be
determined, since no dry solvent that can dissolve this salt was
available. All electrolytes contained 0.50M NaCl in order to
increase the conductivity. A three-electrode cell was used for the
electrochemical experiments. As counter electrode, a platinum foil
was used in electrochemical experiments involving electrolytes
containing only copper and tin, whilst for experiments where the
electrolyte contained germanium, a graphite block was used. As
reference electrode, a silver wire was first anodised in 0.1 M HCI
(Analar Normapur, 37%) to form AgCl on its surface and then
immersed in a propylene glycol solution containing 0.5 M NaCl. The
set was enclosed in a fritted glass. Unless stated otherwise, for
cyclic voltammetry (CV) and linear scan voltammetry (LSV)
experiments, the working electrode was a molybdenum wire with
a cross-section surface area of 2.8 x 10~> m2. An Ecochemie Autolab
302N potentiostat was used as power source in all experiments. CV
experiments were recorded starting at open circuit potential and
sweeping first in the cathodic direction. Electrodeposition was
carried out on molybdenum coated sodalime glass substrates (SLG/
Mo), with a surface area of approximately 4.0 x 104 m2. Prior to
electrodeposition, the substrates were etched during 5min in
NH40H (Merck, 25%), then rinsed with distilled water and absolute
ethanol and dried. For the electrodeposition of tin, a rotating disk
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electrode (w =150 rpm) was used to improve the uniformity of the
deposit.

The resulting SLG/Mo/Cu(Sn,Ge) metallic precursors were
thermally annealed in a tubular furnace to form the semiconduc-
tor. For the annealing process, all precursors were placed in a
graphite box containing 100 mg of sulphur pellets (Alfa-Aesar,
99.999%) and 10 mg of GeS (Sigma-Aldrich, 99.99%), to minimise
the loss of germanium. The graphite box was heated up to a
temperature of 550 °C during 30 min, at a pressure of 100 Pa and in
the presence of nitrogen gas. Prior to solar cell fabrication, the
absorbers were etched in 5 wt. % KCN during 30 seconds to remove
any Cu,_,S phases that may have formed.

The chemical composition of the thin films was determined
using inductively coupled plasma optical emission spectroscopy
(ICP-OES) and was performed using a Varian 720 ES spectrometer.
Prior to the analysis, the thin films were dissolved in nitric acid
(HNOs, Sigma-Aldrich, 65%), to which a few drops of hydrogen
peroxide (H,0,, Chem-Lab, 35%) were added. This method was
preferred over the use of aqua regia, in order to avoid the formation
of volatile germanium chloride species in solution, which would
result in the underestimation of the germanium content in the
layer. Scanning electron microscopy (SEM) was performed using a
Philips XL 30 FEG microscope, to which an EDAX Genesis 4000
spectrometer was coupled for energy-dispersive X-ray spectros-
copy (EDX). The SEM micrographs were taken using a 10kV
acceleration, whilst EDX was performed using a 20 kV acceleration.
Grazing incidence X-ray diffraction (XRD) was performed either on
a Seifert 3003 T/T diffractometer or on a Bruker Discover D8
diffractometer, using Cu Ko radiation with A\ =1.54056 A and an
incidence angle of 3°.

Solar cells were fabricated with the structure: Mo/CTGS/CdS/i-
ZnO/Al:ZnO|Ni-Al contacts (cf. Figure 1). The CdS buffer layer
(50nm) was deposited by chemical bath deposition, both ZnO
layers were sputtered (80 nm i-ZnO and 380 nm Al:ZnO) and the
Ni-Al contacts were deposited by electron beam evaporation.
Current-voltage measurements (j-V) were performed using a
halogen light with an intensity of 1000 W.m™2 in order to simulate
the AM1.5 spectrum. The devices were then subjected to a post-
fabrication annealing treatment, which resulted in an overall
efficiency increase.

3. Results and Discussion
The results will be divided into four parts. In the first part, we

describe the electrochemical behaviour of propylene glycol
solutions containing CuCl,, GeCly or SnCl,. In the second part,

Ni-Al front contact
e "

Zn
I-Zn0O

CdS buffer

2\, I3
Mo back contact
SLG substrate

Figure 1. Schematic of the solar cell structure.

the chemical composition and microstructure of the resulting
metallic precursors are characterised. In the third part, the co-
electrodeposition of copper and germanium from propylene glycol
solutions containing CuCl, and GeCly is studied. That part focuses
on both electrochemical and solid-state aspects. In the fourth part,
the structural and electrical properties of the semiconductor and
solar cells are characterised.

3.1. Electrochemical study of propylene glycol containing CuCl,, SnCl,
and GeCl, on molybdenum

Before studying the electrochemical behaviour of PG containing
the elements to be electrodeposited, the electrochemical stability
window of the blank electrolyte has to be assessed. In this work the
electrolyte is considered to be stable within a potential range
where the current density varies from -0.1 A.dm™ to 0.1 A.dm™,
which is a commonly employed definition.

Figure 2a) depicts the LSV of PG containing 0.50 M NaCl on a
molybdenum working electrode and shows that the electrolyte is
stable between -1.7V < E < 1.0 V. This observation implies that all
electrodeposition processes should occur within the referred
potential range, otherwise the energy efficiency of the process
would decrease rapidly. Figure 2b) depicts the CV of PG containing
0.50M NacCl and 0.10 M CuCl,. On the forward scan, a reduction

j (A.dm?®)

j (A.dm™®)

j (A.dm?®)

j (A.dm™®)

PG - GeCl, |
18 F .

2 4 0 1 2
E vs Ag/AgCl

Figure 2. LSV of PG containing 0.50 M of NaCl on a molybdenum working electrode
is depicted in a). CVs of PG containing 0.50 M NaCl and 0.10 M CuCl,, or 0.05 M SnCl,
ord)0.45 M GeCl, on a molybdenum working electrode, are depicted in b), c) and d),
respectively. All scans were recorded at room temperature with Vseqn=0.02V.s,
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wave is recorded at E=0.5V, corresponding to the Cu?*/* reduction,

since no deposition of material is observed. A second reduction
onset is observed at E=-0.4V, leading to the deposition of copper
and thus corresponding to the reduction Cu*'°. For potentials more
negative than E=-0.5V the system becomes diffusion-controlled,
as suggested by the peak observed in the CV. On the reverse scan,
an oxidation peak is observed at around E=0.0V, leading to the
stripping of the copper deposited on the forward scan and thus
corresponding to the oxidation Cu®*. Consequently, the second
oxidation wave at E=0.6V corresponds to the oxidation Cu*/*.
Figure 2¢) depicts the CV of PG containing 0.50 M NaCl and 0.05M
SnCl, on a molybdenum working electrode. On the forward scan a
reduction onset is observed at around E=-0.6V, corresponding to
the reduction Sn?*/° and leading to the deposition of metallic tin.
For potentials more negative than E=-1.0V, the system becomes
diffusion-controlled. On the reverse scan, one oxidation peak is
observed, corresponding to the stripping of the tin deposited on
the forward scan. On the anodic side of the oxidation peak, a
change in slope is observed. This change suggests that the
oxidation may be occurring in two steps from Sn(0) to Sn(II)
and then Sn(II) to Sn(IV). The standard reduction potential for Sn®
*10§s -0.13 V (vs. SHE) and +0.15 V (vs. SHE) for Sn**/>* [30]. Hence,
the potential separation between the two reactions is of around
0.3V and roughly corresponding to separation between the initial
oxidation potential and the slope change. This observation may
also explain why the anodic currents are slightly higher in the Sn
CV than in the blank for E > +0.5 V. Figure 2d) depicts the CV of PG
containing 0.45M of GeCl, on a molybdenum working electrode.

This CV depicts one cathodic current on the forward scan, which
continuously increases as the potential is swept further in the
negative direction. There are three factors contributing to this
observation, which ultimately also make it impossible to
accurately determine the reduction potential of germanium in
PG. The first factor is related to the high concentration of
germanium in the electrolyte and therefore no diffusion-limited
regime is observed while the reduction Ge*"/° is occurring. The
second factor is related to the low overpotential of hydrogen on
germanium [14], implying that, as soon as a monolayer of
germanium is formed on the electrode, a significant part of the
cathodic current recorded is related to hydrogen evolution, despite
the low water content of the organic solvent and of the chloride
compounds used. We consider this hypothesis valid, since when
electrolysing the pure liquid at current densities around -10 A.dm™
to study its cathodic decomposition products, the formation of a
gas-phase species was observed. The fact that this gas species was
too light to be identified by gas chromatography- mass spectrom-
etry (GC-MS; experimental method in Appendix A) measurements,
supports the hypothesis that hydrogen can be generated. The third
factor is the electrochemical generation of germane (GeH,), which
has been shown to occur when immersing a germanium cathode
into an electrolyte containing hydrogen [31]. Ultimately, most of
the current flowing is related to the evolution of a gas-phase
species, since it is described in literature that the faradaic efficiency
of this deposition process is around 1% [22]. Moreover, these
results imply that the electrochemical stability window of
propylene glycol becomes narrower on a germanium working

& £
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Figure 3. SEM top-view micrographs of Mo/Cu thin films electrodeposited at E;=-0.8 V and E;=-1.2V from a PG solution containing 0.50 M NaCl and 0.10 M CuCl; are shown
ina)and b), respectively. The micrographs in c) and d) are from Mo/Sn thin films electrodeposited from a PG solution containing 0.50 M NaCl and 0.05 M SnCl, at E;=-1.1 Vand
Eq=-1.4V, respectively. The surface of Mo/Ge thin films electrodeposited from a PG electrolyte containing 0.45 M GeCl, at j=-10 A.dm™? and j=-12 A.dm™ are depicted in e)

and f), respectively.
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electrode, which was confirmed by LSV and depicted in Figure A.1
of Appendix A. Still, after long periods of electrolysis at cathodic
potentials, the formation of a layer on the working electrode is
clearly observed. On the reverse scan of the CV in Figure 2d), no
obvious anodic stripping peak is observed, suggesting that the
process is irreversible. This observation is in accordance with
previous studies, which showed that the electrodeposition of
germanium from ionic liquids was irreversible [17,18]. Summing
up, this section showed that the deposition of copper, tin and
germanium onto molybdenum from propylene glycol is possible.
Moreover, the redox potentials of copper and tin are close to each
other, which would favour their simultaneous electrodeposition.
Nevertheless, while the electrodeposition of copper and tin are
efficient processes, since the ion reduction processes occur within
the solvent window, the current efficiency of germanium deposi-
tion is very low due to the competing gas evolution processes.

3.2. Characterisation of the morphology of copper, tin and germanium
thin films

The aim of this section is to assess the morphology of thin films
electrodeposited at different potentials. Since the final precursor
will consist of a stack of layers, the deposition of smooth and
compact layers is preferred. Additionally, this morphology is
advantageous for the final device performance as well, since it will
facilitate charge transport and photon absorption, respectively.

Figure 3a) and b) show the top-view SEM micrographs for two
Mo/Cu thin films deposited at E=-0.8 V and E=-1.2'V, respectively,
with a thickness of 300 nm (as determined from the charge passed
during deposition and the surface area of the film). Both
micrographs depict a smooth and compact layer, with the grain
size decreasing with higher overpotentials. This result is surpris-
ing, since in general the electrodeposition of copper from chloride-
based electrolytes lead to the formation of rough and/or dendritic
deposits in the absence of additives [32,33]. Additionally, EDX
analysis revealed the deposition of pure copper and no chloride
impurities. Figure 3c) and d) exhibit top-view SEM micrographs of
Mo/Sn thin films deposited at E=-1.1V and E=-1.4V, respectively.
The former micrograph depicts islands of tin scattered on the
surface of the molybdenum, suggesting a low nucleation density.
Regarding the latter micrograph, it shows a compact layer of tin
fully covering the surface of the molybdenum substrate and with
an apparent grain size of approximately 1 m. Maltanava et al.
electrodeposited tin onto copper from propylene glycol containing
SnCly-5H,0 and obtained compact layers, with elongated crystals
scattered on the surface [34]. The same authors reported that the
morphology became smoother by adding boric acid to the
electrolyte. The latter observation is contrary to what was observed
in the work here reported, as no additive was needed to obtain
smooth tin layers. EDX analysis showed that pure tin was
electrodeposited. Figure 3e) and f) show top-view SEM micro-
graphs of Mo/Ge thin films electrodeposited at j=-10 A.dm™ and
-12 A.dm™, respectively. As opposed to the potentiostatic
deposition of copper and tin, the electrodeposition of germanium
was carried out at a very negative constant current density, being
clearly outside the stability window of the electrolyte. By
proceeding in this manner, the deposition rate is significantly
increased and kept constant, even though the current efficiency of
the process is very low at around 1%. Moreover, variability issues in
the layer properties brought by potentiostatic deposition outside
the electrochemical stability window are avoided. Although the
deposition process is occurring outside the stability window of the
electrolyte, no obvious degradation of the liquid was observed and
thin film quality remained identical to the films showed in Figure
3e) and f), even after plating dozens of layers from the same bath.
Both layers are compact and smooth, with most of the surface

being covered by sub-micron sized features. Nonetheless, there are
a few micron-sized structures which are more prevalent on the
film deposited at 12 A.dm™. Hence, performing deposition at the
lower current density is more advantageous in terms of the
morphology of the deposit. Macroscopically, these germanium
layers are bright, in accordance with the results obtained by
Szekely [22]. Similar to the tin and copper layers, no impurities
were detected by EDX in the germanium layers. The electro-
deposited germanium is only partly crystalline, since only the
germanium 111 diffraction maximum is observed in the X-ray
diffractogram (see Figure A.2 of Appendix A) and with low
intensity. This observation is surprising, as electrodeposited
germanium is in general amorphous [35]. The fact that smooth
layers of all elements could be electrodeposited implies that any of
the elements studied can be used as the first layer of a precursor
stack and opens the possibility of studying different stacking
orders.

3.3. Co-electrodeposition of copper and germanium from propylene
glycol

In this section the simultaneous electrodeposition of copper
and germanium from PG is studied. The main aim of this study is to
obtain germanium-containing coatings with higher plating
efficiency than that of pure germanium electrodeposition. This
study follows on the works of Fink and Joi, who co-electro-
deposited CusGe from a cyanide and tartrate based aqueous
electrolytes, respectively [25,26]. Due to Kroger's mechanism, the
authors reported faradaic efficiencies ranging from 25% to 95%.
Hence, a similar effect should be observed when electrodepositing
from PG.

Figure 4 depicts the CV of PG containing 0.45M GeCl,; and
0.05M CuCl; on a molybdenum working electrode. The concen-
tration of germanium in this electroplating bath is nearly 10 times
higher than that of copper, in order to compensate for the low
faradaic efficiency of germanium deposition verified in sections 3.1
and 3.2 and thus achieve the co-deposition of both elements. On
the forward scan, a cathodic peak is recorded at around E=04V,
which corresponds to the Cu?*/* reduction, as observed in Figure
2b). At E=-0.4V a second cathodic current is recorded, which
continuously increases as the potential is swept more negative,
similar to the CV of PG containing GeCly (cf. CV 2) in Figure 4)). This
cathodic current leads to the deposition of material on the working
electrode and is the sum of at least three redox reactions: 1) the
reduction Cu*/®, 2) the reduction Ge**/° and 3) hydrogen evolution

1.0
0.5

0.0

-0.5 1
— 1) PG-CuCl,-GeCl,

104 /7 - 2) PG-GeCl,

j (A.dm?)

154

-2.0 1

'25 T T T T T T
20 -15 10 -05 00 05 10 15

E vs. Ag/AgClI (V)

Figure 4. CV of PG containing 0.45M GeCl, and 0.05M CuCl, on a molybdenum
working electrode is depicted in curve 1) (solid black line). The CV of PG containing
0.45M GeCl,4 on a molybdenum working electrode is depicted in curve 2 (dashed
red line). The scans were recorded at room temperature and with Vgea, =0.02 Vs,
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and/or formation of germane. On the reverse scan, a first oxidation
peak is observed at around E = 0.0V, corresponding to the stripping
of the copper and germanium deposited on the forward scan. A
second oxidation peak is recorded at E=0.5V and corresponds to
the oxidation Cu*/?*. Hence, the CV in discussion can be
approximately described by the sum of CVs in Figure 1b) and 1d).

In order to confirm that the deposition of a Cu-Ge alloy is
achieved, potentiostatic deposition was performed at potentials
ranging from -2.4V < E < -0.6V.

The chemical composition of the deposits, as determined by
EDX and ICP-OES, are shown in Figure 5a). Interestingly, for
deposition potentials more negative than E=-0.8V, the [Cu]/[Ge]
ratio is pinned to values around 3.0, suggesting the formation of
CusGe. In these results, the ratios determined by ICP-OES are
always higher than those determined by EDX, due to the loss of
germanium during the dissolution of the sample. This loss
probably occurs due to the formation of volatile germanium
hydride compounds. The XRD diffractograms of the same thin films
are depicted in Figure 5b) and show that Cu;Ge (JCPDS Database
2011 89-1146) is formed at potentials more negative than E=-0.8V,
as expected.

Metallic copper (JCPDS Database 2011 04-0836) is detected as
well, even on the layers deposited at the more negative potentials.
This observation combined with the results on the chemical
composition of the layers, suggest that there was not enough
thermal energy available to promote alloying throughout the
entire layer. If the copper detected would be in excess of the CusGe
stoichiometry, then the [Cu]/[Ge] ratio of the deposits would be

[Cu)/[Ge]

25 20 15 -1.0 -0.5
E, vs. Ag/AgCI (V)

) *Mo eCu,Ge
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E,=-22V
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Figure 5. a)[Cu]/[Ge] ratio of electrodeposited Mo/Cu-Ge thin films. These ratios
were measured by EDX and ICP-OES on thin films deposited from the same
electrolyte and at deposition potentials ranging from -2.4V <E4 <-0.6 V. b) XRD of
the same thin films.

greater than 3. The fact that germanium is not detected is related to
the poor crystallinity of this material, as previously discussed in
section 3.2. Figure 6a)-e) depict exemplary top-view SEM micro-
graphs of Mo/Cu-Ge thin films with [Cu]/[Ge] ratio around 3.0 and
electrodeposited at different potentials. In general, all the layers
display a compact morphology, but the layer deposited at E=-0.8 V
(see Figure 6a) contains crystals scattered on its surface, giving it a
rougher appearance. As the deposition potential becomes more
negative, the predominance of these crystals decreases and the
surface becomes smoother. This trend is apparent when comparing
the micrographs of films deposited between -2.2 < E; < -0.8V
(Figure 6a) to d)). The thin film electrodeposited at E;=-2.4V
(Figure 6e)) shows the smoothest surface. The corresponding
cross-section image is depicted in Figure 6f), confirming that the
layer is compact and that no voids are present. The plating
efficiency (®) of this deposition process was determined by ICP-
OES and the results are showed in Table 1.

As expected, the plating efficiency decreases as more negative
potentials are employed, thus ranging from 27% for E;=-0.8 Vto 7%
for E5=-2.4V. Although these values are still low, they represent an
improvement of at least seven times, when compared to the
electrodeposition of pure germanium. This improvement can be
related to the fact that the Cu-Ge alloy is more stable than pure
germanium, thus being more favourable to form. Ultimately, this
implies that, per electron transferred, more material is electro-
deposited from the Cu-Ge electroplating bath than from the
germanium electrolyte.

3.4. Conversion to semiconductor and solar cell characterisation

In order to fabricate solar cells, precursor stacks containing
copper, germanium and tin were thermally annealed in the
presence of sulphur and germanium(Il) sulphide, forming the
Cuy(Sn,Ge)S; semiconductor absorber layer. A Mo/Sn/CusGe
precursor stack was plated, since this deposition method has a
higher plating efficiency that a method involving the electrodepo-
sition of a pure germanium layer. The precursor stack was plated
with a chemical composition of [Cu]/([Ge+Sn])=2.0 and [Sn]/
[Ge]=0.5. Figure 7a) and b) show the top view and cross-section
SEM micrographs of the absorber layer, respectively. The top view
micrograph shows a compact layer, with a grain size below 1 pm.
The cross-section micrograph depicts a layer with a thickness of
around 1pm and which is compact in its bulk. However, the
interface between the absorber and molybdenum back contact
exhibits voids, which are detrimental for charge carrier transport
and thus for final solar cell efficiency.

After annealing, the chemical composition of the absorber was
determined by EDX and ratios of [Cu]/([Ge+Sn])=1.9 and [Sn]/
[Ge]=0.2 were obtained, indicating that tin was lost during the
annealing process. This loss occurs due to the evaporation of
volatile SnS, formed during annealing [13,36]. Simultaneously,
additional germanium was incorporated, due to the presence of
germanium sulphide vapour in the atmosphere. Figure 7c) depicts
the X-ray diffractogram of the absorber layer. Firstly, this
diffractogram shows reflections related to the molybdenum
substrate (JCPDS Database 2011 89-5023). Additionally, the
diffraction peaks located at 26 values around 29°, 34°, 48° and
54° are consistent with germanium-rich CTGS phase, since their
angular positions are close to those of CGS (JCPDS Database 2011
88-0827). These results show that formation of the semiconductor
was successful. After solar cell fabrication, a maximum device
efficiency of 0.7% was obtained (V=186 mV and Js.=-11.8 mA.
cm2), as shown by the illuminated current-voltage curve depicted
in Figure 7b). Although the efficiency is low, it is a first proof-of-
principle for this synthesis routine. Interpreting the causes of the
low efficiency from analysis of the J-V curve is difficult since the
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Figure 6. SEM top-view micrographs of Mo/Cu-Ge thin films electrodeposited at potentials ranging from -2.4V <E; <-0.6V are depicted in a) - e). The cross-section

micrograph of the Mo/Cu-Ge layer electrodeposited at E;=-2.4V is depicted in f).

Table 1
Plating efficiency (®) of the Cu-Ge electrodeposition process at potentials where
thin films with [Cu]/[Ge]=3.0 were obtained.

Eq vs. Ag/AgCl D%
-0.8 27
-10 19
-14 24
-16 13
-1.8 12
-2.0 9
2.2 6
—-24 7

data do not fit a simple model. A short circuit current of around
28.9mA.cm™ could have maximally been expected for a pure
1.5 eV band gap CGS device [37]. The absorption co-efficient of CGS
is around 10* cm™ [6] which would require a 2 micron thick
absorber, i.e twice as thick than what was synthesized here, for
complete absorption. Therefore the nearly three times lower
current than expected can be partially explained by the thinness of
the absorber layer. Still, this result shows that there is room for
significant improvement.

4. Conclusion
This work introduced a straightforward and versatile electro-

deposition an annealing method for the growth of CTGS absorber
layers. The electrochemical behaviour of copper, tin and

germanium in propylene glycol was studied. It was possible to
efficiently electrodeposit compact and smooth layers of copper and
tin onto molybdenum. The electrodeposition of germanium from
the same organic solvent was possible as well. However, the
current efficiency of the process was extremely low due to
hydrogen evolution and the formation of germane. Still, compact
and smooth germanium layers could be electrodeposited. To
improve the current efficiency, the co-electrodeposition of copper
and germanium was also studied and it was found that the CV of
the mixture was approximately a sum of the CVs of the individual
elements. Characterisation of the Mo/Cu-Ge thin films showed that
the intermetallic CusGe was formed over a wide potential range,
effectively pinning the [Cu]/[Ge] ratio of the deposit to values
around 3. Moreover, compared to the electrodeposition of
germanium, the plating efficiency of this process is more than
seven times higher. A CTGS absorber layer was successfully grown
and a solar cell with a maximum efficiency of 0.7% was prepared.
This low value could be correlated to too thin an absorber layer and
structural defects at the back electric contact/absorber interface.
The growth route here introduced allows growing precursors with
various stacking orders. Moreover, there is the underlying
possibility to control the germanium content of the precursor
and study its influence on the structural and optoelectronic
properties of the final absorber layer.
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