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Abstract We have investigated the effect of sulfur
concentration ([S]/[Mo] = 0-10 at.%) on nanostructural,
optical and electrical properties of MoOj thin films grown
on glass substrate by spray pyrolysis technique. X-ray
diffraction analysis showed that the films were crystallized
with mixed structures of MoOs3; orthorhombic and MoS,
hexagonal structure. According to FESEM images, the
studied films have a sponge-type structure on the order of
nanometers. Optical measurements revealed that two dis-
tinct inflexions indicative two transitions correspond to
MoO3/MoS, phases in agreement with the XRD analysis.
The Hall effect and thermoelectric measurements have
shown p-type conductivity, and the free hole density
increases with increasing sulfur to molybdenum ratio, in
agreement with reflectance spectra of the layers. The
obtained value of Seebeck coefficient for MoOj; film with
[S]/[Mo] ratio of 8 at.% was as high as 169 pV/K.

1 Introduction

Transition metal oxides because of their physical and
chemical properties have been the focus of much attention
in view of their scientific and technological applications.
Among these oxides, Molybdenum trioxides, MoO;, with a
layer-type structure and interesting physical properties has
been widely studied in recent years. MoO; finds applica-
tion as a cathode material in the development of high-
energy density solid-state micro batteries, imaging devices,
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smart windows, gas sensors, supported catalysts and
lubricants [1-3].

MoOj; thin films exist in three phases namely:
orthorhombic MoO5; (x-MoQ3) and two metastable phases
hexagonal MoOj; (h-MoO3;) and monoclinic MoO3 (f-
MoOs3). The orthorhombic phase («-MoQOs3) has a layered
structure, which consists of double layers of MoOg octa-
hedral. Various thin film deposition techniques such as
thermal evaporation [4], sputtering [5], chemical vapor
deposition (CVD) [6], spray pyrolysis deposition (SPD) [7,
8], electrodeposition [9] and flash evaporation [10] were
employed for growth of molybdenum oxide thin films.

Among all these techniques, SPD is the promising one,
because of its simplicity and the facility for cost effective
large area deposition, with no need of any sophisticated
instrumentation. A few attempts have been made to
preparation this compound. Bouzidi et al. [7], investigated
the effect of substrate temperature on the structural and
optical properties of MoOj thin films prepared by spray
pyrolysis in the temperature range from 200 to 300 °C.
They estimated band gaps between 3.14 and 3.34 eV for
these layers. Characterization of MoOj; with the two pha-
se’s o and f in each of the films and the study of surface
morphology and optical properties of molybdenum oxide
have been done by the spray pyrolysis method [8].
Although there have been little theoretical and experi-
mental studies on the structural, electrical, and optical
properties of molybdenum oxide crystals, to the basis of
our knowledge, no real authentic information was available
relative to nature of structural, optical, electrical and
thermoelectrical of sulfur content MoO; thin films depos-
ited by chemical spray pyrolysis technique.

In the present investigation, thin film of MoO; was
deposited at atmospheric pressure on glass substrate. Also,
S*~ ion has been selected to study the effect of doping on
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the structural, morphological, optical, electrical and ther-
moelectrical properties of MoOs thin films. This selection
is based on the electron valence and ionic radius values of
0~ and $*7, respectively. Oxygen and sulfur are similar in
many physical and chemical properties, due to a similar
structure of the electronic shell. Therefore, S~ can sub-
stitute for O>~ jon. Such substitution has been reported to
changes optical and electrical properties in SPD films [11].

2 Experimental descriptions

2.1 Preparation of MoO; and Sulfur content MoO3
thin films

Pure MoO3 thin film and S-content MoO; thin films were
deposited onto glass substrate using chemical spray
pyrolysis technique. In order to prepare the basis spray
solution for any sample, 0.01 M (0.618 g) of ammonium
molybdate tetrahydrate (NH4)sMO,0,4-4H,0) was added
to 50 ml double distilled water. Then thiourea (CS(NH,),)
as the source for sulfur with four various S to Mo molar
ratios of 4, 6, 8 and 10 was dissolved into the basis solu-
tion. The calculation of the amount of CS(NH,), (? g) with
S/Mo = 8 at.% in solution is described in the following:

[S]/[Mo = 0.01 M] = 8 — [S] = 0.08 M (1)

0.08 (mol /1000 ml) x 50 ml
x (Molar Mass of CS(NH,),= 76.12 gmol )
= 0.305 g (2)

The final solution was stirred for 30 min. Before spraying
the solution, the substrate temperature (Ts) was set at
310 °C with an accuracy of £5 °C using a digital tem-
perature controller for both options. Other deposition
parameters such as spray deposition rate (ml/min), spray
solution volume and the pressure of the carrier gas were
reported in Table 1.

2.2 Characterization of thin films
An X-ray diffractometer (D8 Advance Bruker) was used to

record X-ray diffraction (XRD) patterns using Cu-K,
radiation (A = 0.15406 nm) spectra in the 20 range

10°-70°. Spectral transmittance and reflectance were
recorded in the wavelength range 300-1100 nm by a Shi-
madzu UV1800 spectrophotometer. The surface morphol-
ogy were investigated by using a field emission scanning
electron microscope (FESEM) (Hitachi, model: S-4160).
The film thickness of studied samples were determined by
gravimetric weight difference method. For this, a sensitive
microbalance was used and film density was assumed as
the bulk density of MoOj3 (4.69 g/cm3).

Electrical resistivity and Hall effect data (magnetic field
strength = 200 mT) of the samples were measured in the
Van der Pauw configuration [12]. Finally by applying a
temperature gradient between the two ends of the samples,
the thermoelectric electromotive force (emf) of the pre-
pared films were measured, and then the Seebeck coeffi-
cients were determined by calculating the slope of the
thermoelectric emf versus temperature difference.

3 Results and discussion
3.1 Structural properties

Figure 1 shows the X-ray diffraction spectra of pure and
Sulfur content MoOj films deposited at substrate temper-
ature of 310 °C. The pure MoOs thin film (MO) shows the
single orthorhombic phase (z-MoQO3;) (JCPDS Card No.
075-0912) with preferred orientation along (020) direction.
With increasing the mole concentration ratio of [S]/[Mo],
the grown samples show not only the MoO; orthorhombic
structure characteristic peaks of (020), (040), (060) and
(0100), but also traces of MoS, hexagonal structure
(JCPDS Card No. 14-0072) with (300), (200), (210), (400)
and (420) directions in films (Fig. 1). The low intensity of
XRD patterns at higher S-content films suggests the pos-
sibility of amorphous phases being present in the studied
samples. According to ionic radius values of O~
(r=1.32 A) and S*~ (r = 1.82 A), it can be concluded
that as the sulfur concentration increases in the layers, they
substitute in the oxygen lattice sites and therefore the MoS,
phase forms in higher S- containing MoOj films. Also, the
dpiq experimental values for samples were compared with
data (from JCPDS Card Nos: 075-0912 and 14-0072); and

Table 1 The chemical

deposition parameters for the Sample Ts (°C) [SV/[Mo] molar ratio Spray volume (ml) Spray rate (ml/min) P (bar)

studied samples prepared by MO 310 0 50 10 3

spray pyrolysis technique MOS.4 310 4 50 10 3
MOS-6 310 6 50 10 3
MOS-8 310 8 50 10 3
MOS-10 310 10 50 10 3
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Fig. 1 XRD pattern of pure MoOj thin film and Sulfur content MoOj3
thin films

were found to be in good agreement with the standard
values as shown in Table 2.

The crystallite size (D) for the preferred orientation
along (020) direction in these films is determined using
Scherer’s formula:

The optical transmittance (T) and reflectance (R) of the
films as a function of wavelength are shown in Fig. 3.
These graphs show that reflectance of the samples has a
very small spectral dependence, with a low (~0.5-4 %)
reflectivity in the UV-Vis—NIR wavelength regions. The
transmittance results show that pure MoO; thin film
(sample MO), exhibited a nearly sharp fall in the trans-
mittance near the fundamental absorption, while those
layers containing sulfur exhibited the presence of shoulders
in the transmission spectra. The existence of shoulders near
the fundamental absorption indicated the presence of

Table 2 Comparison of observed “d” values, obtained from XRD data of samples prepared at various [S]/[Mo] molar ratio, with the standard

“d” values
Sample MO MOS-4 MOS-6 MOS-8 MOS-10 MoO3 (JCPDC Card No: 075-0912)
MoS, (JCPDC Card No: 14-0072)
20 () | dpia (/D\) (realized) (hkl)-phase Standard
dyg values

12.69 6.88 6.91 6.86 6.81 6.90 (020)-Orthorhombic 6.97
22.06 - - - 4.15 4.02 (210)-Hexagonal 4.02
25.05 - 3.77 3.66 3.56 3.67 (300)-Hexagonal 3.55
25.53 3.45 3.46 3.46 343 3.47 (040)-Orthorhombic 3.48
33.62 - - - 2.94 2.88 (400)-Hexagonal 2.89
38.72 2.30 2.30 2.31 - - (060)-Orthorhombic 2.32
44.99 - - - 2.03 2.04 (420)-Hexagonal 2.01
67.08 1.38 1.39 1.38 - - (0100)-Orthorhombic 1.39
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Table 3 The crystallite size values of the studied films for the pre-
ferred orientation along (020) direction

Sample [S)/[Mo] molar ratio D (nm)
MO 0 33.83
MOS-4 4 20.33
MOS-6 6 25.37
MOS-8 8 25.45
MOS-10 10 33.86

different phases in the layers well matched with XRD
analysis (Fig. 1).

The absorption coefficient () of the films was evaluated
from the optical transmittance and reflectance data using
the formula [13]:

1, ((1-R)
a—gln<f> 4)

where d, is the thickness of layers which are listed in
Table 4. These samples presented high absorption coeffi-
cient values greater than 10* cm™" in the visible region
(Fig. 4). The absorption coefficient («) is related to the

incident photon energy (Av) by the following equation [14,
15]:

(othv)'/"= A(hv — Ey) (5)

where A is a constant and the exponent n depends on the
type of transition, n = 1/2 and 2 for direct and indirect
transitions, respectively. Since MoO; is well established as
a direct band gap semiconductor [7, 8], we can evaluate E,,
from the plot of (ochv)2 versus hv. The details of analysis of
the direct band gaps can be found in the inset of the related
graph, see Fig. 4.

The E, value of MO sample (pure MoOj3 film) was
found to be 3.05 eV (inset of Fig. 4a. For those layers
containing sulfur it had been observed that the plots were
parabolic in nature, having two distinct inflexions which
indicates two transitions occurring in sulfur content MoO3
thin films. The band gap energy (E,) calculations revealed
that these phases were correspond to MoO5 and MoS,. For
each sample, both the band gaps are comparable with the
reported values, i.e. 3.14-3.65 eV [7, 8, 16] for MoOj3 and
with the normal value, i.e. 1.8 eV for MoS, [17]. Shape,
size, size distribution, phase, crystalline degree, and defects
can play a role in the energy gaps of materials. Generally,

- 30.00 um |
|

Fig. 2 FESEM images of the studied samples with low magnification a MO, b MOS-4, ¢ MOS-6, d MOS-8, e MOS-10 and high magnification

image of a the typical sample (MOS-4 sample) (f and g)
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Fig. 3 Results of transmittance and reflectance measurement of the
studied samples

Table 4 The thickness, electrical and thermoelectrical measurement
results of the films for various sulfur concentration

Sample Thickness  Resistivity ~ Carrier density ~ Mobility
(nm) (Q cm) (em™3) (cm?/V s)
MO 440 >50 x 10° - _
MOS-4 418 73.41 3.34 x 10" 25.52
MOS-6 670 69.58 6.99 x 10 12.85
MOS-8 473 70.15 1.22 x 10% 73.32
MOS-10 540 29.42 1.36 x 10'¢ 15.64

E, becomes wider by using smaller particles but narrower
by the presence of defects.

3.4 Electrical properties
The effect of [S]/[Mo] molar ratio on the electrical prop-

erties of the samples were evaluated by Hall effect
and resistivity measurements. Through the Hall data

acquisitions we found out that all the studied samples
exhibited p-type conductivity. The room temperature
variations of Hall mobility (u), carrier density (p) and
resistivity (p) against the [S]/[Mo] molar ratio, obtained
from the combined measurements of resistivity and Hall
coefficient, are shown in Fig. 5, and the results are given in
Table 4. It can be noticed that while the [S]/[Mo] ratio of
the samples increases: (1) the values of resistivity have
been decreased so that MOS-10 sample presents a lower
resistivity than that of other samples. These variations were
compatible with the shifts in the transmittance and reflec-
tance spectra shown in Fig. 3 in relation with their poor/
rich metallic-like behavior. (2) the degenerate hole density
gradually increases from ~1.2 x 10'> cm™ in MOS-4 to
about 1.4 x 10'® cm™ in MOS-10 sample. The exact
reason for this behavior of ‘p’ is not known but this might
be understood as follows. It is a well-known fact that the
various factors, such as crystallinity, morphology, rough-
ness, porosity, stress, composition, film-substrate interface,
etc., play a crucial role in determining the electrical
properties of the films. Hence, the variation in the electrical
parameters of the films reported in the present study, with
respect to S to Mo molar ratio, might be attributed to the
difference in their structural properties as examined by
XRD.

3.5 Thermoelectrical properties

Figure 6 presents the variation of the thermoelectric e.m.f
versus temperature difference (8T) for three typical sam-
ples. It can be seen that thermoelectric e.m.f. of films is
increased with increasing the temperature difference
between the hot and cold sides. Also, it should be men-
tioned that the highest thermoelectric e.m.f. was obtained
for MOS-10 sample with highest sulfur content. The
explanation for increasing thermoelectric behavior is either
through increased mobility and/or majority carrier con-
centration with increasing temperature [18]. Since it is
likely that mobility does not increase due to probable
thermal scattering, we believe the increased thermoelectric
behavior is due to ionization of additional majority carriers
in these films.

The variations of Seebeck coefficients as a function of
temperature for these samples are shown in Fig. 7. Varia-
tion of Seebeck coefficient at low temperatures is nearly
nonlinear, which increases very slow with a linear behavior
with increasing temperature higher than 330 K. The non-
linear manner in temperatures below 330 K is related to the
electron—phonon and phonon—phonon interactions, while
slow linear variations are related to free electron model
which are temperature dependent phenomena [19]. The
maximum value of Seebeck coefficient obtained in the
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Fig. 4 The optical absorption coefficient, o (1), for pure MoOj3 and Sulfur content MoOj3 thin films. (inset: band gap photon energy, E,)

present work was found to be equal to 169 pV/K (at
T = 360 K) for MOS-8 film.

4 Conclusions

Sulfur content MoOj thin films have been grown by the
spray pyrolysis technique with different [S]/[Mo] molar
ratios (0—10 at.%) on glass substrates at 310 °C, in various
aqueous solutions of ammonium molybdate tetrahydrate
and thiourea. Structural, morphological, optical, electrical
and thermoelectrical characterizations were performed. We
found that as the [S]/[Mo]ratio increased: (1) the samples
show not only the MoO; orthorhombic structure, but also

@ Springer

traces of MoS, hexagonal structure; (2) FESEM images
show a sponge-type porous structure and cubic nanoparti-
cles of nanometric dimensions; (3) the layers exhibit two
distinct inflexions indicative two transitions in the plot of
(ahv)? vs. hv, with evaluated E, values of ~2.60-3.10 and
~1.35-1.75 eV correspond to MoO5; and MoS, phases,
respectively; (4) samples have a degenerate p-type con-
ductivity with a carrier density of about 10'°-10'® ¢cm™>
which increase with the increment of the sulfur concen-
tration; (5) The thermoelectric measurements showed that
the maximum value of Seebeck coefficient obtained in the
present work was found to be equal to —169 uV/K (at
T = 360 K) for MoOj thin film with [S]/[Mo] molar ratio
equal to 8 at.% in the spray solution.
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