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In current work we report the electrochemical deposition of In,S3 thin films from a In(ClO4)3 and Sg in
dimethylsulfoxide (DMSO) solution. Potenciodynamic experiments were conducted to study the
electrochemical response of the precursors in the organic solvent. Chronoamperometric measurements
allowed to establish the nucleation-growth mechanism of the indium sulfide phase and also to build a
proper potential step program for achieving adherent good quality thin films. SEM micrographs
exhibited complete substrate coverage whereas EDAX analysis gave In/S ratio very close to */s.
Grazing XRD analysis showed that the films were grown in the tetragonal phase without the presence
of oxide or hydroxide phases as usually is reported in aqueous medium. Results open the possibility of
applying the procedure to the electrodeposition of an alternative In,S; buffer layer onto copper indium
diselenide substrates for evaluating the performance of the corresponding solar cell.
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1. INTRODUCTION

Most promising materials for the use as light absorbers in thin film solar cells are chalcopyrites
type semiconductors such as CulnS, or CulnSe;,, including solid solutions such as Cu(In,Ga)Se; [1].
They are generally well-known as CIS semiconductors and have gained enhanced importance as solar
absorbers in thin-film solar cells, with laboratory efficiencies exceeding 18% [1-4]. CIS absorbers
need a buffer layer (BL) to form photovoltaic heterojunctions, currently one of the best buffer
materials for this purpose is a thin CdS film [5]. It is a wide band gap semiconductor (Eq (CdS) = 2.4
eV), which is mainly prepared by vacuum methods but the highest efficiencies for n-CdS/p-CIS
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photovoltaic heterojunction are obtained with CdS manufactured by chemical bath deposition method
(CBD). This method favors the n-CdS/p-CIS interface because offers a good coverage, low
temperature deposition, chemical passivity and lack of the bombarding energetic species. However, the
use of cadmium in PV devices is undesirable from the viewpoint of environmental safety [6] and
serious efforts have been made to substitute the CdS buffer layer by other non-toxic low-absorbing
materials.

In,S3 is one of the possible candidates to replace CdS as buffer layer. This compound is an n-
type semiconductor that can be found under three polymorphic forms: a defect cubic a-In,Ss structure
under ambient conditions which changes to a defect spinel B-In,S3 at 420°C and, to a layered structure
v-In,S3 at 740°C [7-9]. Depending upon the type and composition, the band gap reported for In,S;3
compound varies between 2.0 and 2.45 eV [10]. Hetero-junctures as CIGS/B-In,S; [11] or
CIS/In(OH,S) [12] have been built by CBD with conversion efficiencies of 15.7% and 11.4%
respectively. This demonstrates that comparable conversion efficiencies can be obtained respect to
commonly used CdS buffer (ca. 16% [13]). Atomic layer deposition [14], metal organic chemical
vapor deposition [15] and ion layer gas reaction [16] have been also employed to form In,S; thin
layers onto CIS.

Electrodeposition, a widely used industrial process for large surface coating which has been
successfully used to prepare semiconductor films, is another interesting alternative for In,S; synthesis.
The method allows the control of the bandgap width and the doping level through the control of
variables such as solution composition, applied potential, pH and working temperature. Furthermore,
monitoring the circulating charge it is also possible to control the thickness of the deposited layers.
N.R. Tacconi et al. [17] employed the under-potential deposition of indium onto a sulfur-modified
gold substrate to form an indium sulfide alloy. Through combined cyclic photovoltammetry and
electrochemical quartz crystal microgravimetry scans, the authors demonstrate the growth of this film
and its n-type characteristic. Later on, B. Asenjo et al. [18] carried out the electrochemical deposition
of In,S; thin films from an aqueous acid solution of Iny(SO4); and Na,S,03 onto Mo glass substrate.
They demonstrated the one-step electrochemical deposition of B-In,S3 films with good mechanical
properties through reductive cyclic voltammetry. However, a secondary In,Oz; phase appears on
thinner films formed by parallel chemical precipitation or reduction with the dissolved oxygen during
the first deposition stages, finally obtaining an In;S; — In,O3 mixture. The authors justified the
presence of this phase considering the electrochemical reduction of H" and the chemical oxidation of
In*. Both reactions produce a local pH increase close to the substrate surface, giving rise to chemical
precipitation of indium oxides and hydroxides. Mixtures of oxide and hydroxide phases have been
found when In,S; is electrodeposited either onto Mo-coated, ITO-coated glass, CulnS,/Mo [19] or
CIGSe substrates [20].

The use of organic solvents for the electrochemical synthesis and characterization of buffer
materials has not been reported so far. Some of the advantages of this solvent are: high boiling point,
dielectric constant that allows the solubility of salts, chalcogen precursors in elemental state (O, Sg
and Se), chemical stability and a wide potential window to drive electrochemical reactions that are not
possible in aqueous solution. R. Henriquez et al. demonstrated that it is possible to form binary
compound starting from the electrochemical reduction of the elementary chalcogen precursor and the
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consecutive formation of a chalcogenide anion that further precipitates heterogeneously onto the
surface of a convenient substrate for the formation of 11-VI semiconductors [21, 22]. The same group
employed a mixture of molecular oxygen and elementary Sg, both dissolved in DMSO, to synthesize
Zn0,-ZnS mixtures [23]. These were obtained at 100°C applying a potential that favored the
combined reduction of both chalcogen precursors. The direct reduction of chalcogen precursor in
elemental state can give: (i) an oxide phase without the presence of hydroxides that increase the band
gap value of the film that acts as BL material and, (ii) films with a proper stoichiometry thanks to the
slow mechanism of heterogeneous precipitation. The absence in the solution of chalcogen precursor in
oxidation state V1 also avoids the possible contamination by elementary chalcogen in the film.

In current work we report on the electrodeposition of In,S; in DMSO solution employing
indium perchlorate and elemental sulfur as precursors. After a previous voltammetric and
chronoamperometric study a potential step potentiostatic program was designed to obtain adherent
films with an appropriate stoichiometry. Besides, their optical and structural properties are in good
agreement with those reported in the literature.

2. EXPERIMENTAL

In,S3 films were prepared by pulsed potentiostatic electrodeposition from a DMSO solution
composed of 50 mM of sulfur (Sg, Merck 99.8%), 40 mM indium perchlorate (In(ClO4)3, Aldrich 98%)
and 10 mM potassium perchlorate (KCIO,4, Aldrich >99%) as supporting electrolyte. The temperature
of the electrolytic bath was 70°C. The working electrode substrates were glass plates coated with FTO
(SnO,:F). The electrodes were rinsed and subsequently cleaned in an ultrasonic bath with acetone and
chemically treated in fresh 1 M nitric acid solution for 20 min at room temperature to improve the
adherence of the films. Then, they were carefully rinsed with distilled water and dried with a nitrogen
stream. The electrodeposition potentials were performed applying a pulsed E/t program using a three-
electrode conventional arrangement. The counter electrode was a platinum wire (99.99%) and a
Ag/AgClgy. (E°=+0.199 V vs. NHE) was used as reference electrode, all the potentials reported in this
work refer to this electrode. Electrochemical measurements were performed using an Ecochimie
Potentiostat/Galvanostat, Autolab PGSTAT100 model. Scanning electron microscopy (SEM) images
and quantitative elemental analysis were obtained using a Jeol instrument, JSM 6300 model. X-ray
diffraction spectra of thin films were recorded on an X-ray diffractometer, Rigaku Ultima IV, using a
parallel beam in grazing incidence. In this configuration the angle of the incident beam remains
constant (6;) while the detector angle moves 260. The parallel beam was obtained by passing the Cu-K,
radiation of an X-ray tube through a CBO module. The samples were scanned from 26 = 15 to 60° in
steps of 0.02° at a speed of 1°/min. Optical properties were monitored by transmittance using a Xe
lamp in association with a 550 mm Yvon-Jobin Triax-550 spectrophotometer using a back-thinned
CCD detector (Hammamatsu) optimized for the UV-VIS range.
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3. RESULTS AND DISCUSSION.

3.1. Voltammetric study
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Figure 1. Potentio-dynamics responses of: a) (----) 10 mM KCIO, supporting electrolyte and (—) 50
mM Sg +10 mM KCIOy4, b) 40 mM In(ClOg4); +10 mM KCIO,4 and ¢) 50 mM Sg + 40 mM
In(ClO4)3 + 10 MM KCIO, system in DMSO solution. Cathodic and anodic scan rate employed

0.020 Vst and T = 70° C.

Figure 1 shows the first cycle of the potentiodynamic responses of the precursors, separately
and mixed, involved in the indium sulfide electrodeposition. In Figure 1(a), no evident electrochemical
processes associated with the supporting electrolyte can be seen in the potential interval considered. In
presence of 50 mM Sg, an small cathodic current starts at around —0.60 V followed by a progressive
current increasing which extends to the end of the negative potential scan. The process is irreversible
as no stripping peaks are observed in the reverse scan. According to the literature, the electrochemical
reduction of Sg in organic solvents such as THF, DMF, DMSO or CH3;CN onto different type of
electrodes normally occurs in several electrochemical and chemicals steps [24]. The first one
corresponds to the reduction of Sg to Sg* followed by the formation of S;-, (x =2, 4 and 5) species
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through successive steps [25-27]. The voltammetric response of In(ClO4)s precursor is shown in the
Fig. 1(b), where only the electrodeposition and further stripping of metallic indium -the latter process
starting at —0.55 V- is observed.

When indium and sulfur precursors are present in solution (see Fig. 1(c)) the voltammetric
response undergoes notorious changes. An intense and broad cathodic peak is developed in the
potential region where the first step of S8 electroreduction takes place. Simultaneously, a brownish
coloration is observed at the naked eye at the electrode surface, associated to indium sulfide formation
through a reduction-precipitation process. The electrochemical and chemical reactions that can be
proposed to explain the formation of the semiconductor phase are:

Se°o)y * 26 > Sg” () )
3832* (sol) + 2|n3+(50|) - |n283(s) + 387 (2)

where the precipitation reaction (2) correspond to a special case proposed by A.S. Baransky et
al. [28] for the formation of CdS from the electrochemical reduction of sulfur in DMSO solution.
According to the precipitation theory, the formation of In X3 type compounds (X= 'S, Se, Te) occurs
when the over-saturation (S) reaches a critical value (S*) allowing the nucleation in solution
(homogeneous precipitation). However, this process does not necessarily produce the formation of an
attached film onto the substrate surface [29]. In contrast, at smaller S values but close to S*, the
solution is in a meta-stable situation. Under these conditions, the precipitation of In,X3 phase can only
be produced through pre-existent nucleation sites given by the substrate surface (heterogeneous
precipitation) and this fact is consistent with the absence of a yellow coloration in the solution.

3.2. Chronoamperometric experiments

In order to perform a chronoamperometric study intended to analyze the nucleation-growth
mechanism involved in the formation of the In,S3 phase, a potential interval (-1.150 V < E4 <-1.050
V) was selected from the voltammetric results. Figure 2 exhibits the corresponding i/t transients
evidencing that from Eq = —1.075 V (curve 2) appears a current contribution whose deconvolution is
useful to give information about the different contributions involved in the nucleation and growth of a
new phase on the FTO substrate. As the E4 value is made more negative, the i/t transients evolve
towards successive current maximum. According to an early developed model, this kind of response
can be attributed to a 2D nucleation and a layer by layer phase growing [30]. Instantaneous and
progressive nucleation can be simultaneously distinguished by the model. The inset of Figure 2 shows
the i/t transient obtained at —1.125 V which has been fitted with an equation that considers the
following contributions:

. -1 22 -3
It =lIp Tl T lp + e (3)
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where i, corresponds to the double layer contribution and also to the reduction of sulfur to

sulfide accompanied with the formation of the first In,S;3 clusters on the substrate surface. i

1
2Dl

represents the initial steps of the phase formation through an instantaneous 2D nucleation and growth

mechanism (NGM).
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Figure 2. i/t transients recorded in the —1.150 V < E4 <-1.050 V potential interval. The inset presents
the deconvolution of the transient recorded at Eq4 = -1.125 V.

Table 1. NGM relationships for the different current contributions involved in Eqg. (3)
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Before the surface is completely covered with the first layer, a second contribution (i, ),

accounting for a bi-dimensional instantaneous nucleation is considered. According to this NGM
model, the latter and the following contribution (i, ) participates during the formation of the first and

second layer. The NGM equations and the values of the corresponding parameters are presented in
Table 1. These results are similar to those previously reported where the model was applied to the
electrodeposition of Hg,Cl, [31], Pd [32] and, more recently, Cu,O [33].

3.3. InyS; electrodeposition
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Figure 3.. i/t transients recorded during the application of the E/t perturbation program at Eq = —1.15
V. First (a) and second (b) cycles developed in a 10 mM KCIO4 + 40 mM In(ClO,)3 + 50 mM
Sg in DMSO onto FTO electrode. The working temperature was 70° C.

Taking into account the information provided by the analysis of the initial NGM steps, the
electrodeposition of In,S; films was performed selecting a potential perturbation program, which is
included in the inset of Figure 3. The program consisted in the application of a first potential step from
-0.4Vtoa-1.150 V < E4 < -1.050 V value during 120 s. Then, the potential was moved to —0.6 V
where the electrodeposition continued for 60 s. Two cycles were necessary to deposit (or produce)
adherent films. Figure 3 shows the i/t transients obtained at Eq = —1.150 V for the two successive
cycles. At the end of the process brownish films were observed which were characterized by the
techniques detailed in the following sections.
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4. FILMS CHARACTERIZATION

4.1. Structural study
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Figure 4. XRD pattern of electrodeposited In,S3 layers at —1.125V recorded under grazing incidence.
Dots correspond to FTO substrate. Reference pattern JCPDS #25-0390 relates to a tetragonal
structure. In this reference only XRD peaks with intensity higher than 15% have been plotted.

In order to study the structural properties of the In,S;3 films, X-ray diffraction spectra were
recorded. Figure 4 shows the XRD pattern of a In,S; thin film formed at —1.125 V and recorded at
grazing incidence for two different incident angles (6; =0.4 and 0.5°). In grazing incidence
measurements are performed at very low incident angles to maximize the signal from the thin layers.
This is important when it is desired to attenuate the influence of the substrate, which is the case for
these electrodeposited In,S; thin films on FTO. The intensity of XRD peaks corresponding to FTO
substrate (labelled with dots) decreases when the incident angle changes from 0.5 to 0.4° while the
signal coming from the top layer remains constant. Four XRD peaks located at 26 angles of 27.47,
33.23, 43.60, and 47.70 are clearly identified and match well with the JCPDS #25-0390 pattern
corresponding to a tetragonal phase of In,S;. The (h,k,I) diffraction planes of the mentioned XRD
peaks have also been labelled in Figure 4. It can be seen that the In,S; diffraction peaks are much
wider than the ones corresponding to the substrate. It is assumed that this broadening is related to the
nanometric size of crystallites. The mean crystallite size, D, has been determined from line width of
the XRD patterns by using the Scherrer equation [34]:
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where K is a constant close to 1 (K = 0.9 was used), Ax is the X-ray wavelength whose value is
1.54A (CuK,), B is the full width at half maximum (FWHM) of the peak corrected by the instrumental
broadening, while 0 is the Bragg angle at the center of the peak. The crystallite size D obtained from
this equation corresponds to the mean minimum dimension of a coherent diffraction domain. When
determining the crystallite sizes, the (0,0,12) diffraction peak has been used, because is the strongest
one in all the samples, what leads to less uncertainty in broadening determination. According to this
procedure, a crystallite size of about 25 nm has been roughly calculated for In,S;3 films by comparing
the FWHM of its XRD peaks with that of FTO substrate.

4.2. Compositional and morphological characterization

Scanning electron microscopy (SEM) has been employed to reveal the surface of the In,S; thin
films.
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10pm ’ Electron Image 1

Figure 5. SEM micrographs for three typical In,S; thin films electrochemically grown onto FTO
substrates at: (a) —1.125 V, (b) —1.150 V and (c) —1.175 V respectively.

Figure 5 shows typical SEM surface morphologies for three different In,S; thin films
electrochemically obtained onto FTO substrates in a potential interval comprised between —1.125 V
and —1.175 V. The images show a uniform morphology with crystallites of very small size which
agrees with the analysis of grazing XRD patterns. The morphologic characteristics are independent of
the electrochemical potential employed in the synthesis.

The reason lies in the nature of an electrochemical-precipitation process which involves the
electrochemical reduction of indium ions to metallic indium, its corresponding striping and, further
precipitation by reaction with the polysulfide ions formed from the electrochemical reduction of sulfur
in DMSO solution. In fact, the morphological characteristic observed are entirely consistent with those
obtained for In,S; thin films formed in aqueous solution through of chemical bath deposition (CBD)
[35,36]. Thus, all the samples show a cauliflower like morphology with aggregates that increase their
size due to the increasing in the rate of the precipitation step as the potential is made more cathodic.
The EDAX analysis shows an appropriate composition with an atomic ratio very close to the
theoretical values (see Table 2). The decreasing in the atomic ratio at more cathodic potential indicates
that the films present a small indium excess which is consistent with the voltammetric response
observed for this precursor and the electrodeposition potential employed in the synthesis.

Table 2. Compositional characteristic obtained by EDAX for three different In,S; thin films
electrochemically grown at different electrodeposition potential.

Theoretic values  70.48 29.52 40 60 1.50
-1.125 69.47  30.53  38.56 61.44 1.59
-1.150 69.41  30.59 39.21 60.78 1.55
-1.175 70.30 29.70  39.80 60.20 1.51
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4.3. Optical characterization
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Figure 6. (a) Transmittance of a In,S;3 thin film electrochemically formed onto FTO substrate at
—-1.125 V, the figure show the spectral response (—) as grown and (—) after a heat treatment at
450°C for 30 min, the (—) represent the optical response of FTO substrate. (b) Determination

of bandgap energy through the (ahv)® vs hv plot for the same sample (o) before and () after
heat treatment.

The effect of the heat treatment in the optical transmittance in the visible region for a typical
In,S3 thin film electrochemically grown at Eq = —1.125V is shown in Figure 6a. The transmittance
grows with wavelength from 300 nm (about 0% transmittance) to approximately 875 nm. For
wavelengths larger than 800 nm the transmittance remains almost constant at a net value (whole
sample film+substrate) which is typically between 70% and 85%. Moreover, not evidence of
oscillatory behavior caused by interference, whose origin can be either in In,S;z thin film or FTO

substrate can be seen [37]. The absorption coefficient o was obtained from transmittance by
a=—(/d)InT (reflectance and dispersion of light in thin film and substrate is neglected) where "d"
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corresponds to the thickness of the deposit. A thickness of d = 890 nm can be estimated through the
Faradic charge recorded for the two cycles employed in the synthesis. As In,S3 is a direct
semiconductor it is expected that o oc (hV—Eg)m/hv [38, 39] where hv is the photon energy and Eg is

the direct bandgap. The bandgap energy can be obtained by a linear fitting of ((xhv)z vs hv plot [37].

Figure 6b shows a typical plot with the corresponding linear fitting before and after heat treatment. In
both cases, it can be seen that the (ahv)2 vs hv plot follows an almost linear dependence above the

bandgap value and is almost zero below this value. This zero value validates the approximation
previously done neglecting the reflectance and dispersion. For the thin film obtained at E4 = -1.125V ,
the band gap energy values decreasing from 2.80 eV to 2.45 eV after the heat treatment which is very
close to the accepted value [40]. As a general rule, the same behavior can be obtained independent of
the electrodeposition potential employed in the synthesis. This indicates that the electrochemical
reduction process of sulfur followed by the precipitation reaction (reactions (1) and (2) respectively)
are consistent with the formation of In,S3 phases with similar morphological, optical and structural
characteristics. The change in the band gap value can be correlated with possible nano-crystal sizes
through the nano-crystal size effects, which agrees with the crystallite size found through the grazing
XRD analysis.

5. CONCLUSIONS

A detailed electrochemical study which included the voltammetric and chronoamperometric
behavior of indium and sulfur precursors in DMSO solution allowed to find the best conditions for the
electrodeposition of In,S; thin films with adequate properties to be potentially used as alternative to
CdS buffer layers in CIS based solar cells. XRD analysis showed that the films grown in the
tetragonal phase without the presence of oxide or hydroxide phases which is consequence of using a
non-aqueous solvent in the synthesis. SEM images revealed good substrate coverage and
microstructure whereas EDAX analysis gave a stoichiometric composition very close to the expected.
Optical measurements allowed to establish the band gap of the as grown as well as the annealed In,S;
films with values within those previously reported. Further work will be devoted to extend current
results to the building of a CIS/In,S3 based solar cell and evaluation of its performance.
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