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The paper reports on the composition, morphology and optical properties of thin Mo–O–C–Se film 
electrodeposited onto SnO2–glass substrate (R = 292 Ω/cm2). The composition of films was estimated 
based on X-ray photoelectron spectroscopy and Fourier transform infrared spectral analysis. Structural 
elements similar to molybdenum oxides and/or hydroxides, MoSe2, Se and SeO2 were identified on the 
surface and in the bulk of the electrodeposits. The studies of surface morphology by scanning electron 
microscopy and atomic force microscopy showed long-sized wires distributed over all the surface. The 
optical absorption studies revealed the films to be highly absorptive (104α cm–1) with a direct band transi-
tion and the bang gap energy of 1.75 eV. 
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1. Introduction 

A rapid progress in modern technologies induces the search for new compounds 
possessing advanced physicochemical properties. Thin films of molybdenum chalco-
genide and oxide based compounds present considerable interest for many research 
fields including electrocatalysis [1, 2], fuel cells [3] and batteries [4]. This interest is 
related to the capacity of Mo atoms to assume various oxidation states, depending on 
the methods of syntheses. Therefore, there is continuous research into exploring new 
processing techniques which fulfil low-cost, scalability and production criteria. Elec-
trodeposition satisfies all these conditions and hence accelerated efforts are made in 
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many laboratories [4–6]. Thin amorphous MoOySx films, applied in lithium battery cells, 
have been successfully obtained by the electrodeposition technique [4]. The cathodic 
deposition of complex Mo4O11–MoS2 systems has been described in the paper [5]. 

Results regarding simultaneous electrodeposition of Mo and Se onto SnO2 coated 
glass electrodes from sodium citrate solutions have been recently reported [6]. Mirror-
like, uniform and adhesive thin Mo–O–C–Se films were electrodeposited on the sur-
face of SnO2–glass electrode. However it was impossible to characterize the crystallo-
graphic structures of the deposits: the only lines corresponding to polycrystalline SnO2 
have been observed in X-ray diffractograms. Therefore, in this paper we continue our 
recent investigations and characterize electrodeposited Mo–O–C–Se films. Our moti-
vation for characterizing these films is driven by their potential as promising candi-
dates for photovoltaic applications. To establish the suitability of these thin films as 
a photovoltaic material, it is essential to study the distribution and nature of com-
pounds present in the deposits and their optical properties. 

2. Experimental 

A commercially available ISE-2 three-electrode system with a PI-1-50 potentiostat 
coupled to a PR-8 programmer (ZIP, Russia) was adopted to deposit thin films on 
commercially available SnO2 coated glass plates. The thickness of the SnO2 layer was 
1 μm and the sheet resistance was 292 Ω/cm2. A plate was fixed in a stainless steel 
cylindrical holder, and a copper stick served as the contact. The working area of the 
SnO2 plate was 4.5 cm2. The conducting SnO2 coated glasses were cleaned with ace-
tone and then cleaned chemically in 0.1 M HNO3, rinsed with distilled water and 
dried. A standard KCl(sat)|AgCl, Ag electrode was used as the reference electrode. 
A platinum wire with the diameter of 1.0 mm and the active surface area of 12.5 cm2 
was used as the counter electrode. 

Electrolyte solutions, pH = 8.3, containing H2SeO3 of fixed concentrations 
(0.0005 M), Na2MoO4 (0.05 M) and sodium citrate (0.22 M) were employed. The 
chemicals used were Na2MoO4·2H2O, H2SeO3 and Na3C6H5O7·2H2O, all of analytical 
grade. Each solution was freshly prepared with twice distilled water. The deposition 
was carried out at a constant potential E = –1.0 V and the deposition temperature of  
15 ± 1 °C. The deposition time was 100 min. The thickness of the electrodeposited 
film was measured with a GAERTNER L115 laser ellipsometer (USA, Gaertner Sci-
entific Corporation). The morphology of deposits was examined with a JOEL-SEM-
1C25S (Japan) scanning electron microscope (SEM). For each sample, 10 surface 
points were examined. 

An atomic force microscope Nanotop-206 (Microtestmashines Belarus) operating 
in a contact state mode was used to investigate the roughness of the surface. It used 
a silicon cantilever, with the force constant of 5.0 N/m. The image processing and 
analysis of the scanning probe microscopy data were performed using the Windows 
based program Surface View, Version 1.0. 
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X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR) 
spectroscopy experiments were performed to obtain information on the exact composi-
tion of electrodeposits. X-ray photoelectron spectra were obtained with a Kratos Ana-
lytical XSAM800 spectrometer. The energy scale of the spectrometer was calibrated 
using Au 4f7/2 and Cu 2p3/2 Ag 3d5/2 peaks. The source was operating in aluminium 
anode mode: non-monochromatized AlKα with the photon energy of 1486.6 eV. The 
O 1s, C 1s, Mo 3d, and Se 3d spectra were determined at the 20 eV pass energy (0.05 
eV energy increment) of the hemispherical analyser. The fixed analyser transmission 
(FAT) mode was used. The resolution of the instrument was 0.2 eV. The charging 
effects were corrected by referring the binding energies to that the of C 1 s line at 
284.8 eV. The relative atomic concentrations of oxygen, carbon, molybdenum, and 
selenium were calculated from an appropriate peak area with respect to the sensitivity 
factors, using the original Kratos software. The XPSPEAK41 software was employed 
for the peak fitting procedure [7]. The Shirley background with Lorenz to Gauss rate 
0:100 and a symmetric line shape for all peaks were used. Assignation of the signals to 
specific structures or given oxidation states of elements analysed was done by com-
parison with data available from the NIST standard Reference Database 20, Ver-
sion 3.4 [8] and to literature references. All samples were scanned as received – with-
out undertaking ion beam surface cleaning procedure. 

Mo–O–C–Se deposits were scraped with a non-metallic scraper, and then scrap-
ings were solid-mixed with KBr, modulated into pellets and investigated by the FTIR 
spectroscopy to determine the chemical structure and binding configuration of a thin 
film. Spectra were recorded on a Perkin–Elmer FTIR system spectrum GX with the 
resolution of 1 cm–1 in the 4000–400 cm–1 spectral range. 

UV–Vis spectrometry was used to investigate the optical behaviour of the films. UV–
Vis spectra were recorded with a UV/Visible Spectronic Genesis spectrophotometer in the 
range 200–800 nm. The absorption spectra of thin films were recorded using an identical 
transparent tin oxide coated glass plate as a reference, and the values of the optical absorp-
tion coefficient α were not corrected for the reflectance from the film surface. The optical 
bandgap energy, Eog, was obtained by studying the absorption edge behaviour. 

3. Results and discussion 

3.1. XPS analysis 

The composition of deposits has been determined by the XPS measurements. The 
recorded Mo 3d, Se 3d, O 1s and C 1s core level (CL) spectra are shown in Figs. 1–4, 
respectively. The line shape of measured Mo 3d CL spectrum (Fig. 1) is highly asym-
metric, indicating the presence of mixed oxidation states of Mo. The molybdenum 
oxidation state was estimated by deconvolution of the peaks in the Mo 3d region. The 
spin–orbit splitting between Mo 3d5/2 and Mo 3d3/2 signals was set to 3.14 eV and the 
integral intensity of the doublet peaks was fixed before the fitting procedure was run.  
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Fig. 1. Mo 3d XPS spectra from Mo–O–C–Se film electrodeposited on a SnO2–glass plate: 
 crosses – acquired data, dashed line – fitted curve, 1– MoSe2/Mo2C, 2 – MoO2/Mox(OH)y, 3 – MoO3 

Using the deconvolution technique, the best fit was obtained by resolving the spec-
trum into three pairs of Gaussian peaks, where 1, 2 and 3 represent the Mo 3d5/2 level of 
different molybdenum oxidation states. The primed peaks represent Mo 3d3/2 levels, re-
spectively. The core level binding energy values of Mo 3d5/2 signals were compared with 
the values of corresponding states reported in the literature. When molybdenum is bound 
to selenium, the characteristic Mo 3d5/2 signal appears at Eb = 228.8 eV [9, 10]. It should 
be noted that the Mo 3d5/2 signal with a binding energy of 228.6 eV is typical of Mo2+ in 
Mo2C [11, 12]. According to literature data, the energy values of the Mo 3d5/2 photoelec-
trons for MoO2 and MoO3 are ca. 229 eV [13–17] and 232 eV [13–15, 17, 18], respec-
tively. A peak with the binding energy of 230.8 eV is midway between those Mo 3d5/2 
values assigned to MoO2 and MoO3 and corresponds to the Mo5+ state associated with the 
mixture of oxides and hydroxides, mainly in the form of Mo4+ and Mo5+ [14, 19, 20 ]. 

 

Fig. 2. Se 3d XPS spectra from Mo–O–C–Se film electrodeposited on a SnO2–glass plate: 
crosses – acquired data, dashed line – fitted curve, 1– MoSe2, 2 – Se, 3 – SeO2 
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The Se 3d spectrum (Fig. 2) of a film sample shows the total peak envelope with 
the binding energy of 56 eV, which could be resolved into three peaks at 53.8, 55.9 
and 58.3 eV. The Se 3d spectrum displaces the expected MoSe2 peak with the binding 
energy 53.8 eV [21, 22]. This peak and the position of the signal from Mo 3d5/2 level 
at Eb = 228.7 eV strongly suggest the presence of MoSe2 in thin film layers. It is 
known that the binding energy of elemental selenium is about 55.4 eV [22, 23]. A small 
peak centred at 58.3 eV indicates that the film layer may contain SeO2 [24, 25]. 

 

Fig. 3. O 1s XPS spectra from Mo–O–C–Se film electrodeposited on a SnO2–glass plate: 
crosses – acquired data, dashed line – fitted curve, 1 – Mo–O, 2 – Mo–OH, 3 – H2O, 4 – C=O 

The O 1s spectrum (Fig. 3) can be deconvoluted into four contributions with the 
binding energies of 530.2, 531.1, 532.5 and 534.5 eV. The peaks at around 530 eV are 
known to result from oxides, and the peak at 532 eV may be assigned to the structural 
 

 
Fig. 4. C 1s XPS spectra from Mo–O–C–Se film electrodeposited on a SnO2–glass plate: 

 crosses – acquired data, dashed line – fitted curve, 1– Mo2C, 2 – C–C or C–H,  
3 – C–O, 4 – C=O, 5 – O– C=O. Inset: pure SnO2–glass plate 
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water while the peak at 531 eV to hydroxide [17, 19]. Besides, the plot areas of peaks 
corresponding to oxides are small compared with the area of hydroxides. This obser-
vation suggests that the films consist largely of hydroxides. The O 1s peak component 
at 534.5 eV corresponds to C=O from citrate [26]. 

Figure 4 shows the C 1s region, after curve fitting to discriminate the various con-
tributions. A very small peak at 283.6 eV is assigned to molybdenum carbide, in 
agreement with results published in the literature [15, 27]. The presence of small 
quantities of carbides, probably Mo2C, has been observed in Mo–Co alloy electrode-
position from the sulphate–citrate medium [14]. The main signal at 284.8 eV corre-
sponds to C–C and C–H bonds. Signals at 286.24, 287.88 and 288.46 eV are consis-
tent with the presence of C–O, C=O and O–C=O groups, respectively. These bands 
mainly originate from the citrate ion [26]. The XPS data are summarised in Table 1. 

Table 1. XPS results derived from the curve fitted deconvoluted spectra 

Element
Atomic 

percentage, 
% 

Binding 
energy, 

 eV 

FWHM, 
eV 

NIST 
data 

Oxidation
state  

Attribution 
to structural element 

found in 

Relative 
percentage,  

% 

Mo 
3d5/2 

 229.2 1.8 228.3 4+/2+ MoSe2. Mo2C 10.18 
20.81 230.6 1.8 230.6  4+/5+ MoO2/Mox(OH)y 62.0 

 232.0 1.7 232.6 6+ MoO3 27.82 

Se 3d 
 53.8 1.8 53.5 2– MoSe2 24.18 

1.52 55.9 1.8 55.7 0 Se 70.59 
 58.3 1.9 58.0 4+ SeO2 5.23 

O 1s 

 530.1 2.0 530.8  Mo−O 7.14 
 531.1 2.0 531.8  Mox(OH)y 78.42 

60.19 532.3 1.9 532.8  H2O 12.61 
 533.7 2.0 535.1  C=O 1.83 

C 1s 

 283.6 1.9 282.7  Mo2C 10.19 
 284.8 1.6 284.4  C−C, C−H 59.43 

17.48 286.24 1.6 286.4  C−O 13.33 
 287.9 2.0 287.8  C=O 4.21 
 288.5 2.0 289.0  O−C=O 12.84 

3.2. FTIR studies 

FTIR spectrum (Fig. 5) has been analysed in terms of the vibration of isolated mo-
lecular units and based on literature IR data on SeO2 [28–31] and molybdenum oxides 
[32–36]. The results (cf. Table 2) strongly suggest that some selenium oxide exists in 
thin film layers, whereas weak absorption peaks indicate that the SeO2 concentration is 
small.  

The most pronounced absorption peak at 741 cm–1 is clearly related to Mo(IV) ox-
ides [32–34]. The symmetric stretching modes of the terminal Mo=O bond of crystal-
line MoO2 and crystalline MoO3 appears at 985 cm–1 [35] and 990 cm–1 [36], respec-
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tively. The terminal double bond peak downshift with respect to MoO2 and MoO3 might 
be assigned to the presence of OH groups in the structure of molybdenum oxide. 

 

Fig. 5. FTIR spectrum of the Mo–O–C–Se film 
 recorded in 4000–400 cm–1 spectral region 

Table 2. Results from the analysis of FTIR spectrum of Mo–O–C–Se film 

Wavenumber, 
cm–1 Assignment 

474 
741 
866 
927 

1065 
1398 
1621 
3373 

νs (Se−O−Se) 
ν (Mo–O) 

νas (O–Mo–O) 
(Mo=O) 
(Se–O) 
COO– 

δ (H–O–H), COO–, 
ν (Mo–OH), 

 
As a result of this interaction, a broad band assigned to the stretching mode νOH of 

adsorbed water molecule and OH groups linked in the form of Mo–OH is present at 
3373 cm–1. 

3.3. Morphology of a thin film layer 

Thin film layers with the thickness of 110 ± 60 nm were electrodeposited on 
a SnO2–glass plate. Visually, the as-deposited films are mirror-like and coloured in a 
brown tint. Thin film layers were analysed without further treatment other than rinsing 
with distilled water. The micrograph of a thin film layer shown in Fig. 6 indicates 
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long-sized wires distributed all over the surface. AFM images (Fig. 7) show that wires 
cover the surface well, without any cracks and pinholes. 

 
Fig. 6. SEM image of the Mo–O–C–Se film 

 electrodeposited on a SnO2–glass plate 

 
Fig. 7. AFM images of the Mo–O–C–Se film electrodeposited 
 on a SnO2–glass plate; a) 2D topography, b) 3D topography 

3.4. UV–Vis studies 

The optical absorption of the film was studied in the wavelength range from 200 
to 800 nm without accounting for reflection and transmission losses. The UV–Vis 
transmittance spectrum of freshly deposited thin Mo−O–C–Se film is shown in Fig. 8. 
The transmission shows an intense minimum in the UV region. A less intense mini-
mum in the red region is also observed. An absorption edge of the film is observed at 
670 nm and lies in the visible wavelength range. Transmittance values higher than 
100% between 670 and 800 nm can be ascribed to the fact that the Mo–O–C–Se film 
surface is smoother and less light-scattering than the SnO2 surface used as a reference 
for optical transmission measurements. 

The optical absorption coefficient α for the wavelength range near and below the 
absorption edge is found to have a value of 3.98×104 cm–1. The variation of optical 
density with wavelength was analysed to find the nature of transition involved and the 
optical bandgap energy (Eog). 
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The variation of the optical absorption coefficient α near the absorption edge fol-
lows the power law in the form 

 
( )n

ogB E E
E

α
−

=  (1) 

where: E is the photon energy, hν, Eog is the bandgap energy of the system, B is the 
function of the density of states near the conduction and valence band edges. The 
value of n is 2 for allowed direct transition and 1/2 for the allowed indirect transition. 

 
Fig. 8. UV-Vis spectrum of the Mo–O–C–Se film electrodeposited on a SnO2–glass plate 

 
Fig. 9. Plot of (αhν)2 versus photon energy of the Mo–O–C–Se 

film electrodeposited on a SnO2–glass plate 
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High α values suggest the existence of direct bandgap transition. The type of opti-
cal transition in the Mo–O–C–Se film has been determined from the dependence of 
(αhν)2 on the photon energy (Fig. 9). A linear rise near the absorption edge confirms 
the direct nature of transition. Extrapolating the linear part of the plot towards zero 
absorption, the intercept with the energy axis determines the optical bandgap energy 
(Eog) value of 1.75 eV. 

4. Conclusions 

XPS analysis confirms that Mo−O–C–Se film layers are heterogeneous and are 
composed of MoSe2, Se, SeO2 and molybdenum oxides and hydroxides. XPS core 
level analysis revealed the presence of Mo4+, Mo5+ and Mo6+ oxidation states. 

FT-IR spectra confirmed the hydrous nature of Mo−O–C–Se film. 
SEM and AFM revealed the film surface to be of device-grade quality, and to be 

free of any pinholes. 
Optical studies showed that thin Mo−O–C–Se film has a high optical absorption 

coefficient and direct band to band type optical transition. The bandgap energy Eog 
equals 1.75 eV. 
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