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Abstract

Electrochemical deposition of Culn(Al)Se; thin film from quaternary aqueous solution of Cu, In, Al and Se
salts has been carried out at different temperatures (25, 55 and 80 °C) and it was found that optical
properties, crystallinity and phase purity of the as-deposited Culn(Al)Se; films are enhanced at higher
temperature. Consequently, electrodeposition of Culn(Al)Se. under hydrothermal condition at high
temperature (120 °C) and at different potentials is performed. The characterization of the obtained layers
indicates that single phase chalcopyrite film could be deposited by synergism of the electrodeposition and
hydrothermal methods at optimized deposition potential (-600 mV). Superior photoconductivity has also
been observed in case of electrodeposited layer at 120 °C (hydrothermal condition). More interestingly, post
annealing of CIAS thin film prepared by developed procedure at 200 °C (ambient atmosphere) results in
dense microcrystalline layer with a photoconductivity 300 times higher than the sample deposited at room
temperature.

Keyword: Hydrothermal, Electrochemical deposition, Culn(Al)Se; alloy, Thin film, Solar cell.

1. Introduction

Thin film solar cells are known as the second generation of solar cells which have high potential for
competing with silicon-based solar cells [1,2]. Among them, solar cells with chalcopyrite absorber layer have
the highest reported solar energy conversion efficiency (more than 22%) [3]. Industrially, solar cells with
chalcopyrite copper indium diselenide absorber layer have been fabricated by one or multi-step vacuum
thermal evaporation techniques [4]. High processing cost and environmental problems of these methods limit
the production scale of this type of solar cells. Indeed, high vacuum processing condition, inefficient
materials utilization and the requirement of post selenization (application of highly toxic Se compounds in
gas phase) cause these restrictions. Research is now focused on finding new clean and economical deposition
techniques to overcome these limitations [5]. One of the promising methods introduced for this purpose is
electrodeposition of copper indium diselenide (CIS) layers and other related materials such as copper indium
gallium diselenide (CIGS) and copper indium aluminum diselenide (CIAS). Main limitations of this
technique are undesired stoichiometry of obtained layers as well as the necessity of post heat treatment in
inert (high cost) or selenium (toxic environment) atmosphere [6].

CIS and its related materials are among the most studied materials for fabrication of thin film solar due to its
direct band gap and high light absorption coefficient. The band gap of quaternary semiconductors from this
family (e.g. CIGS, Culn(S, Se). and Cu(In, Al)Se; (CIAS) could be tuned by their composition [7]. The
partial substitution of selenium with S is one method for band gap enhancement however phase segregation



is favored in the presence of S [8]. On the other hand, a fraction of indium could be substituted with Ga or Al
to increase the band gap of CIS (1.04 eV). In comparison with gallium, lower amounts of aluminum
incorporation could tune the band gap of CIS phase toward the desired value of 1.4 eV due to higher band
gap of CuAlSe; (2.7 eV) in comparison with CuGaSe; (1.8 eV) [9,10] and considering the Vegard’s law
[11]. Lower material cost and less distortion in the CIAS crystals in comparison with CIGS (due to low Al
content) are the main advantages of CIAS as absorber materials for thin film solar cell applications in
comparison with CIGS compound [10,12,13]. Consequently, CIAS is also studied as potential absorber layer
of thin film solar cell. High-efficiency CIAS solar cell with efficiency more than 16.9% has been reported by
Marsillac et al. [10]. Electrodeposition of CIAS has recently been reported by different research group
however still more researches in this area are needed for preparation of CIAS thin films with desired
stoichiometry [14-19].

Mechanism and effective parameters of semiconductors electrodeposition should be studied for
enhancement of the CIAS deposition [6,20]. Electrodeposition could be easily utilized for fabrication of
binary semiconductor like CdTe, nevertheless electrodeposition of ternary and quaternary semiconductors is
relatively difficult. Padros et al. [21] applied three potential pulsed electrodeposition method for fabrication
of CulnSe; thin film and they obtain almost single phase chalcopyrite at low concentration. In addition to
deposition parameters, complexing agents could also be implemented to shift the reduction potential of noble
species toward the reduction potential of active species and obtaining better chemical composition. Citric
acid is one of the well known complexing agent utilized during electrodeposition of CIS and CIGS in order
to adjust the diffusion flux of copper and selenium [22-24]. Additionally, citric acid, can also buffer the
aqueous electrolytes and reduce pH fluctuation on the cathode, which suppress the possible metal oxide and
hydroxides formation. As reported in the literature, the presence of citric acid as well as supporting
electrolyte could improve the homogeneity and the smoothness of deposited layer [22]. In approach known
as induced co-deposition, reduced noble species utilized to induce the reduction of active species in potential
less negative than reduction potential of active ions. This phenomenon is also known as Kroger's mechanism.
Formation energy of compound provides enough energy to induce the reduction of active species in positive
potential [25]. In order to increase the induced electrodeposition, the concentration of active species should
be higher than noble species in electrodeposition electrolyte. However, electrodeposition of binary
semiconductors is less sensitive to the unavoidable fluctuation of electrolyte composition and potential in
case that this mechanism takes action. Induced electrodeposition is the main mechanism occurring during the
electrodeposition of active metal chalcogenides (for example In.Ses, Ga,Ss, CdTe) [20,26] while it is not
considerable in the case of noble metal chalcogenide (for instance CuSe) due to the lower less difference of
noble metal reduction potentials (Cu?*) and chalcogen containing ions (HSOs", HSeOs and HTeO,") [25].
CIAS contains both noble (Cu) and active (In, Al) metals and therefore all of mentioned approaches
(controlling the electrodeposition parameters and induced electrodeposition) should be utilized to obtain
desired stoichiometry during electrodeposition.

Main advantages and limitations of the electrodeposition technique for quaternary semiconductors are
described by Saji et al. [6] in their recent review paper. Two main limitations of this method are low
crystallinity of the as-deposited layer as well as undesired stoichiometry of the obtained film. Synergism of
the electrodeposition with other solution-based techniques is suggested by them as a good strategy for
enhancing the resultant film properties. In the current work, the synergism of the hydrothermal and the
electrodeposition techniques has been utilized as an efficient method for the preparation of CIAS thin film
with enhanced properties. The improvement of the film microstructure, as a result of the applied technique,
was monitored by field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD),
Photoconductivity and Raman spectroscopy techniques.



2. Experimental
2.1. Preparation method

Cleaned foils of stainless steel (SS) [27,28] and CdS coated fluorine-doped tin oxide (FTO) ( sheet resistance
of initial FTO layer was 8-10 Q/sq) with an active area of 0.5 cm? have been implemented as substrate for
electrodeposition of CIAS. Prior to deposition, SS foils have been polished with alumina past (grain size
<0.1 um) and then washed with acetone and deionized water for several times. The FTO substrate was also
washed with surfactant, acetone and deionized water and then heat treated at 250 °C prior to utilization. The
CdS layer was prepared on the FTO substrate in optimized condition as reported in ref. [29]. The CdS coated
FTO was selected as substrate for preparation of main samples as it is suitable for fabrication of superstrate
solar cell [30]. The electrodeposition electrolyte consists of sulfate salts of Cu (5 mM), In (20 mM), Al (20
mM), and 10 mM of SeO, beside 100 mM of NaCl and 200 mM of citric acid, all dissolved in MilliQ water.
The pH of the solution has been adjusted by application of NaOH and H.SO. solutions. Three different
layers were prepared on SS substrates at different temperatures (25, 55 and 80 °C) for a preliminary
investigation of the temperature effects. Then, additional layers were prepared on CdS coated FTO substrate
at room temperature as well as 120 °C under hydrothermal condition with different electrodeposition
potentials. Table 1 lists the names and conditions for preparation of all electrodeposited layers.

Table 1 Conditions of the electrodeposition of the prepared samples

Sample Name Deposition Potential Substrates type Temperature (°C)
CIAS-SS-RT -700 mV Stainless Steel RT
CIAS-SS-55 -700 mV Stainless Steel 55
CIAS-SS-80 -700 mV Stainless Steel 80
RT-700 -700 mV CdS coated FTO RT
HT-600 -600 mV CdS coated FTO 120-hydrothermal
HT-700 -700 mV CdS coated FTO 120-hydrothermal

The electrodeposition was performed in a 20 ml beaker with an electrochemical workstation (lviumStat
Instruments) using three electrode systems. A substrate, graphite electrode and an Ag/AgCl (saturated with
KCI) electrode were applied as the working electrode, counter and reference electrodes, respectively. Before
the electrodeposition, cyclic voltammetry (CV) measurement has been performed several times to study the
deposition mechanism of CIAS with scan rates of 50 mV/S. Then, the co-deposition has been carried out in
chronoamperometry configuration in fixed potential (determined by CV analyses) on clean substrate for 10
min (to have thickness of about 2-3 um based on ref. [15]). A special autoclave (S. Fig.1), with three
electrodes inside the reactor, has been employed to perform the electrodeposition in hydrothermal condition.
A graphite bar with a cross-section of 0.5 mm? was used as quasi-reference electrode instead of Ag/AgCl
reference electrode, as it is not possible to employ reference electrode at high temperature under
hydrothermal condition. The CV curves recorded in autoclave were calibrated by comparing it with the CV
curves recorded for same electrolyte in standard condition. CV curves recorded at room temperature and 120
°C show that co-deposition potential lowered (from -650 mV to -500 mV) at elevated temperatures (e.g. S.
Fig. 2). In the current work, deposition potential has been optimized to obtain best possible stoichiometry
(slightly negative than co-deposition potential, S. Fig. 2). The prepared samples were characterized by field
emission scanning electron microscopy (FE-SEM), Energy-dispersive X-ray spectroscopy (EDS) and X-ray



diffractometry analysis. The X-ray diffraction (XRD) patterns were recorded by Philips DW3710 instrument
using Cu Ka radiation operating at 50 KV and 250 mA in the 20 range of 15-120°. FE-SEM and EDS
investigations were carried out using a ZEISS electron microscope (EVO50) occupied with EDS (Oxford
INCA Energy 200). Raman spectra were recorded by using a Renishaw Raman Microscope spectrometer.
An Ar* laser emitting at 514 nm was used as exciting source, in which the output power was limited to 0.5%
(100% power = 2 mW at the sample) in order to avoid sample damage (our results showed that higher power
of laser changes the film crystallinity and composition specially in ambient atmosphere). The photons
scattered by the sample were dispersed by a grating monochromator of 1800 (or 1200) lines/mm and
simultaneously collected on a CCD camera; the collection optic was set at 50x objective. The spectra were
obtained by collecting 40 acquisitions (each of 20 s).

The photoconductivity assessments were simply performed in a 30 ml beaker containing 1 M solution of
NaCl under chopping illumination of white LED (2 W). NaCl solution has been selected as electrolyte for
photo-response investigation due to the high mobility of containing ions. The prepared thin film (active area
of 0.5 cm?) was applied as working electrode in three electrode system and graphite electrode as well as
Ag/AgCI (saturated with KCI) electrode were utilized as the counter and reference electrodes, respectively.
Cyclic voltammetry from -1.0 V to 1.0 V (or -0.5 to 0.5 V) was recorded under chopped illumination to
determine the conductivity type (P or N) of the layer (e.g. S. Fig 3). Then, the constant potential of -1.0 V
was applied to investigate the current changes under chopped illumination (photo-response of sample).

3. Results and discussion

As mentioned in the previous section, the electrochemical deposition of CIAS from quaternary solution
in presence of NaCl and Citric acid at initial pHs of 4 and at different temperatures (25, 55 and 80 °C) has
been performed. The X-ray diffraction analyses of the layers (Fig. 1A) demonstrate that their crystallinity has
been greatly enhanced by increasing the temperature of the deposition (in fact, it is possible to observe that
the intensity of the diffraction lines increases and, at the same time, their broadening decreases). Moreover, it
can be observed that at room temperature other low crystalline binary phases of a Cu-Se system are present
in the deposited layers and, with increasing the temperature up to 55 °C, the crystallinity of all phases is
enhanced. At T= 80 °C, the amounts of others phases are decreased and intensity of the diffraction lines of
chalcopyrite phase are increased (Fig. 1A). The as-deposited layer is also characterized by means of Raman
spectroscopy for a better discrimination of the different phases (especially the low crystalline ones). The
Raman spectra of the as-deposited layer at different temperatures are depicted in Fig. 1B. Two main bands
could be observed in the Raman spectra. The band at 183 cm™ is related to the Al vibrational mode of the
CIAS chalcopyrite phase which can also be assigned to the ordered defect compound in the CIS system
(special phase formed by formation of ordered defects in CIS chalcopyrite phase [31]) due to the overlapping
of their vibration modes. It should be considered that with aluminum incorporation, the Al band of pure CIS
chalcopyrite phase (175 cm™) shifts to higher frequency [32,33]. Ordered defect compound is known as Cu-
Au phase in literature due to similarity of structure to Cu-Au system [32]. Another band, observed at 241 cm-
! is related to in-plane resonance of Se phase [32]. Raman spectra clearly indicate that, by increasing the
temperature, the intensity of the band related to the chalcopyrite phase increases and, at the same time, its
broadening decreases, due to the higher crystallinity. Similar results have been reported on other
semiconducting materials [34-36].
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Fig. 1 Effect of temperature on the phase content and crystal structure of the electrodeposited CIAS film
from the quaternary base solution: a) X-ray diffraction patterns b) Raman spectra.

The morphological investigation of the layers (see SEM images in Fig. 2) illustrates that at higher
temperature a laminar growth is dominant, while a mix of spherical and laminar morphologies is obtained at
lower temperature. A laminar morphology is also occasionally observed in the literature [37,38]. Considering
the EDS results, it can be observed that with increasing the temperature, the stoichiometry improves toward
the desired composition (Fig. 3). It was reported that the Cu-deficient stoichiometry of CIS phase is the best
composition for having the P-type conductivity and the desired band gap [4]. EDS results also indicate that
higher incorporation of In and Al as active metal can be obtained at elevated temperature. The band gap of
the deposited layer calculated from diffuse reflectance UV-Vis-NIR spectra by Tauc method using Kubelka-
Munk function as absorbance coefficient [39-41] is illustrated in Fig. 4. It is evident that with increasing the
temperature from room temperature to 80 °C the band gap increases from 1.05 eV to 1.17 eV. The
incorporation of Al as active metal is the main reason for this band gap enhancement.

(a) 20pm 20KV Mag=1.8KX (b) — 10um 20kv

(C) —— 20um 20KV~ Mag=0.7KX

Fig. 2 FE-SEM images of as electrodeposited CIAS thin films from quaternary solution of Cu (5 mM), In (20
mM), Al (20 mM) and Se (10 mM) containing the citric acid (200 mM) and NaCl (100 mM) as complexing
agent and supporting electrolyte respectively, at temperature of a) 25 °C b) 55 °C c¢) 80 °C.
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Fig. 4 Temperature effect on the band gap of electrodeposited CIAS thin films

All the above-reported results, obtained by XRD and Raman techniques as well as UV-Vis-NIR and
EDS, clearly point out that the crystallinity, the bandgap, the chemical composition and phase purity of the
deposited film are enhanced by increasing the temperature. However, to achieve temperatures higher than
that of the water boiling point, it is necessary to work in hydrothermal conditions and consequently, a sealed
electrochemical cell with permanence of at least 5 MPa was designed to carry out electrodeposition at
temperature higher than 100 °C.

Employing the above-mentioned cell, layers of CIAS were electrodeposited on a CdS coated FTO
substrate in hydrothermal condition at 120 °C. After the optimization of the electrodeposition potential, a
dense, single phase chalcopyrite layer with enhanced crystallinity can be obtained, as shown by the SEM and
XRD data depicted in Figs. 5 and 6. Electrodeposition was performed by applying two different constant
potential -700 mV and -600 mV. At potential of -700 mV, the stoichiometry of the deposited layer lacks
from the active metals (In and Al), while at -600 mV the composition is close to the desired stoichiometry of
CIAS layer (Table 2) [42,43]. At the deposition potential of -700 mV an interesting morphology is observed
(Fig. 5b), consisting of aggregates of planar CIAS (the planar growth is clear in the magnification) with some



fractality. This type of morphology, with a lot of porosity, is not desired for solar cell thin films, but may
have potential application in photocatalysis for instance in water splitting applications by solar irradiation, in
which, in addition to the photo-activity, high surface area is also needed [44,45]. The layered porous
morphology is also interesting in the supercapacitor application where the high surface area is needed [46].
The electrochemical impedance measurement on the metal oxide nanorods or nanoflakes based electrodes by
implementing the scalable solution method indicates enhanced supercapacitance for these morphologies
[47,48]. It should also considered that recent studies on CIS and related materials as an electrode for
supercapacitor and photo-supercapacitor reveals improved rate capability, remarkable electrochemical
stability even at a high current density and high specific capacitance [49]. At the potential of -600 mV, the
dense crystalline layer of CIAS can be obtained. The XRD data also validate the higher crystallinity and
phase purity of deposited layer at -600 mV (Fig. 6). For comparison, the micrographs, the chemical
composition and the XRD diffraction pattern of the layer deposited at room temperature are also provided in
Fig. 5 and 6 as well as Table 2.

Fig. 5 SEM image of electrodeposited layers prepared at different conditions listed in Table 1; a) RT-700 b)
HT-700 and c¢) HT-600 (comparison of hydrothermal and ambient atmosphere)

Table 2 Composition of the electrodeposited films at room temperature as well as films prepared in
hydrothermal condition (120 °C) with different deposition potentials (the detailed description of all samples
is listed in Table 1)

Sample Cu Se In Al Composition




RT-700 38.68 57.31 3.15 0.86 Cuz.35Ino.11Alo.03Se>
HT-700 36.67 56.72 4.96 1.65 Cu1.29Ing.17Alo.05S€2
HT-600 24.22 51.12 18.44 6.22 CuUo.95ln0.72Alg.24Se>
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Fig. 6 X-ray diffraction patterns of electrodeposited layers prepared at different conditions listed in Table 1;
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a) RT-700 b) HT-700 and c) HT-600 (comparison of hydrothermal and ambient atmosphere)

Among all the prepared films, two different samples (RT-700 and HT-600) were selected for post treatment
annealing and for following photoresponse measurements. These samples underwent post annealing at 200
°C in ambient atmosphere, to increase the crystallinity of the as-deposited layers. The post-annealing
temperature was selected on the basis of the literature data [50], indeed, a too high temperature would result
in the deterioration of the CdS/CIAS heterojunction [4,50]. The microstructures of post-annealed samples
have been illustrated in Fig. 7. It can be seen that a dense layer with micronsized grain was obtained after the
post treatment annealing of HT-600, while the post-treatment of the former sample (RT-700) produced a
rough surface with high porosity which is not suitable for solar cell applications. The compositions of the
post-annealed samples are tabulated in Table 3. As expected, the post annealing of HT-600 sample resulted
in better stoichiometry due to loss of selenium and the parallel increasing of the percentage of other

elements.
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Fig. 7 SEM images of a) RT-700 b) HT-600 samples, after post-annealing at 200 °C (ambient atmosphere)
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Table 3 composition of the samples after the post-treatment at 200 °C in ambient atmosphere

Sample Cu Se In Al Composition
RT-700 19.39 37.93 36.05 6.63 CuilnieAlossSe?
HT-600 26.03 48.42 24.28 1.27 CU1,1|n1A|o,05862

The photoresponses of the selected samples have been evaluated before and after annealing. The results
indicate that all the samples have p-type conductivity. In case of all samples, changes of current with
applying negative potential under chopped illumination are observed while the current change after applying
positive potential is negligible (See S. Fig. 3 as an example). Then, the photoresponse of the samples was
evaluated after applying the potential of -1.0 V under chopped light illumination (Fig. 8 and Table 4). It
should be considered that upon light illumination the current density enhanced due to photogenerated
electron-hole as charge carrier [25]. As observed, for both samples the photoresponse was enhanced with
post annealing at 200 °C. However, post annealed HT-600 sample shows the maximum photoresponse,
which is 300 times greater than that of RT-700 sample. High crystallinity, phase purity, enhanced
composition and compactness of HT-600 sample result in its superior photoconductivity. The dark current
density which is directly proportional with conductivity and carrier concentration are also provided in the
Table 4. Results indicate that with post heat treatment the carrier concentration is reduced especially in case
of the HT-600 sample. It should be considered that usually electrodeposited CIS layer (and subsequently
related materials) have higher carrier concentration in the order of 10*® cm while carrier densities of well
crystalline films with optimized composition is in the range of 1-2x10% cm? [25]. For instance it was
reported that after treatment in KCN solution the carrier concentration reduced due to improment in the
composition [25].
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Figure 8 Photoresponse of selected samples recorded under chopped illumination at constant potential of -1.0
V in solution of 1 M NaCl: a) HT-600 sample before post annealing b) HT-600 sample after post-annealing
c) RT-700 sample before post annealing d) RT-700 sample after post-annealing (the curves shifted in Y axis
for better illustration)



Table 4 Summary of the photo-response investigation of the electrodeposited layers

Sample Post-annealing Dark current density  Photo-response current  conductivity
condition

HT-600 --- 107 pA/em? 10 pA/cm? P

HT-600 200 °C (Atm) 10.6 pA/cm? 60 pA/cm? P

RT-700 --- 203 pA/cm? 0.01 pA/cm? P

RT-700 200 °C (Atm) 29.1 nA/cm? 0.2 uA/cm? P

4. Conclusion

In sum, electrodeposition of CIAS from quaternary Cu, In, Al and Se aqueous solutions has been performed
at different temperatures. It was found that properties of electrodeposited layer are greatly improved at high
temperature. For this reason, a combination of hydrothermal and electrodeposition methods has been
employed for preparation of CIAS thin films and it was observed that highly crystalline CIAS thin films with
micron-sized grains and superior photoconductivity (60 uA/cm?) can be obtained by a simple post-treatment
annealing of these samples.
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