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1  Introduction

Tin oxide (SnO2) is one of the interesting oxide semicon-
ductors, which have attracted a considerable attention of 
many scientists and researchers due to their excellent prop-
erties. It is a transparent, n-type oxide and wide band gap 
(3.6 eV) semiconductor [1]. It has chemical stability, good 
electrical conductivity and high transmittance in visible 
light [2–4]. These properties are exploited in solar cells, as 
catalytic support materials, as solid-state chemical sensors 
and as high-capacity lithium-storage [5–9].

Many methods such as RF magnetron sputtering, 
pulsed-laser deposition (PLD), the sol–gel process, spray 
pyrolysis, hydrothermal method and electrochemical dep-
osition, have been used to prepare SnO2 nanostructures 
[10–15]. This latterwas very investigated due to its advan-
tages like simplicity, low cost, low temperature process, 
deposition on large and complex areas and capability to 
controlling properties and morphology by different elec-
trochemical parameters [16]. Different mechanisms and 
ways of electrodeposition were studied, for example, Wang 
et al. [7] have prepared the SnO2 films with two-step pro-
cess: electrodeposition of metallic Sn from aqueous solu-
tion of SnCl2 followed by thermal oxidation at 600 °C for 
8h to obtained tin oxide. Also, pulse potential technique 
under low potential of −0.6 V and high potential of −0.1 V 
versus Ag/AgCl was performed to remove the metallic Sn 
co-deposited with SnO2 [17]. Chang et al. [18] in order to 
electrodeposit the tin oxide and to control the morphology 
by applied current densities realized a galvonostatic mode 
of electrodeposition. Li et al. [19] have prepared tin oxide 
by electrodeposition with various post treatments of the 
deposits, light irradiation, HNO3

− water vapor treatment 
and sintering at 550 °C in order to improve the SnO2 char-
acteristics. However, a simple cathodic deposition was used 
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to electrodeposit tin oxide or other oxides semiconductors. 
This method based on the generate of hydroxyl ions by the 
reduction of the oxygen precursor presented in the electro-
lyte bath, the deposition of oxide was considered to involve 
hydroxide formation from the combination of hydroxyl and 
metallic ions on the electrode area followed by decomposi-
tion into oxide and water [18]. Several oxygen precursors 
can be utilized such as hydrogen peroxide [20]. Seshadri 
et al. [21] have dissolved oxygen molecular gas in electro-
lyte as precursor to obtain the hydroxyl ions for electro-
deposition of cadmium oxide. Its well demonstrates that 
the nitrates bath were largely utilized in electrodeposition 
of many oxides such as cerium, iron and tin oxide [22–24].

A recent study on electrochemical deposition of tin 
oxide have shown that the electrolyte conditions, like depo-
sition time and applied potential have a significant effect 
on physical and chemical properties of this semiconductor 
[25–27]. The other authors concentrate on the role of dop-
ing element for amelioration and controlling of their prop-
erties especially electrical characteristics [13, 28].

In this work, we have chosen the electrochemical route 
with one-step cathodic deposition without any treatment 
or supplement process to prepare SnO2 thin films. We have 
prepared the SnO2 thin films on ITO transparent conductive 
glass substrate in nitric acid medium with different electro-
lyte bath acidity (pH), because in our knowledge the inves-
tigated of pH effect on tin oxide thin films properties has 
not been reported yet. The detailed study of the formation 
and mechanisms were treated and discussed. The electrical 
and optical properties of SnO2 thin films were studied as 
function of the electrolyte pH to predict the use of the both 
of crystalline and amorphous SnO2 as TCO in solar cells.

2 � Experiments procedures

The electrodeposition of SnO2 thin films was carried out 
potentiotatically from aqueous electrolytic solution consist-
ing of 40 mM SnCl2, 100 mM HNO3 and 100 mM NaNO3 
as supporting salt. HNO3 acid was added to adjusting pH 
for obtaining various pH solutions: 1.25, 1.10, 0.8, 0.5 
and 0.3. The deposition temperature was fixed at 70 °C by 
thermostatic bath and the electrolytic solution was stirred 
for 30  min to give stabilized solution. The chronoamper-
ometry technique was used to electodeposited SnO2 thin 
films at −0.9 V for 10 min.The thickness of the films was 
estimated at 400 nm by chronocoulomety technique, using 
Faraday law to give the same electric charge. Classical 
three electrode system was used to the electrodeposition 
procedure with a saturated calomel electrode (SCE) as a 
reference electrode, a Pt wire as a counter electrode, and 
an Indium doped SnO2 (ITO) coated transparent glass as 
working electrode. Prior to the deposition process, the ITO 

substrates were ultrasonically cleaned in methanol, acetone 
and distillate water for 10 min and etched in nitric acid 45% 
for 2  min to activate the surface of the electrode, which 
fixed at 1  cm2 area. The SnO2 thin films obtained were 
rinsed with distillate water to remove the chloride contami-
nant and dried in air at ambient conditions.

Morphological characterization was performed by 
atomic force microscopy (MFD-3D Classic Asylum 
Research). Phase identification and crystallographic struc-
ture determination were carried out using X-ray diffraction 
(XRD) on a PANalytical X’Pert Pro MPD instrument, with 
CuKα1 incident radiation source (λ = 1.54056 Å) in a θ–2θ 
geometry. The optical properties of the SnO2 thin films 
were measured with an UV–Vis–NIR spectrophotometer 
(Shimadzu UV-1800) in the range of 200–1100 nm.

3 � Results and discussion

Figure  1a shows the cyclic voltammetry (CV) of Pt wire 
in 100  mM nitric acid without and with the presence 
of the precursor (HNO3) and (HNO3 + SnCl2), respec-
tively. In supporting electrolyte (HNO3), we observed 
a cathodic intense peak with (Ep = −0.65  mV vs. SCE, 
ip = −6.27 mA/cm2) which might be attributed to the reduc-
tion of NO3

− ions (Eq.  1). In supporting electrolyte with 
the presence of the precursor (HNO3 + SnCl2), the cathodic 
peak became more intense with (Ep = −0.60 mV vs. SCE, 
ip = −16.13  mA/cm2). This increase in current intensity 
is due to the presence of the second reduction with close 
potential value with that of nitrates reduction, without for-
getting the hydrogen evolution reaction (HER) occurred in 
acidic aqueous medium. The second reaction corresponded 
to the reduction of Sn4+ present in the electrolyte to the 
metallic Sn (Eq. 2), its well established that the Sn4+ ions 
is could be obtained by easy oxidation of Sn2+ by dissolved 
oxygen in the solution [17], or by nitric acid [26]

The hydroxyl anions (OH−) obtained by reduction of 
NO3

− were chemically reacted with Sn4+ present in the 
solution to formed the tin hydroxide, it was instable and 
easily dehydrated by elevated temperature (70 °C) which 
leads to the deposition of SnO2 thin films on cathodic area 
by following reactions:

In the reversal of sweep direction, no anodic peak was 
observed for voltammogram in supporting electrolyte 

(1)NO−

3
+ H2O + 2e− → NO−

2
+ 2OH−

(2)Sn4+ + 2e− → Sn

Sn4+ + 4 OH−
→ Sn(OH)4

(4)Sn(OH)4 → SnO2 + H2O
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(HNO3) which indicated that the reaction of nitrates 
reduction is irreversible. For the presence of SnCl2 
(HNO3 + SnCl2), a significant oxidation peak was observed 
during anodic sweep due to the oxidation of metallic Sn 
formed by the reduction of Sn4+.

Figure  1b shows the cyclic voltammetry of Pt wire 
in nitric acid and hydrochloric acid with the presence of 
the precursor in both of electrolyte (HCl + SnCl2) and 
(HNO3 + SnCl2) respectively. The same form of voltam-
mogramwas observed but with lower cathodic peak in HCl 
electrolyte comparatively with that of HNO3, this peak 
related to the reduction of Sn4+ only. In the reversal of 
sweep direction, an anodic peak was observed for two elec-
trolytes, the oxidation peak intensity in HCl (ip = 21.41 mA/
cm2) is the higher than that in HNO3(ip = 8.31  mA/cm2). 
From these results, we can say that the nitrates reduction is 
the predominant reaction and the essential one for tin oxide 
electrodeposition. Similar voltammograms had been also 
obtained by Chen et al. [17]. Our result is also very com-
parable with that of Anicia et al. [29] concerning potential 
values of cathodic tin deposition, which was in the range of 
−0.45 to −0.5 V, and with that of Baka et al. [30] for nitrate 
reduction with potential value of −0.7 V versus SCE. The 
electrochemical kinetic process of nitrates reduction was 

also investigated by CV technique at series of scan rates 
on Pt wire. Effectively, Fig.  2a shows the CV of Pt wire 
in 40 Mm SnCl2 and 100 mM HNO3 at various scan rates. 
It is clear that the current peak of nitrates reduction shows 
increasing with scan rate increasing with absence of oxida-
tion peaks reflecting the irreversible system. The variation 
of current peak density with square root of scan rate was 
presented in Fig.  2b; this is not directly proportionally; it 
is a curve with concavity which was turned to the scan rate 
axis which indicated that the reduction of nitrate ions on 
Pt wire in this solution followed by chemical reaction. This 
result confirms the equations tired from cyclic voltammetry 
of Fig. 1, the OH− formed during nitrate reduction reacted 
chemically with Sn4+ present in the solution to form the 
SnO2 deposit.

The ideal comportment of semiconductor/electrolyte 
junction was described by Mott–Schottky (M–S) from 
depletion situation of semiconductor surface caused by 
achieved equilibrium condition in the interface semicon-
ductor/electrolyte. It means equality in Fermi level of 
semiconductor with Fermi level of electrolyte, which cor-
responded to the E° (red/ox) present in the electrolyte. The 
variation of the capacitance of space charge region of SnO2 
thin films electrodeposited at various pH electrolyte versus 

Fig. 1   Cyclic voltammograms 
of Pt wire at 50 mV/s: a100 mM 
nitric acid without and with the 
presence of 40 mM SnCl2 and 
b100 mM nitric acid + 40 mM 
SnCl2 and 100 mM chloridric 
acid + 40 mM SnCl2
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applied bias potential was carried out in 0.1 M NaNO3 elec-
trolyte with 500 Hz frequency following the Mott-Schottky 
relation for an n-type semiconductor [31]:

 where ε0 is the vacuum permittivity, ε is the relative per-
mittivity of the semiconductor (ε of SnO2 is 173[02]), e the 
elementary charge, ND the carrier concentration, Z the flat 
band potential, T the thermodynamic temperature and K is 
the Boltzmann’s constant. The plots (Fig. 3) suggesting an 
n-type conductivity of all samples due to the positive slope 
of the linear curve [32]. In addition, this later gives the car-
rier concentration (ND) of the samples and the extrapolat-
ing of the linear part of the M–S plots at 1/Csc

2 = 0 gives 
the Vfb of the samples. These useful parameters were pre-
sented in Table 1. The negative values of the flat band were 
in a good agreement with n type semiconductor and were 
positively shifted with decreasing pH from 1.10 to 0.3; 
the samples obtained at this pH of electrolyte were cor-
responded to the amorphous phases confirmed by XRD 
patterns (see Fig.  7). Liu et  al. [33] have explained this 
effect by the low crystallinity of the samples. The carrier 
concentration was relatively high for different pH values; 
comparatively with SnO2 doped indium of our substrate; 
the decreasing in the electrolyte pH has a greater effect on 
the increase of carriers density; the highest value of carrier 
concentration corresponded to pH ~ 0.8 and the lowest one 
corresponded to pH ~ 0.3. It was known that the oxygen 

(5)
1

C2
SC

=
2

eεε0A2ND

[

V − Vfb −
KT

e

]

vacancy or the interstitial cations are the source of n-type 
conduction in nonstochiometric intrinsic oxides and the 
oxygen vacancy is the predominant defect in tin oxide [34]. 
The increase of carrier’s concentration with decreasing pH 
from pH ~ 1.25 (4.50 × 1020 cm−3) to pH ~ 0.8 (8.41 × 1020 

Fig. 2   a Cyclicvoltam-
mogramms of Pt wire 
at various scan rate in 
100 mMHNO3 + 40 mM SnCl2, 
and b Dependence of current 
peak to the square root of scan 
rate of nitrates reduction in 100 
mM HNO3

− + 40 mM SnCl2
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cm−3) can be attributed to the increase in creation of oxy-
gen vacancy with tow electron liberated following Kroger-
Vink notation (Eq. 6) [35]. The hydrogen molecules formed 
by co-reduction of H+ during electrodeposition of the SnO2 
films were adsorbed in the surface of SnO2 (Eq. 7 and 8) 
and may be reacted with oxygen gas which was liberated 
during the creation of oxygen vacancy leading to motivate 
the creation of this defects so more carrier’s concentra-
tion. From the Mott–Schottky analysis we can predicted 
that the increasing of the conductivity of the SnO2 films 
follows the sense of increasing of carrier concentration 
because of the proportionality existed among them. Our 
analysis is in agreement with Paria et al. [36], which were 
found that the electrical conductivity increases by increas-
ing of defect concentration and the oxygen vacancy is the 
predominant defect in tin oxide. For the samples obtained 
at pH ~ 0.5 and 0.3, we are observed the decrease in carri-
ers concentration with 5.78 × 1020 and 2.69 × 1013 cm−3 val-
ues, respectively. This regress in the carriers concentration 
for pH ~ 0.5 and especially for pH ~ 0.3 may be due to the 
decrease in oxygen vacancy caused by the decrease of the 
amount of the SnO2 electrodeposited at these low pH val-
ues. This decrease of the growth of the SnO2 thin films is 
observed in 3D AFM images (Fig. 5), which can be related 
to the increase of hydrogen evolution, as secondary concur-
rent reaction, with increasing the proton concentration by 
decreasing the electrolyte pH.

The electrochemical impedance spectroscopy (EIS) 
response of SnO2 electrodeposited on ITO substrates at var-
ious pH solutions was carried out in 0.1 M NaNO3 aqueous 
electrolyte in the range frequency of 0.01 Hz to 100 kHz 
with applied potential of −0.8  V versus SCE. Figure  4 
shows the Nyquist diagrams of the samples, a semi circles 
were observed at high frequency, which corresponded to 
charge transfer in the interface electrode/electrolyte and 
the straight lines in the low frequency, which related to the 
diffusion of electro active spices [37]. The diameter of the 

(6)Oo →
1

2
O2 + Vo�� + 2e Kroger - Vink notation

(7)H+ + 2e− → H2 Reduction

(8)H2(gas) = 2H (ads) Adsorption

(9)2H (ad) +
1

2
O2 → H2O

semicircle of ITO/SnO2/NaNO3 interface decreases from 
the films electrodeposited at pH ~ 0.5 to 0.8 to 1.25 and to 
pH ~ 1.10, which corresponded to the smaller semicircle 
suggesting that the film obtained at pH ~ 1.10 have a smaller 
charge transfer resistance (Rct); so the highest conductiv-
ity of this films. Despite the carrier concentration, value 
of the SnO2 films obtained at pH ~ 0.8 and 0.5 was higher 
than that of the SnO2 films obtained at pH ~ 1.10. The 
conductivity of the latter was the highest; we can explain 
this observation or contradiction by the presence of trap-
ping states when we go to the amorphous and disordered 
phase of the SnO2 electrodeposited at low pH values. For 
SnO2 films electrodeposited at pH ~ 0.3, the EIS response 
was unclear and the points of diagram was randomly dis-
tributed which can be explained by the lower conductivity 
of the films which was confirmed by Mott–Schottky analy-
ses, with a carrier concentration in order of 1013 cm−3. The 

Table 1   Variation of carrier’s 
concentration and flat band 
of SnO2 thin films versus 
electrolyte pH

pH ITO 1.25 1.10 0.8 0.5 0.3

ND (cm−3) 1.7 × 1020 4.50 × 1020 5.44 × 1020 8.41 × 1020 5.78 × 1020 2.69 × 1013

Vfb (V) −0.289 −0.653 −0.955 −0.913 −0. 846 −0.147
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Fig. 5   2D and 3D AFM images of SnO2 thin films electrodeposited on ITO substrate at various electrolyte pH
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inset of Fig. 4 shows the corresponding variation of charge 
transfer resistance of the interfaces ITO/SnO2/NaNO3 with 
electrolyte pH.

The surface morphologies of the SnO2 thin films grown 
on ITO substrates at various electrolytes pH were observed 
through atomic force microscopy (AFM). Figure  5 shows 
2D and 3D AFM images with root mean square rough-
ness (RMS) values correspondent of the deposits obtained 
by chronoamperometry at −0.9  V during 10  min. It is 
clear from 2D images that the electrolyte pH affects the 
films topography, where the grains size of the deposits 
was decreased with decreasing pH, which is in agreement 
with XRD results. In addition, we can have observed in 3D 
images the reduction of the deposit amount with deceas-
ing pH, this was expected because of accompany of hydro-
gen evolution with the electrochemical formation of SnO2 
deposit which was evolved with decreasing pH. The root 
mean square roughness values decreased too with decreas-
ing pH flow the order of grains size reduction. Karpuz et al. 
[38] observed similar effect of pH electrolyte on the mor-
phologies (grains size and roughness) of Co–Mn films elec-
trodeposited at different electrolyte pH by AFM analysis.

From the results, drown in cyclic voltammetry four val-
ues of potential around the reduction peak of nitrate ions 
−0.6, −0.7, −0.8 and −0.9  V were probable as selective 
potential for cathodic deposition of pure SnO2 thin films. 
The phase purity and crystalline structure of SnO2 sam-
ples were characterized using XRD technique. Effectively, 
Fig.  6 shows the XRD patterns of SnO2 electrodepos-
ited by chronoamperometry at 10  min at these different 
applied potentials. It is clear, from this patterns the sam-
ple deposited at −0.9 V show clear, sharp, and strong dif-
fraction peaks. All the peaks in these patterns could be 
indexed as the tetragonal SnO2 according to JCPDS card 
(No. 41-1445). Additionally, no diffraction features that 
are characteristic of impurities such as unreacted Sn and 
other tin oxides phases were observed, indicating the purity 
of the SnO2 polycrystalline. Significant differences are 
observed between the samples deposited at others different 
deposition potentials. For SnO2 oxides deposited at −0.8, 
−0.7 and −0.6 V a small Sn peaks impurities are observed 
which were disparate at −0.9  V. For this raison we have 
chosen a −0.9  V potential for SnO2 electrodeposition. 
Figure 7 shows the XRD patterns of SnO2 thin films elec-
trodeposited under − 0.9 V at 10 min at different values of 
pH solution. It was observed that the patterns of ITO sub-
strate show diffraction peaks at 2θ values of 21.51°, 30.62°, 
35.30°, 50.93°, and 60.65° correspond respectively to dif-
fraction peaks of (211), (222), (400), (440) and (622) plans 
of cubic InO2 phase of ITO substrate [39]. For thin films 
obtained at pH ~ 1.25, these patterns show crystalline dif-
fraction peaks at 26,11°, 33.54°, 51.80° and 65° correspond 
respectively to (110), (101), (211), and (112) plans of SnO2 
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crystal in accord with JCPDS (No. 41-1445). This is indi-
cating the formation of SnO2 thin films with tetragonal 
rutile structure at value of 1.25 pH electrolyte. The XRD 
patterns for the samples obtained at pH ~ 1.10 to 0.3 shows 
disappear of crystalline diffraction peaks and presence of 
only broad peak with decreasing pH, this is typical of an 
amorphous structure. In addition, the degree of amorphiza-
tion may be increased in the sens of decreasing pH. We can 
explain this transition of SnO2 crystalline structure (corre-
sponded to pH ~ 1.25) to the SnO2 amorphous phase (cor-
responded to another pH values) by the increase of the dis-
order with creation of defect (oxygen vacancy) which was 
motivated by decreasing the electrolyte pH i.e. increasing 
the H+ concentration (Eqs. 6–9).

Valenzuela et  al [39] obtained similar pattern of amor-
phous SnO2 characteristics by broad peak, which have 
deposited the tin oxide by DC–magnetron sputtering, 
combined with thermal oxidation. Chang et  al. [18] have 
explained in their work the presence of small broad peak in 
the patterns of electrodeposited SnO2 by the low crystallin-
ity and small particle size of the deposits, which mean the 
amorphous phase.

To study the influence of electrolyte pH on the opti-
cal properties of the grown SnO2 thin films, transmittance 
measurements were conducted and the results are presented 
in Fig. 8. The dotted line which is parallel to X-axis is due 
to light transmittance of 80%. It was observed that all the 
samples exhibited high transmittance (>80%) in the visible 
region. A slight increase in transmittance from 82 to 83% 
for pH ~ 1.25 and 0.5, respectively; but noticeable increase 
in transmittance was observed for pH ~ 0.3, which attained 

90%. The pH dependence of optical transmittance is related 
to the grain size and the surface roughnesse of the films. 
Its established that in the AFM analysis, the surface rough-
nesse were affected by the variation of electrolyte pH. This 
increase in transmittance with decreasing pH may be attrib-
uted to the decrease in light scattering resulting from reduc-
tion of surface roughness [40]; where the highest average 
optical transmittance of 90% corresponds to the lowest root 
mean square roughness value of 1.21 nm for pH ~ 0.3. The 
TCO semiconductors, polycrystalline or amorphous, suit-
able for use as thin films transparent electrode should have 
an average transmittance above 80% in visible range, car-
rier concentration of the order of 1020 cm−3 and gap energy 
above approximately 3 eV [41]. In this study, both of crys-
talline and amorphous SnO2 thin films achieve these crit-
ters of TCO.

In order to determine the optical band gap of this mate-
rial and the type of optical absorption, Tauc [42], Davis and 
Mott [43] showed that the absorption coefficient and pho-
ton energy are related by the following equation:

In the above equation, A is a constant, Eg is the band 
gap of the material, α is the absorption coefficient, h the 
Plank constant, ν is the frequency of the radiation and n has 
different values depending on the optical absorption pro-
cess. The corresponded optical band gap energies were esti-
mated from the plot of (αhν)2 versus the photon energy (hν) 
(Fig. 9). The band gap was determined by the extrapolating 

(10)�hv = A(hv − Eg)n
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of the linear portion of the photon energy axis in the Tauc 
plot. The straight-line portion of the plots shown in Fig. 9 
indicates the direct transition for all the samples [44]. The 
band gap values of the samples were confined between 3.50 
and 3.69  eV; they were in good agreement with theoreti-
cal band gap value of 3.6 eV confirmed in literature. In the 
insert of Fig. 9 is presented the variation of the values of 
Eg with pH electrolyte. This curve indicates that the opti-
cal band gap increased generally with decreasing the pH 
of electrolyte; the pH dependence of the band gap is con-
cerned with the crystallinity and the carriers concentration 
of the SnO2 thin films. It was observed that for the samples 
obtained at pH ~ 1.25 corresponded to the polycrystalline 
films (well crystallinity); the band gap was taken the value 
of 3.50 eV is in a good agreement with that (3.52 eV) of 
undoped polycrystalline SnO2 [45]. On the other hand, the 
band gap energies were increased with deceasing the pH, 
it was attained a maximum of 3.69 eV for pH ~ 0.3; in this 
range of pH, the SnO2 films were amorphous phase with 
deteriorate crystallinity and reduction of the grain size. 
This effect is the quantum-size effect in semiconductors 
thin films [46]. In addition, the absorption edge shifts to 
the shorter wavelength with decreasing pH of electrolyte. 
Therefore, the SnO2 thin films obtained with lower pH can 
absorb more UV light than the films electrodeposited at 
pH ~ 1.25. Also, the increase in values of band gap energy 
with decreasing electrolyte pH is due to the increase of car-
riers concentration (see the Mott–schottky analysis) with 
lowering pH, It’s can be the Moss–Burstein effect [47].

4 � Conclusion

The SnO2 thin films were synthesized by electrochemi-
cal cathodic deposition under potential of −0.9  V ver-
sus SCE in nitric acid. The mechanism of the forma-
tion includes electrochemical reduction of nitrate ions to 
hydroxyl ions flowed by chemical step combined stannic 
and hydroxyl ions to formed tin oxide on electrode area. 
From the Mott–Schottky analysis and EIS measurements, 
it was founded that the electrical characteristics of the SnO2 
thin films were depended to the pH of the electrolyte and 
the critical value pH ~ 1.10, which corresponded to the 
higher conductivity with carrier’s concentration in order of 
5.44 × 1020 cm−3. The morphology and the roughness of the 
deposits were significantly sensitive to change of the pH 
and were decreased with its decrease. It was revealed from 
XRD analysis that the cristallinity of SnO2 films depend on 
the pH, which moves from polycrystalline to amorphous 
structure with decreasing pH. Optical transparency of the 
SnO2 thin films was sufficient and increase in amorphous 
phase. Amorphous SnO2 thin film combines between better 

electrical properties and adequate transparency for TCO 
application comparatively with crystalline SnO2.
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