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Abstract. A method was developed for the electrodeposition of Cu-In-Ga precursor layers to elaborate
Cu(In,Ga)(S,Se)2 (CIGS) thin ﬁlms on silicon substrates for future application as silicon/wide-gap CIGS
tandem solar cells. An underlayer of Ag was ﬁrst deposited on silicon substrates to ensure a good adhesion of the
electrodeposited stack and to serve as cathode during the deposition process. Cu, In and Ga layers were then
sequentially electrodeposited. Ag-Cu-In-Ga precursor layers were ﬁnally subjected to elemental sulfur annealing
at 600 °C. Formation of compact and adherent AgCIGS is observed. X ray diffraction and photoluminescence
analyses conﬁrm the formation of wide-gap CIGS of about 1.6 eV, with a spontaneous gallium grading over the
depth of the sample leading to the formation of a bi-layer structure with a gallium rich layer at the interface with
silicon.
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1 Introduction
Cu(In,Ga)(S,Se)2 (CIGS) is a good candidate for tandem
solar cell applications thanks to the tunability of its
bandgap, modiﬁed by changing the ratios In/Ga and Se/S.
In particular, wide-gap CIGS can be efﬁciently combined
with silicon in tandem solar cells, the CIGS acting as
the top semi-transparent solar cell. Pure sulﬁde 1.55 eV
Cu(In,Ga)S2 (CIGSu) already reached efﬁciencies of 16.9%
via a two-step route consisting of the deposition of metals
followed by a reactive sulfur annealing [1,2]. Barreau et al.
also recently reported a 14.2% pure sulﬁde solar cell
deposited by coevaporation for a bandgap of about 1.65 eV
[3], together with an extensive study of the pure sulﬁde
CIGS system [4]. Bandgap engineering and efﬁciency
improvement can also be achieved by partial substitution
of copper by silver [5]. Recent investigations on (Ag,Cu)
(In,Ga)Se2 led to a 15.1% efﬁciency solar cell with a wide
bandgap of 1.45 eV [6] and to a 20.6% solar cell [7].
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A simulation of silicon/CIGS tandem solar cell was
published [8], showing the possibilities for achieving high
efﬁciencies. From the experimental point of view there are
only few studies available. One can mention the achievement of a 9.7% silicon/CuGaSe2 tandem solar cell with
monolithic integration [9]. The interface conﬁguration is
based on the deposition of a recombination layer of ITO
between the silicon and the CIGS. A recent study shows the
proof of concept of a monolithic Si/CZTS tandem [10]. The
interesting point is that the recombination layer at the
interface consists in a titanium nitride layer on a TOPCon
Si bottom cell. This layer also provides an efﬁcient diffusion
barrier for copper during the high temperature deposition
of CZTS. Our approach is to use a silicon n+/p+ tunnel
junction at the top of a silicon bottom cell as shown in a
recent paper by Fave et al. [11].
The fabrication process of CIGS for single-junction
solar cells has been widely studied, mostly to prepare
narrow-gap selenide or seleno-sulﬁde CIGS, and a record
efﬁciency of 23.35% was achieved by a two-step vacuum
process [12]. Non-vacuum deposition processes have also
been investigated, including electrodeposition which offers
the advantages of being a fast and easily upscalable
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process. An efﬁciency of 11.3% was obtained in 2004 with a
band gap of 1.45 eV [13] via co-electrodeposition of CISe
and sulfur annealing. Moreover, the Nexcis company
recently reported both a 17.3% efﬁcient cell and a 14%
60  120 cm2 module [14,15] via electrodeposition of stacks
Cu/In/Ga and selenization. These results were obtained by
depositing CIGS on a classical glass/molybdenum substrate. Co-electrodeposition of pure selenide CIGS on
silicon was reported by Saïdi et al. [16], however the ﬁlms
porosity limited the cells efﬁciencies to 3.8%. Less effort has
been devoted to the study of pure sulﬁde CIGS, however
very promising results were already achieved by Solar
Frontier [2] and IMN [3] as discussed previously.
In this context, we report on the development of a
process to prepare dense and adherent AgCIGSu layers on
silicon by sequential electrodeposition of Cu, In and Ga and
sulfurization, via the incorporation of an evaporated Ag
layer between the silicon substrate and the Cu/In/Ga
stack.

2 Experimental
AgCIGSu thin ﬁlms on silicon were obtained via a two-step
process, with the deposition of a metallic Ag-Cu-In-Ga
precursor on a silicon substrate, followed by a sulfurization
at high temperature.
The Silicon substrates used for this study were (100)
p-type doped Si wafers, etched for 30 s in a 5% HF solution.
A 50 nm thick silver layer was deposited by evaporation at
a rate of 0.1 nm/s on a surface of 25 cm2. Si/Ag samples
were etched in 1 M NH3 for 3 min, followed by the
deposition of Cu, In and Ga.
Copper, indium and gallium were sequentially
electrodeposited on Si/Ag. Metals were deposited from
commercially available aqueous electrolytes at high rates
of 200–300 nm/min. The deposition was performed in a
three-electrode setup with a mercury sulfate reference
electrode (MSE), allowing to record the variation of the
layer electrochemical potential throughout the process.
Copper, indium and gallium were deposited under
intentiostatic conditions at current densities of
12 mA/cm2 according to the following global electrochemical
reactions:
– Cu(II) + 2e ! Cu(0)
– In(III) + 3e ! In(0)
– Ga(III) + 3e ! Ga(0).
Copper was electrodeposited from an acidic OMNiCu
electrolyte from the commercial supplier KMG Ultrapure
Chemicals SAS (pH 0.9). Indium was deposited from an
Heliofab In 390 basic electrolyte from MacDermid Enthone
(pH 10). Gallium was deposited from an Heliofab Ga 365
basic electrolyte from MacDermid Enthone (pH 13.6). The
time needed to deposit a given thickness is calculated by
Faraday’s ﬁrst law of electrolysis, corrected for each metal
with its faradaic efﬁciency. This model accounts for parallel
cathodic reactions that do not directly contribute to the
metals reduction, such as hydrogen formation. The ﬁlms
composition can then be easily tuned by varying the
deposition time for each layer. All electrodepositions were

done under ambient atmosphere, at room temperature
under mechanical stirring in the electrolyte.
Si/Ag-Cu-In-Ga precursors were annealed in a tubular
furnace at 600 °C during 10 min in a graphite box
containing 60 mg of elemental sulfur powder, under ﬂowing
nitrogen at atmospheric pressure. The heating rate was
ﬁxed at 40 °C /min, and the oven was left to cool down
naturally, which typically takes about 3–4 h.
Scanning electron microscope (SEM) pictures and
energy-dispersive X-ray (EDX) spectra were taken with
a Zeiss Merlin compact microscope. The compositions of
sulfurized ﬁlms were measured by EDX on their crosssection. Microcrystalline structure of the layers was
analyzed by X-ray diffraction (XRD) on a PANalytical
 DY711 with Cu Ka radiation. Composition proﬁles were
measured by glow discharge optical emission spectroscopy
(GDOES) using a Horiba GD Proﬁler 2. Raw GDOES
intensities are non-quantitative, and were either normalized (Fig. 2a) or corrected with the global composition of
the AgCIGS ﬁlm (Fig. 3d). For the latter, the raw signals of
Cu, Ag, In, Ga and S were divided by their average value
over the whole AgCIGS ﬁlm (between 0 and 180 s
sputtering time) and multiplied by the atomic percentage
of the element in the layer. The Si raw GDOES signal was
simply multiplied by 80 to reach at maximum an arbitrary
value of 55. Photo-luminescence analyses were performed
using a Horiba Labram HR with an excitation wavelength
of 532 nm.

3 Results and discussion
3.1 Deposition of metallic precursor
The aim of this study is to develop an efﬁcient route to
synthesize CIGS on silicon substrates. To this end, direct
electrodeposition of Cu/In/Ga stacks on silicon was ﬁrst
attempted. While smooth and dense layers of copper were
obtained, the indium deposition required a large electrodeposition overpotential (3 V vs. MSE), causing a strong
hydrogen formation and subsequent delamination of the
weakly adherent copper layer on Silicon. To circumvent
this effect, a different approach was developed, consisting
of depositing a 50 nm layer of silver by evaporation on the
silicon’s surface. This intermediate layer offers two direct
advantages, (i) the adhesion of silver on silicon is greatly
improved compared to electrodeposited copper on silicon,
and (ii) its sheet resistance is estimated at 0.32 V/□, which
is sufﬁciently low to avoid passing the electrodeposition
current through the silicon solar cell and to prevent voltage
drops across the substrate’s surface. Cu, In and Ga metallic
layers depositions further decrease the sheet resistance
value. Furthermore, silver has been used as a contact on
silicon solar cells for more than three decades [17] and thus
should act as a protective layer at least as long as the
sulfurization or alloying with other metals does not occur.
The sequential electrodeposition of Cu, In and Ga on
silver is presented on Figure 1a, showing the evolution of
deposition potentials for each step. For all three metals, the
deposition potential rapidly reaches the steady-state values
of 0.76 V vs. MSE for Cu, 3 V for In and 2.4 V for Ga,
showing an excellent stability of the deposition process.

A. Crossay et al.: EPJ Photovoltaics 11, 11 (2020)

3

Fig. 1. (a) Electrodeposition potentials (vs. MSE reference electrode) on a 20 cm2 sample for ﬁxed current densities of 12 mA/cm2;
(b) photograph of a 4 cm  5 cm electrodeposited stack Cu/In/Ga on Si/Ag; (c) SEM cross-section image of a stack, four days after
deposition.

The deposition times were ﬁxed to achieve the CIGS
composition required for high photovoltaic performances.
The global chemical composition of CIGS is expressed as
CuxIn1yGayS2+z where x = 1, z = 0 and y is ranging from 0
to 1 for stoichiometric composition. These parameters are
conveniently expressed as two ratios, Cu to (In + Ga) and
Ga to (In + Ga) named as CGI and GGI respectively. Best
efﬁciencies reported in the literature are obtained both for
selenides or sulﬁdes with CGI <1 (0.8–1) and GGI about
0.3. The experiments were thus designed to achieve these
targets. In case of silver alloying, Cu content is replaced by
(Cu + Ag). A 1.8 mm thick AgCIGS ﬁlm requires the
deposition of 50 nm of silver, 190 nm of copper, 365 nm of
indium and 118 nm of gallium for GGI = 0.3 and CGI of
0.95. The plating efﬁciencies measured for this process were
of 0.73, 0.59 and 0.69 for respectively Cu, In and Ga. The
complete electrodeposition of Cu, In and Ga takes less than
3 min thanks to the use of concentrated electrolytes.
Macroscopic and microscopic images of the ﬁnal layers on
Figures 1b and 1c show that dense, smooth and adherent
precursors are obtained. Two distinctive layers are
observed on top of the silicon substrate (Fig. 1c), the

bottom one is well crystallized whereas the top layer seems
more amorphous and very ductile. The very rough interface
between these two layers is most probably due to the high
ductility of the top layer, causing it to extend during the
breaking process for the preparation of the cross section.
The top layer is thus protruding and partially hiding the
bottom layer on the image of Figure 1c.
Although all layers were deposited at room temperature, a very strong re-organization of the metals’ distribution is observed four days after their preparation, as seen on
the composition proﬁles of Figure 2a. Most of the indium
appears to have diffused towards the surface, leaving
copper and gallium at the back of the ﬁlm. A thin surface
layer of gallium is observed, most probably due to the quick
formation of an oxide layer after the electrodeposition of
gallium. XRD analyzes of Figure 2b conﬁrm these
observations, with the presence of strong indium phase
peaks, and smaller peaks of Cu and CuGa2. These
observations are very similar to previous results by Oliva
[18], who also describes an accumulation of most of the
indium at the surface of the thin ﬁlm after electrodeposition
of Cu/In/Ga stacks onto glass/Mo substrates. The same
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Fig. 2. (a) Composition proﬁle analysis by GDOES and (b) XRD pattern of Ag-Cu-In-Ga on silicon four days after electrodeposition
showing the redistribution of metallic elements. Inset is a magniﬁcation between 37° and 50°.

XRD peaks were also observed in their study, except for the
peaks that we attribute to the silver phase. The silver seems
to remain where it was originally deposited, that is,
between the Cu-In-Ga and the silicon. XRD analyses of
Figure 2b also detect a small signal from this silver phase.
The detection of silver between the silicon and the other
metals is a very good point, since this metal is supposed not
to be harmful for Si solar cells at room temperature as
discussed previously. However, the early detection of
silicon in the Ag-Cu-In-Ga ﬁlm (Fig. 2a) raises questions
about a possible diffusion process, either of silicon through
the deposited metallic ﬁlm or of metals into the silicon
wafer. Another possible explanation could be the presence
of In-Ga alloys melting at very low temperature, which
could cause de-wetting of the layer during the GDOES
ablation process.
We show here that this approach of using an
intermediate silver layer to electrodeposit Cu-In-Ga onto
silicon is successful. The process is fast, easily upscalable
and allows to tune the precursors composition by
simply varying the layers’ thicknesses, which is fundamental to optimize the fabrication of wide-gap CIGS on
silicon.
3.2 Sulfurized layers on silicon
The precursors described in the previous section were
subjected to a reactive annealing at 600 °C for 10 min in
presence of sulfur powder. Precursor composition optimizations led to the formation of a thin ﬁlm of overall composition Ag/(Cu + Ag) = 0.1; (Ag + Cu)/(In + Ga) = 0.95;
Ga/(In + Ga) = 0.3, very close to the target composition for
1.7 eV CIGS. This sample is described in the following.
SEM cross section images of Figures 3a and 3b show a
dense ﬁlm after annealing, with a two-layer structure
composed of a bottom ﬁlm with small grains and a top ﬁlm
with larger grains. EDX mappings and GDOES of the cross
section shown on Figures 3a, 3c and 3d indicate a strong
gradient of indium, gallium and silver in the depth of the
sample. The top layer is composed of an AgCIGSu phase
with a very low GGI ratio, with typical large grains,

whereas the back layer is mostly composed of small grains
of wide-GGI AgCIGSu. XRD measurements of Figure 4
conﬁrm the presence of at least two distinct phases, one
being indium-rich and the other gallium-rich. Silver
segregates at the front of the ﬁlm, in the low-GGI
AgCIGSu top layer.
The appearance of a signiﬁcant silicon signal approximately in the middle of the bottom wide-GGI AgCIGSu
layer could be due to the roughness of the ﬁlm, or to the
diffusion of silicon into the AgCIGSu ﬁlm.
XRD analyses of Figure 4 indicate two separate phases,
corresponding to the top low-GGI phase and the bottom
wide-GGI phase. Detailed analysis of the peaks positions
can provide information on substitution of copper atoms by
silver and of indium atoms by gallium: the larger radius of
silver atoms induces an increase of lattice parameters and
consequently decreases the peak position compared to pure
CuInS2.The opposite behavior is observed when substituting indium by gallium. The inset of Figure 4 shows the two
(112) peaks that are detected between 26.5° and 30°. The
peak at 27.7° conﬁrms the presence of silver in the low-GGI
phase. Assuming a GGI of 0 as indicated by the GDOES
data of Figure 3d, a value of Ag/(Cu + Ag) around 0.2 is
found. The second (112) peak at 28.9° is attributed to the
bottom wide-GGI layer. However, the composition of this
phase can not be exactly conﬁrmed by XRD, due to the
antagonistic effects of alloying with Ga and Ag.
A photoluminescence spectrum is presented in Figure 5.
It is characterized by a sharp peak centered at 1.52 eV and a
smaller peak at a lower energy of about 1.3 eV. Several
studies address the analysis of luminescence spectra of
copper indium gallium sulﬁde and copper indium sulﬁde as
recalled in a recent paper from Kim et al. [20]. This paper
deals with layers formed under copper rich and copper poor
conditions. It shows that luminescence spectra of layers
formed in copper rich conditions present low energy
transitions around 1.35 eV attributed to deep levels,
probably CuIn and VIn and high energy transitions at
1.54 and 1.62 eV attributed to band to band transitions.
In the case of ﬁlms grown under copper poor conditions, the
deep level contribution at 1.35 eV was suppressed and a
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Fig. 3. (a) SEM cross section colorized with EDX intensities of In in blue and Ga in yellow, (b) SEM top view tilted, (c) SEM cross
section image colorized with EDX intensity of Ag in green, (d) GDOES analysis of AgCIGSu on silicon. Raw intensities are corrected as
described in the experimental section to give an estimation of atomic percentages in the AgCIGS ﬁlm.

Fig. 4. XRD pattern of Si/Ag/Cu-In-Ga sample after 600 °C
sulfurization. Inset is a magniﬁcation between 26.5° and 30°.
References are taken from [19].

band to band transition maintained at 1.53 eV. These ﬁlms
were associated to a better PV quality. In the previous
study by Barreau et al. on CIGSu ﬁlms prepared by
coevaporation [3], similar trends were observed, with a
decrease of the deep level peak when the deposition
temperature was increased. In our case we observe similar
luminescence spectra and can attribute the high energy

Fig. 5. Photoluminescence spectrum of Si/Ag/Cu-In-Ga sample
after 600 °C sulfurization.

peak to band to band, or shallow level to band transitions
[20] in the top layer with a low GGI, and the lower energy
peak to similar deep levels.
Spontaneous in-depth GGI grading has already been
reported during the sulfurization of metallic precursors on
glass/Mo by Hiroi et al. [21], and was shown to be beneﬁcial
for the cells performances, thanks to bandgap grading
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which could improve electron-hole separation by accelerating the drift of electrons toward the space charge region
and prevent back contact recombination. The previously
mentioned publication of Kim et al. [20] also reports the
formation of a gallium gradient. A similar effect was
observed as well by Barreau et al. [3] in the case of a
coevaporated CIGSu layer on glass/Mo substrates showing
that it is a fundamental trend in sulﬁdes. The corresponding cell gave an efﬁciency of 14.2% [2]. As indicated before,
a very similar PL signature is also observed, which overall
is very promising for our material.

4 Conclusion
In this work, we report on a fabrication process of CIGS for
silicon/CIGS tandem solar cells, consisting in the electrodeposition of metallic precursors on (100) silicon, followed
by a sulfur annealing. The precursors are prepared by ﬁrst
depositing a thin layer of Ag on the silicon’s surface, which
serves as a cathode for the electrodeposition processes
independently of the properties of the silicon substrate.
This is highly suitable for replacing the silicon wafer by a
complete solar cell in the future. After Ag deposition, Cu,
In and Ga are sequentially electrodeposited. The electrodeposition process is very fast, the whole stack being
deposited in less than three minutes, and produces
adherent, dense and smooth Cu/In/Ga layers on 20 cm2
silicon substrates. Conversion of the layers to AgCIGSu
was performed in a short time scale of 10 min without
optimization of process time. After optimization of the
precursors composition, a sulfurized ﬁlm with a measured
composition of (Cu + Ag)/(In + Ga) = 0.95 and Ga/(In +
Ga) = 0.3 was achieved. The layer presents very promising
adhesion and density, and EDS mapping and GDOES
analyses display the formation of two layers, the top one
being indium-rich and the bottom being gallium rich. XRD
and PL measurements conﬁrmed the presence of these two
phases. The strong similarity between this material and the
CIGS reported in [3] in terms of bi-layer structure,
composition and PL and XRD signatures indicate that
our material is compatible with high efﬁciency widebandgap solar cells, making it a strong achievement on the
way towards monolithic tandem Si/CIGS solar cells.
Furthermore, the high deposition rates and short global
time of our process offers a great compatibility with
industry high-throughput requirements for low cost
processing of new generation silicon tandem cells.
This project has been supported by the French Government in the
frame of the program of investment for the future (Programme
d’Investissement d’Avenir  ANR-IEED-002-01). The authors
would like to acknowledge the help of their group members at
IPVF, with special thanks to Sophie Gaillard for substrates
etching.
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