
Vol.:(0123456789)1 3

Ionics 
https://doi.org/10.1007/s11581-023-05258-7

RESEARCH

Electrodeposition of SnSe thin film using an organophosphorus 
[(Me2)3N3PSe] precursor for photovoltaic application

Amira Ben Hjal1,2 · Luca Pezzato2 · Elena Colusso2 · Khaled Alouani1 · Manuele Dabalà2

Received: 27 June 2023 / Revised: 31 August 2023 / Accepted: 6 October 2023 
© The Author(s) 2023

Abstract
One prevalent class of thin films concerns SnSe (tin selenide), which is the primary focus of this research, with the aim of 
discovering cost-effective coatings for photovoltaic applications. The electrodeposition method was employed to success-
fully synthesize tin selenide thin films on glass substrates (ITO and FTO) utilizing the novel organophosphorus precursor 
[(Me2)3N3PSe]. Notably, this precursor has not been utilized in prior literature. Initial cyclic voltammetry (CV) analyses were 
performed to thoroughly investigate the electrochemical behavior of the tin and selenium redox systems within the electrolyte. 
The CV outcomes yielded crucial insights, guiding the establishment of a defined potential range (− 1.1 to − 1.2 V vs. SCE) 
for effective SnSe film electrodeposition. Films deposited within this potential range exhibited characteristic needle-shaped 
polycrystalline SnSe structures. Comprehensive analyses of the thin films’ structural, microstructural, and morphological 
characteristics were conducted, employing X-ray diffraction (XRD), Raman spectroscopy, and scanning electron microscopy 
with energy-dispersive X-ray spectroscopy (SEM/EDS). The crystallites’ size was determined using the Debye–Scherrer 
formula. Moreover, a systematic exploration of the impact of deposition potential and substrate type on various film properties 
was undertaken. The results from XRD and Raman spectroscopy confirmed the formation of an orthorhombic single-phase 
SnSe under different deposition potentials. SEM/EDS analysis revealed uniform element distribution for deposition potentials 
of − 1.1 V and − 1 V on ITO and FTO substrates, respectively. The investigation further extended to the optical properties of 
films on glass substrates (ITO and FTO). Optical data showed a direct optical band gap (Eg) ranging from 1.25 to 2.24 eV 
for ITO and 1.46 to 2.87 eV for FTO across a wide spectra range. These optical traits, significantly influenced by deposition 
potential and substrate type, hold promise. Particularly, SnSe thin films deposited on ITO substrates at − 1.1 V displayed 
distinct advantages for potential photovoltaic applications compared to samples on FTO substrates.
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Introduction

The baseline scenario presented by the International Energy 
Agency (IEA) predicts a 55% increase in global primary 
energy consumption between 2005 and 2030, primarily 
driven by the rapid growth of emerging countries [1]. This 
surge in demand, coupled with the depletion and escalating 
costs of fossil fuels (oil, gas, coal), which currently account 

for 60% of the world’s power generation, has prompted 
a shift toward renewable energy sources. In recent years, 
numerous governments have made significant efforts to 
develop these sustainable energy alternatives. Renewable 
energies, as defined by the Agency for the Environment and 
Energy Management (ADEME), are derived from natural 
mechanisms such as solar radiation, tides, and wind and 
offer the advantages of being inexhaustible and emission-
free compared to fossil fuels. Among these renewable energy 
sources are wind energy, tidal energy, geothermal energy, 
and solar photovoltaic energy, which is the focus of this 
research. Solar power generation has experienced exponen-
tial growth in recent decades, driven by declining costs per 
kilowatt-hour (kWh), advancements in conversion efficiency, 
and reduced manufacturing expenses. Overcoming technical 
challenges in thin film deposition processes, for instance, is 
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a key area of focus for many researchers in the field. Among 
these, Perovskite solar cells (PSCs) emerge as a compelling 
alternative, distinguished by their exceptional light absorp-
tion characteristics and streamlined manufacturing processes 
[2–4]. However, prevailing thin film technologies in the mar-
ket encounter challenges related to scalability and extended 
development cycles. This limitation is primarily attributed to 
their reliance on rare and costly materials, including indium 
and gallium (as evidenced in CIGS technology), as well as 
cadmium tellurium (as observed in CdTe technology).

To overcome these challenges, tin selenide (SnSe) 
emerges as a promising alternative. SnSe is composed 
of naturally abundant elements and possesses a band gap 
ranging from 1 to 1.1 eV [1, 5, 6]. Its unique optical and 
electrical properties make it an attractive candidate for vari-
ous applications, including solar cells, photoconductors, 
holographic recording media, and near-infrared detectors 
[5, 7, 8]. Compared to widely studied materials like CdS 
and CdSe, SnSe is less toxic to the environment and more 
readily available in nature. Consequently, SnSe holds great 
potential as a photovoltaic material for photoelectrochemical 
applications.

Various methods have been employed to fabricate thin 
films, including chemical bath deposition (CBD) [9], vac-
uum evaporation [10], chemical vapor deposition (CVD) 
[11], thermal evaporation [12], the hydrothermal method 
[13], radio frequency (RF) sputtering [14], successive ionic 
layer adsorption and reaction (SILAR) [15], laser ablation 
[16], electrochemical atomic layer epitaxy (ECALE) [17], 
and electrodeposition [18–24]. Among these techniques, 
electrodeposition stands out due to several advantages [19]. 
Firstly, it enables the deposition of thin films on large-area 
substrates, including flexible materials such as plastics. Sec-
ondly, the thickness and composition of the films can be 
easily controlled by adjusting deposition parameters such 
as deposition potential, pH, temperature, and time. Lastly, 
electrodeposition is generally a cost-effective method in 
terms of equipment requirements. Various electrodeposi-
tion approaches have been documented, including pulse 
electrodeposition [20], underpotential deposition (UPD) 
[21], and cathodic electrodeposition [22]. This method has 
been successfully applied to obtain thin films of materi-
als such as PbS [20], CdS [21],  Bi2Te3-ySey [25], and CdS 
nanowires [26]. In a separate study on semiconductor thin 
films, we recently reported the electrodeposition of  Bi1-xSbx 
and  Bi2-xSbxTe3 thin films under underpotential deposition 
(UPD) and overpotential deposition (OPD) conditions [27].

Therefore, this research aims to systematically investi-
gate the influence of deposition potential on the structural 
and morphological properties of SnSe thin films elec-
trodeposited on ITO and FTO glass substrates for potential 
application in photovoltaic cells. The electrodeposition of 
SnSe thin films is carried out at room temperature using 

two different approaches: deposition from two separate pre-
cursors or simultaneous deposition of both elements from 
a single solution. Various selenium precursors have been 
employed in previous studies for synthesizing tin selenide, 
including  SnCl2,  Na2SeO3, or  (NH4)2SeO3 from aqueous 
solutions [28], as well as more recent compounds contain-
ing an M-Se bond, such as  [Bu2M(PhCOSe)2] [29] and 
 [MCl3(SenDu2)3] [30] (M = metal). Despite their ability to 
produce high-quality thin films with interesting properties, 
most of these procedures suffer from the use or formation 
of volatile and toxic by-products. To address these limita-
tions, one approach is to replace these compounds with 
more stable precursors [31, 32]. In this study, we employ 
the stable molecule dimethylamino-selenophosphoramide 
[(Me2)3N3PSe], which can be transformed into the environ-
mentally friendly compound [(Me2)3N3P] or used directly as 
the main precursor [(Me2)3N3PSe]. It is worth noting that, 
to the best of our knowledge, no thin film material has been 
deposited using this compound via the electrodeposition 
method, making this work novel in its approach.

The novelty of this work lies in the utilization, for the first 
time, of a stable and non-toxic organophosphorus precursor. 
In this study, we investigated the electrochemical behaviors 
of Sn and Se through cyclic voltammetry, aiming to com-
prehend their deposition potentials. Our endeavor aimed to 
achieve stoichiometric thin films of SnSe, which is an ideal 
alloy for depositing tin and selenium onto ITO and FTO sub-
strates. By employing a consistent deposition potential, our 
goal was to attain thin SnSe films with the desired composi-
tion. Furthermore, we delved into the impact of the deposi-
tion potential on the film composition, morphology, and its 
interactions with the substrate material.

Experimental

At room temperature, we conducted cyclic voltammetry and 
electrodeposition experiments using a GAMRY model 2273 
potentiostat/galvanostat connected to a three-electrode cell. 
For optical measurements, we utilized a commercial indium 
tin oxide (ITO)-coated glass substrate and a fluorine-doped 
tin oxide (FTO)-coated glass substrate (Sigma-Aldrich). The 
reference electrode in all electrochemical experiments was a 
3M NaCl Hg/Hg2Cl2 (SCE) electrode, and the counter elec-
trode was a platinum electrode.

The solutions used in the experiments were prepared 
using deionized water, and they were purged with purified Ar 
gas prior to each experiment. The solutions were not stirred 
during the electrochemical measurements and deposition 
processes. The electrodeposition solution for SnSe thin films 
consisted of 20 mM  SnCl2  (SnCl2-2H2O, Sigma-Aldrich), 5 
mM  (Me2)3N3PSe (synthesized by reacting dimethylamino-
phosphine with selenium powder, confirmed by 1H and 13P 
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NMR), and 0.2 M  Na2C2O4 (Sigma-Aldrich). The pH of the 
solution was adjusted to 2 using 37% HCl acid. The addition 
of  Na2C2O4 helped form a  SnC2O4 complex, preventing the 
hydrolysis of  SnCl2 in the aqueous solution and the forma-
tion of Sn(OH)Cl precipitate [33]. The deposition potential 
for SnSe was determined based on cyclic voltammetry data 
for Sn and Se in the presence of  Na2C2O4, resulting in a 
range between − 1 and − 1.2 V. After each electrodeposition, 
the SnSe thin films were rinsed with deionized water and 
air-dried at room temperature.

To characterize the films, various techniques were 
employed. XRD patterns were collected using a glancing 
incidence X-ray diffractometer (Philips PW1710 diffrac-
tometer) with  CuKα radiation in the angular range of 20 to 
70° and a 1° incidence angle. Raman spectrometry was per-
formed using a Horiba Jobin Yvon LabRam HR 800 spec-
trometer with a 530-nm wavelength. The surface morpholo-
gies of the deposited films were examined using a LEICA 
LEO 440 scanning electron microscope (SEM), while the 
chemical composition was analyzed through EDS analysis 
using a Philips PV9800 EDS system. Reflectance spectra 
in the 400–2000 nm range were recorded using a VIS–NIR 
V770 Jasco spectrophotometer equipped with an integrating 
sphere (ISN-470).

Results and discussion

Electrochemical behavior of the components

Electrochemical stability window

The electrochemical behavior of the electrolyte carrier solu-
tion was investigated prior to electrodeposition (Fig. 1).

Linear sweep voltammograms for the bath containing 
only the virgin solution, acidified at pH 2 by HCl and with-
out the addition of  Na2C2O4, show the reduction reaction of 
 H+ to  H2 (Eq. (1)) starting at − 1.5 V on the FTO substrate 
and the beginning of solvent decomposition at − 1.1 V on 
the ITO substrate. From 1.74 V on fluorine-doped tin oxide 
(FTO) and 1.40 V on indium-doped tin oxide (ITO), the 
oxidation reaction of  H2O to  O2 (Eq. (2)) is observed.

At the same pH, in the presence of oxalate salt, solvent 
decomposition occurs at lower overpotentials for the reduc-
tion and oxidation signals than in the absence of oxalate. The 
electrochemical stability window on FTO ranges from − 1.1 
to 0.92 V, and on ITO as a substrate, favoring the redox reac-
tions of the electrolyte solution ranges from − 1.1 to 0.44 V.

(1)2H+ + 2e− → H
2

(2)2H
2
O → O

2
+ 4H+ + 4e−

Tin‑ and selenium‑based systems

Tin‑related systems To better understand the actual elec-
trochemical system of SnSe, we first studied the individual 
behavior of Sn and Se in the bath. Figure 2a shows a reduc-
tion peak  R1 at − 0.86 V (Eq. (3)) attributed to the reduction 
of Sn (II) to Sn (0) and a first oxidation peak O1 at − 0.28 V 
corresponding to the anodic reaction.

At approximately 1.06 V, a broad and weak anodic peak 
labeled as  O2 is observed. This peak is associated with the 
oxidation of Sn(II) to Sn(IV), according to Eq. (4). The 
appearance of this signal can be attributed to the formation 
of  SnO2.

At the same pH, CV was performed with and without 
oxalate in the solution (Fig. 2a). In the presence of oxalate 
salt, all peaks shift in the negative direction. This observa-
tion clearly shows that the Sn(II) cation is complex in the 
presence of oxalate salt (Eq. (5)).

A crossover consistently appears at a potential called  ECO 
when changing the direction of the potential sweep in the 
anodic direction. The apparent equilibrium potential of the 
Sn(II)-Sn(0)-metal-ion system in the electrolyte is associated 
with this crossover potential.

In Fig. 2a, an  ECO value of − 0.48 V vs. SCE is recorded 
in the absence of oxalate salt, and this value should be com-
pared to the standard redox potential of − 0.32 V vs. SCE 

(3)Sn2+ + 2e− → Sn0

(4)Sn2+ → Sn4+ + 2e−
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Fig. 1  Linear sweep voltammetry on the free Sn and Se electro-
lyte solution performed at room temperature with a scan rate of 10 
mV.s.−1
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for  Sn2+/Sn0 [34], the difference being due to cationic activ-
ity and possible complexation with chloride. Without and 
with oxalate salt, there is a cathodic shift of the  ECO value 
from − 0.49 to − 0.59 V. Based on literature data [35] and the 
acidic properties of oxalate, we propose the formation of a 
complex using the following equation:

This hypothesis is supported by the fact that in the 
absence of oxalate salt, the electrolyte solution remains tur-
bid, likely due to the oxidation of tin by dissolved oxygen, 
resulting in the precipitation of  SnO2 (Eq. (6)).

The effect of the substrate is highlighted in Fig. 2b, which 
shows the comparative cyclic voltammetry of the solution 

(5)Sn2+ + HC
2
O−

4
→ SnC

2
O

4
+ H+

(6)2Sn2+ + 2H
2
O + O

2
→ 2SnO

2
+ 4H+

using ITO and FTO as working electrodes. On ITO, the 
reduction peak  R1 has a lower absolute current density and 
is slightly shifted to − 0.84 V rather than − 0.86 V. Before the 
massive deposition  (R1 peak), an additional reduction peak 
 R0 can be observed at − 0.56 V. This peak may correspond to 
underpotential deposition (UPD) of Sn(II) on the substrates, 
similar to the work of Mao et al. [36].

Selenium‑related systems Cyclic voltammograms were 
acquired to evaluate the electrochemical behavior of the 
electrolyte containing our precursor, dimethylamino-sele-
nophosphoramide  (Me2)3N3PSe. This study was carried out 
with a scan rate of 10 mV.s−1 and a potential range of − 1.5 
to 1.5 V (vs. SCE). Figure 3 illustrates these results.

In this solution, the only electroactive species present is 
 H2SeO3, as selenium is released from the organophosphorus 
molecule in the form of Se(IV) in an acidic environment. 
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Fig. 2  Cyclic voltammetry experiments on a 20-mM tin solution at 10 mV.s−1: (a) oxalate salt influence and (b) substrate influence
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Fig. 3  Cyclic voltammetry experiments on a 5-mM selenium solution at 10 mV.s−1: (a) oxalate salt influence and (b) substrate influence
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When the oxalate salt is introduced into the solution, both 
reduction peaks show an increase in intensity. Cyclic voltam-
metry reveals a small cathodic peak labeled as R'1 at − 0.84 
V, followed by a larger cathodic peak labeled as R'2 at − 1.11 
V. The first peak R'1 corresponds to the reduction of  H2SeO3 
to Se according to Eq. (7), although its size is too small 
to be clearly distinguished. The second peak R'2 is likely 
associated with the reduction of  H2Se, according to Eq. (8). 
Following this reduction,  H2Se combines with dissolved 
 H2SeO3, as indicated by Eq. (9), leading to the formation of 
a red Se suspension. This phenomenon has been suggested 
by Massaccesi et al. [37] and Mishra [38].

By comparing the cyclic voltammograms of Figs. 2 and 3, 
it can be shown that  Sn2+ and  H2SeO3 were reduced in this 
order. Regardless of the chemical composition and type of 
working electrode, no anodic dissolution of  Se0 is observed.

According to the literature results, different and oppo-
site electrochemical responses are observed depending on 
the working electrode. This results in the total absence of 
oxidation peaks on platinum or glassy carbon [39, 40]. On 
the other hand, Se is susceptible to undergo irreversible 
reduction, as seen, for example, on polycrystalline gold 
[41]. Based on the work of Ju et al. [37], we exclude the 
complexation of selenium by oxalate, which preferentially 
complexes tin. The fact that there is no visible cathodic 
change in the electrochemical behavior of Se with and with-
out oxalate salt (Fig. 3a) is supportive of this hypothesis. 
However, in the absence of oxalate, the peaks are attenuated 
and unclear.

The cathodic peak intensities of R'1 and R'2 are higher 
on FTO than on ITO, as shown in Fig. 3b. According to Shi 
et al. [42], this observation could be due to the low elec-
trochemical activity of the ITO substrate, resulting in low-
intensity cyclic voltammetry curves.

These results indicate that the presence of oxalate in the 
electrolyte solution, as well as the use of ITO or FTO sub-
strates at a bath temperature of 25 °C, have a positive effect 
on the stability of the bath and the cathodic behavior of the 
simple elements Sn and Se. Therefore, these experimental 
parameters were selected to study the SnSe electrochemical 
system.

Tin selenide‑related systems The electrolyte solution con-
taining both Sn and Se, two electroactive species on ITO 
and FTO, was studied. Figure 4 shows cyclic voltammetry 
experiments performed at − 1.5 V and 1.5 V (vs. SCE) and a 

(7)H
2
SeO

3
+ 4H+ + 4e− → Se + H

2
O

(8)H
2
SeO

3
+ 6H+ + 4e− → H

2
Se + H

2
O

(9)H
2
SeO

3
+ 2H

2
Se + 6e− → Se + 3H

2
O

scan rate of 10 mV/s. A first reduction peak R''1 is observed 
at − 0.43 V, followed by a wide peak R''2 starting from − 1 V.

In the anodic scan, a small first oxidation peak O''1 is 
noticed around − 0.8 V, and two other oxidation peaks O''2 
and O''3 are visible at − 0.20 V and 1.1 V, respectively. These 
results allow us to deduce that R''1 is related to O''2. There-
fore, both R''1 and O''2 peaks can be confidently attributed to 
the tin metal system  Sn2+/Sn0 according to Eq. (3). However, 
the attribution of the broad cathodic peak R′′2 is not straight-
forward. Compared to the individual behaviors of Sn and Se, 
the signal could be attributed to either  Sn0 UPD and/or bulk 
 Se0 deposition, respectively. Therefore, two options exist to 
produce SnSe in this potential range around R′′2.

Firstly, as indicated by Ham et al. [43], we can study 
the reduction of Se(IV) to Se(-II) in the presence of Sn(II) 
(Eq. (10)). In other words, we can propose a mechanism 
in which the generation of SnSe involves the reduction of 
Se(IV) to Se(-II) without reduction of tin. The binary com-
pound is then formed by the precipitation of SnSe.

The other alternative is a two-step deposition method, 
like the electrodeposition of SnSe thin films for photovoltaic 
applications [44]. The first step would be the reduction of 
Se(IV) to  Se0 according to Eq. (7), triggering the reduction 
of Sn(II), as shown in Eq. (11).

The deposition of SnSe is expected to occur in this poten-
tial range, regardless of the deposition process. However, 
fixed applied potential depositions were carried out to 

(10)Sn2+ + Se2− → SnSe

(11)SnC
2
O

4
+ Se + 2e− → SnSe + C

2
O2−

4
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Fig. 4  Cyclic voltammetry experiments on a 20-mM tin and 5-mM 
selenium solution at 10 mV.s.−1 on two distinct substrates (ITO and 
FTO)
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gain a better understanding, and the results are discussed 
below. Based on cyclic voltammetry studies, the potential 
range of interest for SnSe film electrodeposition should be 
between − 1 and − 1.2 V.

Structural analysis

XRD analysis

To study the crystallinity of SnSe layers prepared by elec-
trodeposition, we obtained XRD spectra on ITO and FTO 
at different potentials (− 1 V, − 1.1 V, − 1.2 V) using a 
recorder, and the results are presented in Fig. 5.

In this Fig. 5, the peaks observed at 2θ = 22.4, 26.38, 
30.4, 30.8, 37.6, 40.4, 43.7, 44.8, 49.34, 61.39, 62.45, 
63.69, 64.46, and 66.55 can be attributed to the crystal 
planes (101), (212), (111), (400), (401), (002), (020), 
(501), (511), (701), (512), (521), (711), and (322) that 
correspond to the orthorhombic phase of tin selenide with 
JCPDS map number 00–048-1224. The strongest diffrac-
tion peak (111) suggests a preferential growth direction 
regardless of the fixed potential applied and regardless of 
the nature of the working electrode (ITO or FTO). Weak 
diffraction peaks are detected for samples deposited on 
ITO and FTO at potentials of − 1 V and − 1.2 V, respec-
tively, indicating that the optimal deposition potential for 
ITO is between − 1.1 V and − 1.2 V, while the best depo-
sition potential for the FTO substrate is between − 1 V 
and − 1.1 V.

Using the Debye–Scherrer formula, we can determine 
the crystallite size of each plane [28]:

where K is a constant equal to 0.94, λ is the wavelength of 
the X-rays used, which is 1.54 Angstroms, β represents the 
full-width at half maximum (FWHM) of the peak, and θ is 
the diffraction angle.

The average crystallite size of the planes was 45.52 nm 
for ITO at − 1.1 V and 34.14 nm for FTO at − 1 V, which is 
an appropriate value in the case of electrical conduction. 
These results lead to the conclusion that the proposed pro-
cess has allowed to production of an exceptional crystalline 
SnSe layer with high crystallite sizes and no impurity phase.

Raman spectroscopy analysis

Raman spectra (Fig. 6) were acquired for materials deposited 
at the same potentials between − 1 V and − 1.2 V on ITO and 
FTO to evaluate the likely presence of amorphous species 
or minor phases at concentrations too low to be identified 
by XRD.

The obtained Raman peaks are in good agreement with 
previous works [45]. According to group theory calcula-
tions, SnSe should have 12 Raman active modes:  4Ag,  2B1g, 
 4B2g, and  2B3g. At a potential of − 1.1 V, the expected SnSe 
Raman lines by group theory are at 117  cm−1 and 205  cm−1 
in the  Ag symmetry and at 165.71  cm−1 in the  B3g symmetry 
[29, 46, 47]. The Raman shift for thin films deposited at − 1 
V was not significant, with only vibrational modes at 117 
 cm−1 detected, and the others were difficult to assign due to 
the broadening of the peaks.

However, thin films formed at − 1.2 V exhibited distinct 
peaks, with a strongly intense mode present at 117  cm−1. 
The frequency and width change could be attributed to 

(12)D =
K�

�����

Fig. 5  XRD patterns of SnSe deposited at different potentials on (a) ITO and (b) FTO
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phonon softening and increased electron–phonon coupling 
in a thin film structure [48]. The bands became sharper and 
more intense, and the maximum intensity ratio was found 
for the thin film deposited at a potential of − 1.1 V for the 
ITO substrate, demonstrating the superior structural quality 
of the film compared to other potentials.

The findings from the electrodeposition of SnSe thin films 
onto FTO (Fig. 6b) exhibit a strong resemblance to the ITO 
spectra (Fig. 6a). However, two bands, representative of 
SnSe, are observed at 115  cm−1 and 196  cm−1. They are 
attributed to the two  Ag vibrational modes of SnSe. Around 
160  cm−1, a strong band seems to be a  B3g vibrational mode 
[29]. Another mode, found at 213  cm−1 with a deposition 
potential of − 1.2 V, is related to the  A1g vibrational mode 
of  SnSe2 [49].

The attribution of this peak confirms the XRD analysis 
hypothesis that the deposits are mainly composed of SnSe, 
especially in the critical potential range of − 1.1/ − 1.2 V 
for the ITO working electrode, and in the potential range 
of − 1/ − 1.1 V which is significant for the FTO electrode.

SEM and EDS analysis

Scanning electron microscopy (SEM) was used to examine 
the surface morphology of the films formed on ITO and FTO 
substrates, and the results are presented in Fig. 7, which dis-
plays typical surface images of the samples obtained for dif-
ferent fixed potentials ranging from − 1 to − 1.2 V. Depend-
ing on the applied potential, different microstructures are 
detected.

The application of a potential of − 1 V on the ITO sub-
strate results in uneven surface morphology of the layers, 
as shown in the SEM images of Fig. 7a. On the other hand, 

for the other two potentials, − 1.1 V and − 1.2 V, the SEM 
images in Fig. 7a show several rectangular grains uniformly 
distributed on the surface of the SnSe thin film, as observed 
by Biçer et al. for films electrodeposited in the presence of 
EDTA [25] as well as for SnSe films prepared by electro-
deposition on ITO [50, 51]. These results are consistent with 
those obtained from X-ray analysis and Raman spectroscopy, 
as shown in Figs. 5a and 6a, respectively, where the most 
intense preferential peak (111) was found between − 1.1 
and − 1.2 V.

Based on the morphological characterization of the SnSe 
surface obtained by FTO electrodeposition (Fig. 7b), all thin 
films obtained are homogeneous for the different applied 
potentials, except for the presence of some cracks when the 
deposition potential is increased. Thus, based on the XRD, 
Raman, and SEM results, we can suggest that the best depo-
sition potential for FTO is obtained between − 1 and − 1.1 
V, with a very intense preferential peak (111) and complete 
homogeneity. These results agree with those obtained by 
Mandal et al. for SnSe on FTO obtained by electrochemical 
deposition [52].

The EDS spectra of the two samples presented in Fig. 8 
confirm the presence of Sn and Se. Other peaks such as Si, 
O, N, and Cl appeared in the EDS spectrum of SnSe (Fig. 8a, 
b) due to the composition of the ITO and FTO substrates 
and the electrolyte composition. The absence of other peaks 
reveals the purity of the materials.

Optical analysis

The band gap energy of a semiconductor is the amount of 
energy required to excite an electron from the valence band to 
the conduction band. We used the UV–Vis diffuse reflectance 

Fig. 6  Raman spectra for SnSe thin films deposited at different potentials on (a) ITO and (b) FTO
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spectrum to determine the optical characteristics and band 
gaps of the synthesized layers. Figure 9 shows the reflectance 
spectra of the samples prepared on ITO and FTO at differ-
ent potentials. As shown in Fig. 9a, b, the reflectance of the 
SnSe layer deposited at − 1.1 V is higher than that of the layer 
deposited at − 1 V, which is higher than that of the sample 

at − 1.2 V. The trend of the absorption spectra can be directly 
related to the thickness of the SnSe layers. Using the Tauc 
formula [53, 54]:

(13)�hv = A
(

hv − Eg

)1∕n

Fig. 7  SEM images of SnSe film obtained by electrodeposition at different potentials on (a) ITO and (b) FTO

Fig. 8  EDS spectra of SnSe 
film on (a) ITO/ − 1.1 V and (b) 
FTO/ − 1 V
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where h is the Planck constant, v is the frequency of photons, 
Eg is the energy of the band gap, A is an energy-independent 
constant, and n is equal to 0.5 for direct bandgap semicon-
ductors. The energy of the band gap is typically calculated 
from diffuse reflectance spectra. According to the theory of 
P. Kubelka and F. Munk [55, 56], reflectance spectra can be 
converted to corresponding absorption spectra by applying 
the Kubelka–Munk function (F(R∞)).

where R∞ =
Rsample

Rstandard

 is the reflectance of an infinitely thick 
sample, while the absorption and scattering coefficients are 

(14)F
(

R∞

)

=
K

S
=

(1 − R∞)
2

2R∞

represented by K and S, respectively. Putting F
(

R∞

)

 in place 
of � in Eq. (13) gives the following formula (15):

Figure 9a, b shows the reflectance spectrum of SnSe pre-
pared with potentials ranging from − 1 to − 1.2 V on ITO 
and FTO, transformed according to Eq. (13) and plotted as 
a function of photon energy, to yield the Tauc plot illustrated 
in Fig. 10.

The direct band gaps at potentials of − 1 V, − 1.1 V, 
and − 1.2 V were calculated to be 1.71 eV, 1.25 eV, and 
2.24 eV for the SnSe thin film on ITO and 2.87 eV, 1.46 eV, 
and 2.41 eV, respectively, for the SnSe thin film on FTO. 

(15)(F
(

R∞

)

.hv) = A
(

hv − Eg

)1∕n
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Fig. 9  Optical reflection spectrum for SnSe films deposited at − 1 V, − 1.1 V, and − 1.2 V on (a) ITO and (b) FTO
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Compared to the various band gaps that have been reported 
for SnSe in previous studies (Table 1), the band gap val-
ues obtained in this study fall within the range of literature 
data. The band gaps are significantly different between SnSe 
grown on ITO and FTO because the band gaps of semicon-
ductors are largely dependent on nanoparticle size, nano-
structure, and substrate nature.

Furthermore, the Tauc plots (Fig. 10a) recorded for the 
SnSe thin film prepared on ITO substrate exhibit a lower 
band gap energy value, which can be attributed to the mor-
phological properties of the crystal size of the SnSe/ITO 
sample, as illustrated by the SEM study (Fig. 7a) at − 1.1 V, 
since larger crystal clusters increase the possibility of light 
scattering in the depletion regions of the respective film, thus 
increasing light absorption in the cell [57]. Nonetheless, the 
growth of these larger crystals also results in a substantial 
extension of the light path within the photoanode, thus facili-
tating the absorption of a greater number of photons by the 
thin layers of SnSe.

Based on the results obtained from XRD, Raman spec-
troscopy, SEM, and UV–vis diffuse reflectance spectra, the 
bandgap of the SnSe films deposited on the ITO substrate at 
a potential of − 1.1 V makes them suitable for photovoltaic 
application compared to other samples deposited on FTO 
substrate.

Conclusions

In conclusion, this study successfully utilized a new organ-
ophosphorus compound as a selenium precursor for the 
electrodeposition of SnSe thin films on ITO and FTO glass 
substrates at room temperature. The investigation focused on 
the structural, morphological, and optical properties of the 
deposited films. The results revealed that both the substrate 
type and deposition potential had a significant impact on the 
properties of the films. The production of the SnSe phase 
with some presence of the  SnO2 phase was verified by XRD 
analysis, with the substrate type impacting the rate of phase 
appearance. For all the produced SnSe films, the XRD dif-
fraction pattern revealed an orthorhombic structure with a 

preferred orientation (111), and the estimated crystallite size 
showed the maximum values at − 1.1 V for ITO and − 1 V 
for FTO. Raman spectroscopy results supported the findings 
from XRD analysis. The structural and optical properties 
were strongly influenced by the substrate type and deposi-
tion potential. The obtained films exhibited a direct allowed 
transition with band gaps of 1.25 eV and 1.46 eV at − 1.1 V 
for ITO and FTO, respectively. The optical properties sug-
gested the potential suitability of the films for photovoltaic 
applications due to their low band gap. The findings indicate 
that SnSe films deposited on ITO at a potential of − 1.1 V 
may exhibit enhanced sensitivity for photovoltaic structures.
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