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Abstract CulnS, thin films were fabricated by one-step
electrochemical deposition from a single alkaline aqueous
solution and using conductive glass as the substrate. The
electrolyte consisted in 0.01 mol L! CuCl,, 0.01 mol L!
InCls, 0.5 mol L™! Na,SO; and 0.2 mol L' NayCsHs.
O(COO0); (CitNa) at pH 8. The films were analyzed using a
variety of techniques such as X-ray diffractometry, micro-
Raman spectroscopy, X-ray energy dispersive spectros-
copy, X-ray photoelectron spectroscopy and photoelectro-
chemistry. After carrying out a thermal treatment in sulfur
vapor, chalcopyrite CulnS, thin films were obtained.
Etching the films in KCN solution was found to be a key
step, enabling a final adjustment in the stoichiometry.
These thin films exhibited p-type semiconductor behavior
with the bandgap of 1.43 eV. The results show that elec-
trodeposition provides a cost-effective and versatile
method for the preparation of thin films of CulnS,, even
when acidic precursors need to be avoided.
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1 Introduction

CulnS, is an absorber material suitable to be used in thin
film solar cells due to several interesting properties,
including a high absorption coefficient (around of 10°
cm™ ') and a band gap value within 1.3-1.5 eV, which is
close to the optimum range for photovoltaic conversion.
CulnS, is of particular interest for being environmentally
friendly, principally when compared to CulnSe, where the
high toxicity of Se represents a disadvantage.

There are numerous methods to deposit thin films of CIS
[1-4], such as spray pyrolysis [5, 6], thermal evaporation
[7], chemical bath deposition [8], and electrodeposition [9—
11]. Electrodeposition is an attractive method for thin
layers production because it is easily scalable, cost-effec-
tive and suitable for various types of conductive substrates
[1]. However, as it is a ternary compound, the purity,
stoichiometry, and physical properties of CulnS, thin films
prepared using one-step electrodeposition can be difficult
to control. Few studies have reported detailed physical
properties of CulnS, samples obtained using one-step
electrodeposition [1, 3, 11-16]. Furthermore, most of the
reported depositions of CulnS, were carried out in acidic
aqueous solutions within a pH range of 1.1-3.4. For
example, Sanchez et al. [12] prepared Cu-In-S thin films
on glass coated with fluorine-doped tin oxide (FTO) using
one-step electrodeposition at pH 3. Yuan et al. [13] elec-
trodeposited Cu—In precursors at pH 4 and annealed the
samples in a sulfur atmosphere. To our knowledge, there
are no reports of depositions at higher pH values. This
represents a drawback when acidic precursors need to be
avoided to guarantee the stability of the support material.
This is the case of ZnO, its amphoteric nature and the ease
with which it dissolves at extreme pH values, can be a
problem when used in contact with acidic precursors. This
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n type semiconductor has been used widely as substrate in
the preparation of superstrate cells [2, 12, 17-19]. This
study is a preliminary investigation to explore the viability
of electrodeposition of CIS on ZnO. For this reason, the
first stage is to evaluate the electrodeposition of CulnS,
films on fluorine-doped tin oxide (FTO) coated glass sub-
strates, within the pH window where ZnO is stable.

The electrolyte consisted of aqueous solutions of CuCl,,
InCl3, Na,SOj as precursors, and Na3;C3HsO(COO); (Cit-
Na) as chelating agent. This produced a stable and trans-
parent electrolyte without Cu and In compounds
precipitating. Cyclic voltammetry was used to study the
deposition potentials in the alkaline electrolyte. The crys-
talline degree, morphology and composition of the
annealed films were characterized by X-ray diffraction
(XRD), micro-Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy
(SEM) combined with X-ray energy dispersive spectros-
copy (EDS). Relevant photoelectrochemical properties of
the samples were studied under illumination.

2 Experimental details
2.1 Substrate

Glass coated with a transparent conducting tin oxide (FTO,
SnO,:F, Libbey Owens Ford, TEC 8/3: sheet resistance 8
Q/sq, thickness 3 mm) was used as substrate. Prior to use,
the substrates were degreased with detergent solution and
then rinsed in an ultrasonic bath with ethanol and acetone
during 10 min respectively. The substrate was cut into
square pieces (2 x 2 cm?) and the active geometrical area
was limited to 1.22 cm® by the electrochemical cell
design.

2.2 Electrochemical deposition

The electrodeposition of the CIS films was carried out
using a standard three-electrode cell; FTO and a saturated
calomel electrode (SCE) were used as working and refer-
ence electrodes respectively. A Pt mesh of big area was
employed as counter electrode. The electrodeposition was
carried out at a fixed potential value (E = —1.2 V vs. SCE)
during 90 min using a Voltalab PGP 201 potentiostat and a
stagnant solution at 30 °C.

The precursor solution consisted of 0.01 mol L™" CuCl,
(Sigma-Aldrich, purity > 97 %), 0.01 mol L~' InCl;
(Sigma-Aldrich, purity > 97 %), 0.50 mol L' Na,SO,
(Cicarelli, purity > 99 %) and 0.2 mol L~' NayCsHs.
0O(CO0); (Biopack, purity > 99 %). Sodium citrate (Cit-
Na) is introduced as complexing agent. The solution was
stirred continuously during 1 h. The pH value of the

@ Springer

electrolytic bath was adjusted to 8 by appropriated addition
of HC] or NaOH from stock solutions.

Once the electrodeposition was completed, an annealing
step was undertaken in sulfur vapor atmosphere (sulfur
powder at 450 °C) for 90 min using a purpose built reactor.
After the thermal treatment, unreacted secondary phases
were chemically etched by immersion in 0.5 mol L™' KCN
solutions during 30 s [20-23]. This KCN treatment is used
to selectively remove copper sulfides from the CIS surface.
During the etch, Cu(I) and Cu(II) sulfides dissolve, forming
Cu cyanides and Cu cyanocuprates.

2.3 Characterization

Cyclic voltammograms were carried out using a standard
three-electrode cell, as described above. The voltammo-
grams of each component and of the electrolytic bath were
recorded applying a scan rate of 10 mVs ™",

The films were analyzed by XRD using a PANalytical
X’Pert Pro diffractometer, Cu-Ka (1 = 1.541 A) radiation
at 40 kV and 40 mA. The samples were scanned between
20° and 80° at a speed of 0.02 °/s. The crystallographic
data for each phase were taken from the literature and
analyzed with XPert HighScore software.

Localized Raman spectra were performed using an Invia
Reflex confocal Raman microprobe. Excitation was pro-
vided with the 514 nm emission line of an Ar" laser. The
measurements were carried out in backscattering configu-
ration using a 50x objective. Raman micro-mapping was
performed scanning a rectangular zone (20 x 60 pm) in
the sample and recording a total of 250 spectra.

The morphology and cross-sections of the layers was
studied with SEM, using a JEOL JSM-6460LV micro-
scope. The thickness of the films was evaluated using a
KLA TENCOR D-100 profilometer.

The composition was analyzed by X-ray (EDS). The
system used is an EDAX Genesis XM4-Sys 60, equipped
with Multichannel Analyzer EDAX mod EDAM 1V, Sap-
phire Si(Li) detector and Super Ultra-Thin Window of Be,
and EDAX Genesis software.

X-ray photoelectron spectroscopy (XPS) spectra were
registered using a commercial VG Microtech ESCA 3000
system. The spectra were collected using Al-K radiation.
Survey spectra were recorded for the samples in the
0- 1,100 eV binding energy range by 1 eV steps and a
bandpass of 50 eV. High resolution scans with 0.1 eV steps
and bandpass of 20 eV were conducted over the following
regions of interest: In 3d, S 2p, Cu 2p. In every case,
surface charging effects were compensated by referencing
the binding energy (BE) to the C 1 s line of residual carbon
set at 284.5 eV BE [24].

The optical properties of the films, such as transmittance
spectra and the direct band gap energy, eg., were recorded
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Fig. 1 Cyclic voltammograms of FTO substrates in: (solid line)
0.01 mol L™! CuCl, + 0.2 mol L™! CitNa, (dashed line) 0.01 mol
L~ InCl; + 0.2 mol L™! CitNa and (dash doted ine) 0.50 mol L™
Na,SO; + 0.2 mol L™ CitNa. Inset cyclic voltammogram carried
out on FTO substrate in a solution with 0.01 mol L™! CuCl, + 0.01
mol L™ InCl; + 0.50 mol L™ Na,SO; + 0.2 mol L™! CitNa. All
voltammograms were recorded at pH 8, room temperature and at a
scan rate of 10 mV s~

and derived, respectively. The spectra were registered
using an UV/Vis spectrophotometer (A 160, Shimadzu) in
the wavelength range 350-1,100 nm at room temperature.

Photocurrent and photopotential measurements were
performed in the dark and under illumination forming a
semiconductor/electrolyte junction by immersion of the
FTO/CulnS, film in 0.1 mol L™' KClI solution. The light
source was a 150 W Xe lamp coupled to an air-mass filter
1.5 G (solar simulator, Oriel-Newport 96000). The light
beam passes the cell through a quartz window and focuses
on the film side of the glass used as substrate. The light was
chopped using an electronic shutter (Uniblitz model T132).
An IVIUM® compact potentiostat was employed to carry
out these measurements.

3 Results and discussion
3.1 Determination of the deposition potential

The electrochemical deposition of the individual compo-
nents was carried out first, in order to investigate the
potential window appropriated to the deposition of each
component of the film. The scans started with a negative
sweep from an initial potential of 0 V and was scanned at
10 mV s~'. Figure 1 shows the voltammograms recorded
on bare FTO electrodes, in three different electrolyte
solutions: 0.01 mol L~} CuCl, with 0.2 mol L' CitNa,
0.01 mol L™" InCl; with 0.2 mol L™! CitNa and 0.50 mol

26/ degree

Fig. 2 XRD patterns of CIS thin films deposited at fixed potential
(—1.2 V vs SCE) during 90 min at 30° C and at pH 8. a As deposited
and b after annealing in sulfur atmosphere at 450 °C for 90 min

L' Na,SO; with 0.2 mol L™! CitNa. All the solutions
were adjusted to pH 8.

The voltammogram obtained using the Cu™ solution
shows two reduction peaks, the first cathodic peak at
—0.53 V corresponding to the reduction of Cu™ to Cu™
and the other at —1.25 V due to the formation of metallic
copper. In the case of In*>, one reduction peak can be
observed at —1.15 V. The reduction peaks of copper and
indium ions appear to be more negative than the reduction
potentials without the chelating agent (citrate ions) in the
solution. For the curve of sulfite solution with CitNa, the
reduction of SO32 shows a current peak when the applied
potential is close to —1.05 V.

The inset in Fig. 1 shows a cyclic voltammogram car-
ried out using a solution that contains all precursors toge-
ther at pH 8. The maximum negative current density is
registered between —1.2 and —1.3 V. From these results,
the potential chosen to perform the electrodeposition of
CISis —1.2 V.

3.2 Characterization of the films
3.2.1 Chemical composition and structural studies

XRD patterns for as-deposited (Fig. 2, curve a) and
annealed (Fig. 2, curve b) samples of the electrodeposited
thin films are presented. The as-deposited sample is
amorphous in nature and does not show any major peak
except those corresponding to substrate. As-deposited films
present a grayish color that clearly darkens after annealing
in the sulfur atmosphere showing good uniformity and
adherence. Figure 2, curve b shows that the heat treatment
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Fig. 3 Raman spectra of CIS
films recorded at 514 nm after
annealing at 450 °C in sulfur
atmosphere for 90 min.

a Average spectra before
(dashed line) and after (solid
line) etching with 0.5 mol L™
of KCN solution during 30 s.

b and ¢ Micro-Raman maps
performed over a 20 x 60 um
region; before and after etching
with KCN solution respectively.
Inset optical image of a CulnS,
film showing details area used
for Raman micro-mapping
analysis

(a)
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is critical to the formation of the crystalline compound. The
peaks are narrow and their relative intensity is similar to
those in the diffraction cards of CulnS, (PDF 27-0159).
The pattern displays an intense peak at 27.81° and weak
peaks at 46.21° and 55.01°, which correspond to the (112),
(204) or (220), and (116) or (312) reflections of the CulnS,
phase, respectively. There is no evidence of formation of
additional phases on the basis of XRD results.

Raman spectroscopy can be used as a complementary
technique to XRD. Several authors have shown evidence
indicating that the most intense Raman mode for the
chalcopyrite (CH) structure is the A; mode at 290 cm™!
[12, 25-28]. An additional mode that can be seen at
305 cm ™! belongs to the Cu—Au ordering (CA) [12, 25].
The other peaks at 240 cm ™' (E%O, B} To) and 340 cm ™'
(Eio) represent Raman modes for CH ordering [12, 26].
Figure 3a shows average Raman spectra typical of
annealed CulnS, films, before and after etching in KCN. It

@ Springer
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may be observed that there are five prominent peaks at 240,
290, 305, 320 and 470 cm™!. The strong peaks at 290 and
305 cm™" correspond to the A; mode for the CH structure
and for the CA ordering, respectively [12, 25]. This is an
indication that the film is a mixture of CH and CA orders.
The broad peak that appears at 320 cm ™' may be assigned
to f-In,S; formed as secondary phase [28, 29]. The peak at
470 cm™! can be attributed to Cu,_,S. Before etching, a
peak of Cu,_,S can be observed. After etching, the dis-
appearance of the signal from this phase is evident and the
presence of chalcopyrite phase is observed. These results
are in good agreement with previously published work
reporting the deposition of chalcogenide thin films on FTO
and glass substrates [29].

The homogeneity, the spatial distribution of the chal-
copyrite and secondary phases as well as the effect of
etching were studied by Raman micro-maps as presented in
Fig. 3b and c. The distribution of the CIS phase along the
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Fig. 4 SEM images of CIS films annealed in sulfur atmosphere at
450 °C for 90 min before a and after b etching with 0.5 mol L™ of
KCN solution during 30 s. ¢ Cross sectional view of an annealed and

film is homogeneous even in the annealed samples without
etching along the whole area under analysis, as indicated
by the signals at 290 and 305 cm™'. This is even clearer
after the etching.

3.2.2 Surface morphology and elementary composition

SEM images of the CulnS, film were taken to evaluate the
effect of etching on the morphology of the surface. Fig-
ure 4 shows surface structures of the film before (Fig. 4a)
and after etching (Fig. 4b). The degree of coverage is
complete and homogeneous. The surface morphology
shows agglomerates prior to etching. These can be attrib-
uted to Cu,_,S compounds which dissolve after etching in
KCN. In this case, a more homogeneous film is formed,
after partial removal of the binary compounds.

Figure 4c shows a cross-section view of an annealed and
etched film deposited on FTO. This image illustrates
average thickness values for the film (~300 nm). The
average thickness was also evaluated using a profilometer
(Fig. 4d). The resulting value is in agreement with the
cross-section obtained with SEM (~ 300 nm).

400

300

200

thickness / nm

100

1000

2000 3000
distance / pm

etched film. d Profilometric scan of the CIS film, the average
thickness is ~300 nm

Table 1 EDS results corresponding to the analysis of the films
shown in Fig. 4

% At % At %At Cu/ In/ Cu/ S/
Cu In S S S In Cu + In

Stoichiometric 25 25 50 05 05 1 1
ratio

304 16
25.1 20.6

53.6
54.3

057 03 19 115
046 04 12 12

Before etching
After etching

According to the EDS results of the annealed samples
(Table 1) before etching, the atomic ratios of Cu, In and S
do not correspond to the stoichiometric ratio of CIS, due to
the prevalence of binary compounds in the surface. After
etching, the atomic ratio of the thin film shown in Fig. 4b is
closer to the stoichiometric proportion of CulnS,, in par-
ticular the Cu/In ratio. This is in agreement with the
removal of the undesired phases already detected by micro
Raman spectroscopy.

Figure 5a displays the XPS survey spectra of annealed
thin films prior to the chemical attack with KCN. The
binding energies obtained from the XPS analysis were
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Fig. 5 a XPS survey spectrum of annealed CulnS, thin film prior to the chemical attack with KCN. b Cu 2p; ¢ In 3d and d S 2p core-level

spectra

corrected for C 1 s to 284.5 eV as reference. Figure 5b
represents the Cu 2p core level spectrum. The observed
peak located at 931.6 eV coincides with the binding energy
for Cu 2p3, electrons emitted from CulnS, compound and
the peak at 951 eV corresponds to the binding energy for
Cu 2p,, electrons emitted from Cu element [24, 30]. It is
worth noting that the satellite peak corresponding to the
binding energy of Cu®" usually located at 942 eV is not
observed in the present XPS spectrum [31]. The observed
binding energy peaks located at 445.3 and 452.8 eV
(Fig. 5c) are attributed to the electronic states of In 3ds,,
and In 3ds3.,. The value for S 2p binding energy (Fig. 5d)
located at 161.5 eV is characteristic of sulfides [3, 24, 32,
33].

In summary, the binding energies found for these films
are in good agreement to those of copper, indium and
sulfur in CulnS, films [24, 34].

3.2.3 Semiconducting properties: band gap energy
and conduction type

The transmission spectrum of an annealed CulnS, thin film
after etching with KCN was recorded at room temperature
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(Fig. 6a). In order to achieve a correct determination of the
optical bandgap, the zero absorption line should be prop-
erly selected. Reflections, dispersions and amorphous
phases are taken into consideration and extracted from the
experimental data [35]. Transmission spectra were used to
estimate the corrected optical absorption coefficient o
(00 = Olexp — Olpack)- Figure 6b shows the variation of
(ahv)? as a function of photon energy (hv) corresponding to
an average from several measurements. The calculated
band gap, Eg, results equal to 1.43 eV. Similar values have
been reported in literature by several authors [1, 3, 12-15,
36].

The predominant type of conduction can be either n- or
p-type depending on preparation methods and composition.
In addition, the non-stoichiometry and the presence of
intrinsic defects and secondary phases can be determining
the conductivity type [1, 9, 13, 15, 37, 38]. Photoelectro-
chemistry can be used to elucidate the nature of the car-
riers. Figure 7 shows the photopotential and the
photocurrent registered at open circuit potential for the
films annealed and after chemical etching. With illumina-
tion, the potential moves to more positive values (positive
photopotential) and the current moves in the negative
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Fig. 6 a Optical transmittance spectrum of annealed thin films after
etching with KCN at room temperature. b Plot of (othv)? versus hv
derived from the transmittance spectrum for electrodeposited CIS film
on FTO substrate E, = 1.43 eV

direction (negative photocurrent), confirming the p-type
nature of the film. A deeper explanation on the mechanism
of electron transport to validate p-type nature and the
photoresponse can be seen in our previous work [29].

4 Conclusions

CulnS, thin films were grown from a single bath at pH 8
by one-step electrodeposition on FTO substrate. After
sulfurization crystalline CIS was clearly identified as the
main component of the deposited film. Etching in KCN
solution guarantees the removal of secondary phases that
are detrimental for the electronic properties of the
deposit. According to the XRD patterns, XPS and Raman
spectra, the predominant phase corresponds to CulnS,
chalcopyrite.
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Fig. 7 aPhotopotential and b photocurrent as function of time of CIS
film after annealing in sulfur atmosphere and etching with 0.5 mol
L~" of KCN solution during 30 s. The measurements were performed
using chopped light (20 s on/20 s off) in a solution of 0.1 mol L™
KCl

Photoelectrochemical tests confirm p-type conduction.
The band gap energy was estimated from absorption
spectra, resulting in a value in good agreement with results
published for CIS prepared by other methods.

The results are in good agreement with those from
previous investigations carried out using acidic precursors.
The electrolyte used in this work can be recommended for
the substrates with poor resistance to acidic etching,
providing a versatile method for the electrodeposition of
CulnS, on various substrates.
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