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Electrodeposition and post-annealing is a potentially low-cost industrial growth route for Cu(In,Ga)(S,Se)2 solar
cells. Nevertheless, this process is limited by the difficulty to introduce gallium in the precursor and by the
segregation of gallium during the annealing step. Previously, we countered the former problem by co-
electrodepositing In and Ga from a Deep Eutectic Solvent, accurately controlling the Ga/(Ga + In) (referred to
as Ga/III) ratio of the precursor. In order to avoid segregation we employed a three-step annealing procedure, in-
troducing a limited quantity of sulphur on the surface of the absorber. In thiswork, absorbers and solar cells orig-
inating from electrodeposited precursors with 0.10 ≤ Ga/III ≤ 0.72 are characterised. X-ray diffraction results
show that the Cu(In,Ga)Se2 112 peak shifts to higher angles with increasing Ga content, in agreement with the
expected composition values. Additionally, these results show identical incorporation of sulphur in all samples.
Photoluminescence, external quantum efficiency, and current–voltage measurements corroborate the X-ray dif-
fraction results. Controlled incorporation of Ga, over a large Ga/III range, is achieved for electrodeposited and
post-annealed Cu(In,Ga)(S,Se)2 absorbers. A maximum solar cell efficiency of 9.8% was obtained.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Solar cells based on Cu(In,Ga)(S,Se)2 (CIGSSe) are one of the best
performing thin film technologies, achieving efficiencies of 21% in the
laboratory environment [1]. However, these devices are produced by
vacuum methods, which prevent cost reduction at industrial level.
Electrodeposition and post-annealing (EDA) is a low-cost growthmeth-
od which can replace these evaporation methods. This process is hin-
dered by two factors: i) The electrodeposition of Ga from aqueous
electrolytes is hindered by the occurrence of the competing Hydrogen
Evolution Reaction during deposition, reducing the process efficiency
[2] and leading to the incorporation of oxides and hydroxides; and
ii) Ga commonly segregates to the back of the absorber layer during
annealing, forming a CuInSe2/CuGaSe2 system. In our previous work,
we reported on the efficient electrodeposition of Cu(In,Ga) metal pre-
cursors with controlled composition (0 ≤ Ga/(Ga + In) ≤ 1), by using
a non-toxic and inexpensive deep eutectic solvent as electrolyte [3–5].
In the following discussion, the Ga/(Ga + In) ratio will be referred to
as Ga/III, for simplicity.

Gallium segregation typically occurs in two-step processes such as
EDA [2] and sputtering and annealing [6], severely hindering solar cell
performance due to the open circuit voltage (Voc) limitation.
+352 466644 36156.
).
Recently Kim et al. reported a three-step annealing process, for co-
sputtered metal precursors, avoiding Ga segregation and delivering
absorber layers with nearly flat Ga profile in the bulk and a slight Ga
depletion near the surface [7,8]. In this work, we apply the annealing
method developed by Kim and co-workers to electrodeposited metal
precursors. We show that this process is adequate to treat our precur-
sors and demonstrate that CIGSSe, with varying Ga content, can be
grown from electrodeposited precursors. To this end, semiconductor
properties and solar cell electrical parameterswere studied as a function
of the Ga/III ratio in CIGSSe absorbers, since these consistently change
with different Ga content. In this manuscript the acronym for the
chalcopyrite compounds will end in “Se” for pure selenide materials
(e.g. CISe, CGSe) and in “S” for pure sulphide materials (e.g. CIS, CGS).

2. Experimental

The Cu(In,Ga)metal precursors used in this studywere deposited by
electrodeposition from a deep eutectic solvent. Extensive details can be
found in Ref. [4]. Briefly, a copper layer was electrodeposited on a soda
lime glass (SLG) substrate with a sputtered Mo coating, followed by in-
dium and gallium coelectrodeposition. These metal precursors were
then annealed at the Institute of Energy Conversion of the University
of Delaware (IEC) with the process described in Ref. [8]. In short, this
process comprises three different steps. The first step consists of anneal-
ing the precursor in the presence of H2Se, followed by a second thermal
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treatment solely in the presence of inert Ar gas. In the third and last step
the films are annealed in the presence of H2S, introducing a limited
quantity of sulphur into the surface of the absorber (S/(S + Se)≈ 0.1)
[8]. The composition and thickness of the absorbers were measured by
X-ray fluorescence (XRF) in an X-Strata by Oxford Instruments. The
crystal structure of the films was characterised by X-ray diffraction
(XRD) using a Brüker D8 Discovery diffractometer. The wavelength of
the incident radiation was λ = 1.5418 Å (Cu Kα). Room temperature
photoluminescence (PL) measurements were carried out by exciting
the absorbers with the Ar ion laser 514.5 nm line. In order to collect
the PL photons, both InGaAs and Si detector arrays were used. Solar
cells were finished in the configuration SLG/Mo/CIGSSe/CdS/i-ZnO/
ITO/Ni–Al. Details on the deposition of the last four layers of the solar
cell can be found in Ref. [8]. Three individual solar cells, each with a
surface area of 0.47 cm2, were fabricated on each absorber. Within
the same absorber, the device efficiency varied, on average, by 59%,
herewe only consider the best performing solar cell fromeach absorber.
External quantum efficiency (EQE) measurements were performed
on the solar cells as well as current density–voltage (j–V) measure-
ments under simulated AM 1.5 illumination at 25 °C and with an inten-
sity of 1000 W·m−2. The j–V measurements were performed over
the full area of the device and the EQE measurement area was a spot
with a surface area of 4 mm2. All solar cell parameters were extracted
from the illuminated j–V curves, except for the parallel conductance
which was extracted from the dark j–V curve, using the method
described by Hegedus et al. in reference [9]. Secondary ion mass
spectrometry (SIMS) measurements were performed in a CAMECA SC-
Ultra instrument. The in-depth composition profiles were obtained
via bombardment with 133Cs+ ions, accelerated with 4.5 kV. In order
to minimise matrix effects, gallium and sulphur were measured as
GaCs+ and SCs2+ clusters, respectively. The area of analysis had a diam-
eter of 33 μm. The depth axis was estimated using the value of the ab-
sorber layer thickness obtained by XRF.

Table 1 presents the XRF results on the Cu/(Ga+ In) (Cu/III) and the
Ga/III ratios for the different absorbers, which are named in text by GA
followed by their Ga/III ratio determined by XRF. From Table 1 one can
observe that the absorbers are Cu-poor, in line with the expected
value of 0.85, except for sample GA048 which is near stoichiometric.
All absorbers present a thickness around 1300 nm and were subjected
to the same annealing process, only absorber GA048 was formed in a
different run under the same conditions.

3. Results and discussion

First we characterise absorbers with different Ga contents and the
corresponding solar cells. The characterisation focuses on the optoelec-
tronic properties of the semiconductor and on the electrical perfor-
mance of the solar cells. These results demonstrate that the employed
annealing is efficient in delivering CIGSSe with controlled bandgap
and avoid CISe/CGSe segregation. Then the most efficient solar cell is
discussed.

Fig. 1a depicts the normalised intensity XRD diffractograms of
CIGSSe absorbers with different Ga content measured in a θ–2θ config-
uration around the chalcopyrite 112 plane.
Table 1
Absorber composition obtained from different characterisationmethods and solar cell paramete
the values.

Absorber Cu/III
(±0.02)

Ga/III as obtained from:

XRF (±0.02) XRD (±0.03) CIGSe XRD (±0.03) CIGS

GA048 0.98 0.48 – –

GA013 0.93 0.13 0.08 0.09
GA035 0.86 0.35 0.32 0.34
GA057 0.85 0.57 0.53 0.57
GA072 0.83 0.72 0.65 0.73
The diffractograms show that all peaks are located between the
pure CISe and CGSe 112 maxima (JCPDS card-files 40-1487 and 31-
0456, respectively) and shift to higher angles with higher Ga/III ratio,
as expected [10]. Less intense peaks are detected for 2θ ≥ 27.9°, corre-
sponding to CIGS phases. The normalised intensity of the CIGS peaks is
below 0.05 and similar in all diffractograms, suggesting limited and
identical sulphur incorporation in all absorbers. Additionally, Kim and
co-workers observed that sulphur was present solely on the surface of
the absorber (around 50–60 nm), which is in accordance with the
SIMS results in Fig. 1b [8]. These observations indicate that the shift of
the CIGSe 112 peak is not related to sulphur incorporation, but rather
gallium.

The full width at half maximum (FWHM) of the peakwas calculated
using the equation in Ref. [11] and varied between 0.19° and 0.23°. This
result is similar to what was obtained for evaporated CIGSe layers with
different Ga contents. In their work, the authors obtained 0.15° ≤
FWHM ≤ 0.19° for the 112 peak [12].

The near identical FWHM and the fact that the 112 peaks have a
symmetric shape, suggest that in the bulk of the absorber there is no sig-
nificant Ga gradient. Although XRD analysis shows no signs of Ga segre-
gation, SIMS analysis reveals Ga accumulation at the back of absorber
GA072, suggesting its presence in a Ga-rich CIGSe phase (cf. Fig. 1b).

The Ga/III ratio of the absorbers was derived from both the CIGS
and the CIGSe 112 peak positions. This derivation process involves
three steps: in the first, the lattice parameters, with varying gallium
content, are calculated using the models in Ref. [13] for CIGSe and Ref.
[14] for CGS, being followed by the determination of the respective
112 interplanar distances, using the equation for the tetragonal crystal
lattice system. In the third step, the reference 112 Bragg angles are cal-
culated usingBragg's Law and the calculated interplanar distances.With
these calculations, a range of Bragg angles, which are related to the gal-
lium content, are obtained and thus the Ga/III ratio can be derived from
the peak position. The values obtained are present in Table 1. The uncer-
tainty associated to these values derives from the position of theMo110
peak, which was constantly shifted by +0.03° from its reference posi-
tion (JCPDS card-file 42-1120), giving rise to a deviation of 0.03 on the
Ga/III ratio.

The Ga/III values obtained from the CIGSe peaks are systematically
lower but in good agreement with the ones obtained by XRF. Regarding
the CIGS 112 maxima, the derived Ga/III values are coincident with
those determined by XRF. This result suggests slightly higher gallium
content at the surface. Additionally, the fact that the Ga/III values ob-
tained by XRF and from the two sets of XRD peaks are in good agree-
ment, indicates that there is little intermixing between the selenide
and sulphur phases.

As previously referred, from the XRD data it is concluded that, at the
surface, the Ga content is higher. This observation is in agreement with
the SIMS profile in Fig. 1b for all absorbers. However, the same plot
shows that at the CIGSe/CIGS interface there is Ga depletion on the
CIGSe side. It is known for SIMSmeasurements that a change in thema-
trix, i.e. a transition from CIGSe to CIGS, can change themeasured inten-
sity for the same element, in this case Ga. However, the existence of this
v-shaped Ga gradient (schematised in Fig. 1c) appears to be real, as ad-
equately explained by the following PL results.
rs as obtained from j–V analysis. The figures between brackets are the errors associated to

η/% FF/% Voc/mV Jsc/mA·cm−2

PL (±0.01) EQE (±0.05)

– – 9.8 54 676 27.1
0.04 0.00 7.3 48 467 32.4
0.20 0.22 6.1 42 551 26.3
0.30 0.46 5.4 38 635 22.6
0.35 0.60 4.8 39 672 18.6



Fig. 1. a) Normalised XRD diffractograms of CIGSSe absorbers. SIMS gallium (thicker lines) and sulphur (thinner lines in orange) profiles of CIGSSe absorbers are depicted in b). The naming
of the sulphur profiles follows the same line style as that of the gallium profiles. The depth of analysis of each characterisation method is shown in c). The same figure schematises the Ga
profile in the absorber. It is intended to highlight the V-shape profile at the CIGSe/CIGS interface. The normalised room temperature PL spectra are depicted in d). The external quantum
efficiencymeasurements of thematching solar cells are depicted in e) and f) shows their dark (in grey) and illuminated j–V curves. The naming of the dark j–V curves follows the same line
style as that of the illuminated curves. The inset in plot e) depicts the bandgap determination from the EQE data.
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Fig. 1d depicts the room temperature PL spectra of the absorbers. PL
peaks corresponding to band-to-band transitions are observed and shift
to higher energies with higher Ga content, as expected [10]. Although it
was expected to observe two sets of peaks, one set for CIGSe and one set
for CIGS, no CIGS PL peaks are detected. This result suggests that the
CIGS layer on the surface is highly defective and dominated by non-
radiative recombination. Another possibility is that charge carriers
generated at the CIGS layer diffuse to the CIGSe bulk, driven by the dif-
ference in the energy bands, due to the different bandgaps. Thus, the re-
combination of these charge carriers would contribute to the CIGSe PL
signal. It is observable that the CIGSe peaks become broader with in-
creasing Ga/III ratio, indicating that for the same interaction volume, a
wider range of bandgaps, i.e. Ga/III ratios, are detected. Such a finding
is related to the Ga depletion found at the Se side of the CIGSe/CIGS in-
terface (Fig. 1b and 1c) and to the fact that the PL signal comes from this
region, since the laser penetration depth (depicted in Fig. 1c) is around
100 nm [15]. Additionally, this observation indicates the Ga gradient at
this interface is increasingly steeper with the Ga content, since there is a
wider range of bandgaps for the same probed volume. SIMS analysis
confirms this trend (cf. Fig. 1b). From the peak position, the Ga/III
value is calculated using the equation present in Ref. [16], which relates
the bandgap to the gallium content. The error of the PL is approximately
10 meV due to the difficulty in determining the peakmaximum, imply-
ing an uncertainty on the Ga/III ratio of 0.01. The calculated Ga/III values
are in Table 1. These values are lower than the ones determined by XRD
and XRF. The difference increases with the Ga/III ratio as a consequence
of the steeper Ga gradient at the CIGSe/CIGS interface. Therefore, the
bandgap obtained from these measurements is not representative of
the bulk of the absorber. Nonetheless, since the PL signal is originating
from pure selenide material, the variation of the bandgap is due to dif-
ferent Ga content. Additionally, the PL data in combination with the
XRD results, confirms the v-shaped gradient at the CIGSe/CIGS interface,
as depicted in Fig. 1b.

Fig. 1e depicts the EQE of the corresponding solar cells. In general,
themagnitude of the EQE across the entire wavelength range decreases
as the Ga/III ratio increases. Cell GA035 is an exception to this trend, but
by a marginal difference. Such observation suggests that the perfor-
mance of the solar cell becomes worse with higher Ga content and is
in line with previous findings [17]. Nonetheless, the magnitude of the
EQE curve for cell GA035 is much lower than expected since its Ga con-
tent is near the empirical ideal value, suggesting that other factors limit
the performance. The inset in Fig. 1e shows the bandgap determination
from the EQE measurements. The bandgap increases with the Ga/III
ratio as expected and in line with the PL results. The Ga/III ratio was
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extrapolated from the bandgap, however its error is higher than the PL-
calculated value, since it is based on an indirect measurement of the
bandgap and because it can be influenced by a poor charge carrier col-
lection. For GA013 the Ga/III ratio as deduced from the bandgap is
zero, in contrast with the values from the other methods, but still com-
patible to the one obtained by PL. For device GA035, a Ga/III = 0.22 is
calculated from the EQE, which is in line with the value from PL, but
lower than the ones obtained by XRD and XRF. For the remaining de-
vices, the Ga/III ratio is higher than the ones obtained from PL and in-
creasingly closer to the values given by the XRD. These observations
indicate that there is a slight gallium gradient in the bulk of the absorber
as well (Fig. 1c). The bandgap is obtained by evaluating the EQE for
λ N 800 nm and photons of these wavelengths are absorbed until
500 nm depth (Fig. 1c) [15]. Hence, for an increasing gallium content,
the closer the composition is to the value derived from the XRD, the
narrower the graded region in the bulk is. This observation is supported
by SIMS analysis, despite the differences being small and film GA072
displaying Ga accumulation at the back (cf. Fig. 1b). Moreover, the Ga
profile is flatter with higher Ga/III, even for film GA072, if the region
with Ga accumulation at the back is disregarded.

This observation is in good agreement with what was discussed by
Marudachalam and co-workers, who reported that the homogenisation
of theGa profile in CIGSewith lowerGa content requires higher temper-
atures or longer annealing times [18].

Fig. 1f presents the j–V curves of the corresponding solar cells. The
electrical parameters for these devices are shown in Table 1.

The efficiencies of the devices decrease with increasing Ga/III, in line
with the expectations from the EQE results. The open circuit voltage
(Voc) increases with higher Ga content while short circuit current
density (Jsc) decreases. Both trends are in line with the theoretical
expectations and are linked to the bandgap increase with higher Ga
content [19]. The Jsc values from the j–V curves for devices GA035,
GA057 and GA072 are 16–45% higher than the ones obtained by inte-
grating the product of the EQE by the AM1.5 photon flux. This observa-
tion suggests that the absorbers are not laterally uniform because the Jsc
obtained from j–V is normally only up to 5% lower than the Jsc obtained
from EQE due to shadowing from the grid. This relation is only true for
device GA013. The variation of the fill factor (FF) is not pronounced
and only device GA013 presents a FF higher than the others. None-
theless these FF values are low compared to literature values for de-
vices originating from co-evaporated and electrodeposited precursors
[20,21]. Shafarman et al. obtained identical trends across the entire pa-
rameter range for co-evaporated devices with varying Ga content [12].
From the j–V curves it is possible to conclude that the efficiencies of
the solar cells are hindered by the series resistance and the parallel con-
ductance. The former parameter varies between 3.7 and 11.7Ω·cm2. As
for the parallel conductance, it ranges from 1.0 to 12.4 mS·cm−2. How-
ever, these values are, on average, 50% lower than those extracted from
the illuminated j–V curves, indicating there is an illumination depen-
dent behaviour. Both the shunt conductance and the series resistance
are ten times lower for solar cells with double the efficiency [12].
These factors help understand why the EQE response of the devices
was mediocre. Additionally, the CIGS layer can also limit device perfor-
mance, since PL results suggested that it is dominated by non-radiative
recombination.

Fig. 1f shows the j–V curve for cell GA048,whichhad Cu/III= 0.98. A
maximum9.8% efficiencywas obtained, with a Voc of 676mV and a Jsc of
27.1 mA·cm−2. Solar cells obtained from coevaporated absorbers with
similar Ga/III ratio yielded Voc = 801 mV and Jsc =28.5 mA·cm−2

[17]. The increase in the FF, relative to the previous series of solar
cells, was the main factor behind the increase in efficiency. This is relat-
ed to the decrease in the series resistance and in the shunt conductance.
Still, there is a large difference between the parallel conductance in the
dark andunder illumination, showing that there is a light dependent be-
haviour. Additionally, both the series resistance and parallel conduc-
tance are still high when compared to literature values. A material
property which can be responsible for these improvements is the
Cu/III ratio of 0.98 of the absorber. In the previous set of solar cells,
the highest efficiency was achieved for the absorber with the highest
Cu/III ratio (GA013) as well and it is empirically known that the ideal
value for the copper content is around 0.90 [13]. Thus, in the case of
GA048, the higher copper content in combination with the higher
gallium content delivered a device with efficiency higher than
GA013. Fig. 1e presents the corresponding EQE of cell GA048. A max-
imum EQE of around 80% is observed and from integration a value of
Jsc = 30.7 mA·cm−2 was obtained. This value is more than 5% higher
than the Jsc measured by IV, suggesting that, as previously observed,
the absorber is not laterally homogenous. This result shows that fur-
ther improvements are possible. At this time the source of the mac-
roscopic lateral inhomogeneity is not understood.
4. Conclusion

In this work we have shown that the IEC 3-step reaction process is
able to deliver CIGSSe absorbers without gallium segregation, originat-
ing from electrodeposited metal layers. The structural, optical and elec-
trical properties of the absorbers and corresponding solar cells were
studied as a function of theGa/III. It was verified that all parameters var-
ied according to both theoretical expectations and previous experimen-
tal studies. It was shown that the absorber consists of a CIGSe/CIGS
system, with no signs of chalcogen intermixing. Additionally, it was ob-
served that depending on the Ga content of the absorber, the optoelec-
tronic properties changed due to a different Ga gradient at the of CIGSe/
CIGS interface. The best solar cell showed an efficiency of 9.8% with a
high Voc of 676 mV. Nonetheless, these results were still hindered by
high shunt conductance and series resistance. Moreover, no PL signal
originating from the CIGS layer was observed, suggesting that this
layer is defective and detrimental to device performance. To conclude,
this work clearly demonstrates that the IEC 3-step reaction method is
adequate and promising for EDA and that efficiencies above 10% can
be achieved.
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