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Abstract

Molybdenum-doped indium tin oxide thin films were synthesized using sol-gel spin coating technique. The influence of different
molybdenum-dopant contents on the electrical, optical, structural, and morphological properties of the films were characterized by
means of four point probe, UV-Vis—IR spectroscopy, X-ray diffraction, field emission scanning electron microscopy, and atomic force
microscopy. For this purpose, addition of different molybdenum contents with tin at a fixed 6 at% is considered as the first approach.
For the second and third approaches, different molybdenum-doping contents were added at a constant atomic ratios of In:Sn=94:6 and
In:Sn=95:5, respectively. Obtained results indicate that minimum resistivity of 22.3 x 107> Q cm and optical transmittance of more
than 80% in the UV—Vis—IR region with a band gap of 3.83 eV were achieved for the films prepared through the first approach at
molybdenum and tin doping contents of 0.5 and 5.5 at%, respectively. X-ray diffraction analysis confirmed the formation of cubic
bixbyite structure of indium oxide and rhombohedral structure of indium tin oxide for molybdenum-doped films with small shift in a
major peak position to lower diffraction angles with the addition of molybdenum. Field emission scanning electron microscopy
micrographs do not show any specific changes in grain size of the films with addition of molybdenum beside tin. Atomic force
microscopy studies show that the addition of molybdenum at optimum content to indium tin oxide films results in the formation of films
with compact surface and less average roughness than the undoped indium tin oxide films.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Transparent conductive oxide (TCO) thin films with low
electrical resistivity and high optical transmittance have
caused a great deal of interest due to their wide applications
in opto-electronic fields such as dye synthesized solar cells [1],
liquid crystal displays [2,3], organic light emitting diodes [4],
and also for gas sensing devices [5]. Among the various
available TCOs such as fluorine doped tin oxide (FTO),
aluminum doped zinc oxide (AZO), and antimony doped tin
oxide (ATO), the best known is tin doped indium oxide
(ITO) due to its considerable characteristics of high optical
transmittance, high conductivity, and chemical stability [6-8].
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Although ITO is the most considered TCOs, research on
improving electrical and optical properties of indium oxide
(In,O5) based materials is continuing [9,10]. In recent years,
more attention on TCO materials has been considered on the
achievement of good compromise between electrical conduc-
tivity and transparency in the visible range. In this regard,
recent research has shown that the opto-electronic properties
of thin films were highly influenced by the nature and content
of the added impurity rather than by optimization of
preparation parameters such as annealing temperature and
thickness of the films [11]. Based on the literature, different
impurities have been doped into the In,O; matrix, including
tin (Sn), gallium (Ga), copper (Cu), zirconium (Zr), zinc (Zn),
and titanium (Ti) [12-17]. Compared to those, Mo-dopant
has more efficiency as it can add three electrons to the free
carriers due to the high valence difference between Mo ™°
ions and substituted In™> jons, which successfully leads to
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the development of Mo-doped In,O; (IMO) thin films.
Moreover, IMO thin films possess fewer defect centers due
to addition of low Mo-dopant content compared with the
other doped In,Os-based thin films, which leads to decrease
of free carrier absorption in the near-infrared (NIR) region,
resulting in low impurity scattering. As reported in the
literature, recent researches have mainly focused on the effect
of oxygen partial pressure [18-24], annealing temperature
[22], and thickness of the films [25] in the constant Mo-
doping content as well as addition of different Mo-doping
contents in InyO; matrix in a constant preparation process
[11,26-29] for the IMO thin films. More detailed investiga-
tions have revealed that these films are mostly prepared by
magnetron sputtering [18-21], pulsed laser deposition [22,23],
plasma evaporation [24,26], ion-beam assisted evaporation
(IBAE) [25], and spray pyrolysis [27,29,30] methods.

Till now, no one has studied the effects of different Mo-
doping contents as a co-dopant beside Sn on the opto-
electronic and microstructural properties of In,Os3 thin
films with any available methods. Considering the excellent
properties of Mo-dopant, it is worth investigating the
addition of different Mo-doping contents in ITO thin films
via sol-gel spin coating technique, in order to obtain new
TCO with comparable opto-electronic properties with ITO
thin films.

2. Material and methods
2.1. Sol preparation

The indium tin molybdenum oxide (ITMO) thin films were
prepared via sol-gel spin coating technique using anhydrous
InCl; (Alfa Aesar, 99.99%), SnCl,. 2H,O (Merck, > 98%),
anhydrous MoCls (Aldrich, 99.99%) as the precursors,
acetylacetone (Merck, > 99%), and absolute ethanol (Merck,
> 99%) as solvents. For this purpose, first InCl; was dissolved
in acetylacetone, and the resultant solution (0.2 M) was
refluxed at 85 °C for 1h. Then, required amount of SnCl,.
2H,0 was dissolved in absolute ethanol at room temperature
(0.2 M) and added as Sn dopant to the above solution. The
resultant sol was mixed and refluxed at 85 °C for 1h until
transparent ITO sol was achieved. Then, the required amount
of MoCl;s was dissolved in absolute ethanol (0.2 M) and added
to the ITO sol. The obtained solution was then mixed and
refluxed at 85 °C for another 1 h until a transparent ITMO sol
was achieved. Finally, the obtained sol was aged for 1 day at
room temperature. Three different approaches for addition of
Mo-doping in the ITO (In3SnsO,,) thin films were considered:
(I) For the first approach, In content was considered at
94 at% and Mo was added beside Sn dopant at a fixed
6 at% with general formula of In;Sns_ . Mo,0;, and atomic
percent of Mo—Sn: 0.25-5.75 (S;), 0.5-5.5 (S,), 1-5 (S5), and
3-3 (Sy). In this approach the main purpose was to consider
the substitution of the Sn with Mo in In,Os; lattice. (II) For the
second approach, Mo was doped in ITO structure and its
content was varied at 0.25 (Ss), 0.5 (S¢), and 1 at% (S;) at a
constant atomic ratio of In:Sn=94:6 with general formula of

Table 1
Composition and electrical resistivity of the prepared ITMO thin films.

Sample  Composition Resistivity x 1072
In Sn Mo  *Approach (Qcm)

So 94 6 - Undoped ITO  59.2
N 94 5.75 0.25 I 31.22
S, 94 5.5 0.5 1 22.3
S; 94 5 1 | 85.5
S4 94 3 3 1 256

Ss 93.77 5.98 0.25 1T 49.1
Se 93.53 5.97 0.5 11 37.8
S; 93.05 5.95 1 II 196.4
Sg 94.77 4.98 0.25 11T 38.25
So 94.53 4.97 0.5 11 26.8

*(I) Mo—-Sn dopant: fixed at 6 at% of total In, Sn and Mo contents,
(IT) Mo added at fixed atomic ratio of In:Sn=94:6 and (III) Mo added at
fixed atomic ratio of In:Sn=95:5.

In;_,Sns_;Mo.Oy> (x+y =2z). In this approach Mo sub-
stitutes with both In lattice sites and Sn. (III) For the third
approach, Mo was added at 0.25 (Sg) and 0.5 at% (So) at a
constant atomic ratio of In:Sn=95:5 with general formula the
same as Approach II. In this approach the main goal was to
consider the regions with higher In content than 94 at%. It is
worth considering that our explanation that Mo dopant
substitutes with Sn (Approach I) and also with In lattice sites
and Sn (Approach II, III) is based on the most possibilities
according to the detailed calculated composition of prepared
samples in Table 1. However, there may be other possibilities
including substitution of Mo dopant in oxygen vacancies,
oxygen interstitials, and neutral impurities. The composition
and obtained electrical resistivity of the undoped ITO thin
films (Sp) and Mo-doped ITO samples are summarized in
Table 1.

2.2. Film preparation

Soda lime substrates were washed with a detergent and
cleaned ultrasonically with deionized water and ethanol.
Then, the prepared sol was deposited on the substrate
using spin coating technique. Spin parameters, including
spin speed and time, were fixed at 3000 rpm and 30s,
respectively. The coated substrates were heated at 200 °C
after each step in order to dry the ITMO layers. Spinning
and drying cycles were repeated in order to reach the
desired film thickness. Finally, the as-deposited films were
annealed at 500 °C in air atmosphere in electric furnace for
1 h. Fig. 1 shows the overall flow chart for ITMO thin
films preparation via sol-gel spin coating technique.

2.3. Thin film characterization

The characteristics of nanostructured thin films were inves-
tigated by variety of analysis techniques. X-ray diffraction
(XRD) patterns were obtained using an X-ray diffractometer,
model Philips PW1730, with Cu K, radiation (1=1.5405 A,
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Fig. 1. A flow chart for ITMO thin films preparation.

40 kV, and 30 mA) in the range of 29-36° with step size of
0.02°. The mean particle size, morphologies, and surface
roughness of the films were observed using field emission
scanning electron microscopy (FESEM) model Hitachi S4160
and atomic force microscopy (AFM), model DME C26
operating in a non-contact mode. The resistivity of the films
was measured by the four point probe method Keithly
model 196 Sys-DMM 2 at room temperature. The transmis-
sion spectra and optical band gap in the UV-Vis—IR region
(3002500 nm wavelengths) were determined on a UV-Vis-IR
Spectrophotometer Cary instrument, model 500i.

3. Results and discussions
3.1. Electrical properties

According to the literature, Sn dopant in In,Os thin
films shows the minimum electrical resistivity at 6 at%
[12,31]. Therefore, the first two approaches are based on
the addition of Mo beside Sn at a fixed 6 at% or addition
of Mo at a constant atomic ratio of In:Sn=94:6 in ITO
structure. For the first approach, the prepared ITMO thin
films (S;—S4 samples) can be located at position 1—4 in the
In,O3-Sn0O,—MoO; partial triple diagram in Fig. 2. The
variation of sheet resistance and electrical resistivity for
undoped ITO and ITMO thin films based on the selected
approach are shown in Fig. 3.

Approach 1. For the first approach, the electrical resis-
tivity decreased with the increase in Mo-doping content
and reached a minimum resistivity of 22.3 x 10~ Q cm for

composition S,. Further increase in Mo-doping content
increases the resistivity so that the electrical resistivity of
256 x 1073 Q cm is obtained for composition S,.

It was known that the Sn>* ions transform to Sn** jons
in an oxygen-rich environment [32]. Since all the samples
were annealed in air at 500 °C, the Sn ions exist in the form
of Sn**. Although there are other possible lower valence
of Mo such as Mo**, Mo**, and Mo>* with calculated
ionic radius of about 0.69, 0.65, and 0.61 A [33], Mo®*
valence state is more dominant as discussed in follows.
Recent studies on high resolution XPS spectra for IMO
films grown at 500 °C revealed that Mo exists in the
oxidation states of +6 and +4 as well as an intermediate
oxidation state of +4 < x < +6 [19]. Since in oxygen-rich
media, Mo** is oxidized into Mo> ", transient state firstly,
and then Mo> ™ forms the stable form Mo®™ by oxidation,
the oxidation conditions leads to the dominance of the
Mo *¢ oxidation state. The presence of Mo in oxidation
state of Mo "¢ compared with other oxidation states in
In,03 films is widely reported in works of other authors
[11,22,26-29].

The initial decrease in electrical resistivity with addition
of Mo up to 0.5at% can be explained as follows. As In
content was considered at a fixed content of 94 at%, it is
expected that Mo®™ substitutes mostly with Sn*™ rather
than with In>". As a result, the valence difference of 2
between Mo®" and Sn** would produce two free carriers
per atomic substitution, leading to an increase of carrier
concentration. Furthermore, recent studies in chemical
character of impurity dopant element in TCO materials
revealed that the mobility of doped In,O; thin films
increases strongly with increase in the Lewis acid strength
of the doping element [34]. The Lewis acid strength (L) can
be calculated using Zhang formula [35] as follows:

L=5-77x.408 (1)
r

where r is the ionic radius of the ion, z is charge number of
atomic core, and x, is the electronegativity of the element
in the respective oxidation state. Ionic radius, Lewis acid
strength, and charge carrier difference of Mo®*, Sn**, and
In’* ions are summarized in Table 2. According to this

In103

91 9

Sn0, 9 8 7 6 5 4 3 2 1 MoO;
e
SnO; at.%

Fig. 2. In,0O3-SnO,—MoOj; partial triple diagram.
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Fig. 3. Sheet resistance and electrical resistivity for undoped ITO
(reference sample) and ITMO thin films based on the selected approach.

Table 2
Tonic radius, Lewis acid strength, and charge carrier difference between
Mo®t, Sn**, and In®* ions.

Doping ions Tonic Lewis acid Difference between
radius (A) strength free charge carrier
with In**
Mo‘™* 0.62 3.667 3
Sn** 0.71 0.228 1
In** 0.81 1.026 -

table, substitution of Sn** ions with Mo®™ ions increases
both free carrier concentrations and Lewis acid strength of
Mo-doped thin films, which ultimately enhance conductiv-
ity. However, there is more possibility of scattering when
Mo®" substitutes with Sn** ions due to higher difference
between ionic radii of Mo®™ and In®* compared with the
ones between Sn** and In®**. Considering these, it can be
concluded that for low addition of Mo dopant content, the
former reasons play a key role and decrease the electrical
resistivity.

For higher Mo-dopant contents, the resistivity of the
films increases due to solubility limit of Mo atoms in In,O3
lattice in sol-gel method. Similar trend with an increase of
resistivity at higher Mo-dopant contents was also reported
for the IMO thin films by Parthiban et al. [22,29].
Furthermore, increase of free carrier concentrations with
the increase of Mo-doping content increases the electrical
resistivity due to the increase of electron scattering and
ionized impurity scattering. As a result, the minimum
resistivity was achieved for the addition of Mo-doping at
the optimum content of 0.5 at% for composition S,.

Approach II. The second approach to investigate
the effect of Mo-doping content on the electrical proper-
ties of the ITO films leads to investigation of electrical
properties of ITMO films at position 5-7 in the In,Os;—
SnO,—MoOj; triple diagram with detailed composition of
In:Sn:Mo=93.77:5.98:0.25 (Ss), In:Sn:Mo=93.53:5.97:0.5
(S¢), and In:Sn:Mo =93.05:5.95:1(S7), respectively. In this

approach electrical properties of ITMO thin films with
3 at% of Mo-doping content were not considered due to
maximum electrical resistivity which was achieved at a
content higher than the solubility limit of Mo in In,O3
matrix in the sol-gel process. The undoped ITO thin films
exhibited an resistivity of 59.2 x 10~ Q cm after which it
decreased to a value of 37.8 x 10~ Q cm when Mo-doping
level increased to 0.5 at%. In this approach, decrease of
electrical resistivity with the increase of Mo-doping content
can be attributed to the substitution of more Mo®" with
In®" lattice sites compared with Sn*™, as shown in the
detailed composition of the prepared films in Table 1. As a
result, substitution of Mo®™ with In®T causes increase of
free carrier concentration due to the large valence differ-
ence between Mo°" ions and In®" ions. Also, improve-
ment in conductivity can be related to increase of mobility
due to the substitution of Mo®" ions with higher Lewis
acid strength than substituted In’* lattice ions and also
with Sn**.

However, for higher Mo-doping levels (1 at%) the
magnitude of electrical resistivity increased up to
196.4 x 1073 Q cm. This may be due to the fact that when
the contents of Mo atoms increased, they probably do not
occupy proper lattice sites in the In,Oz because of the
solubility limit Mo in In,O;. In addition, increase in free
carrier concentration at higher Mo- doping content
increases both electron scattering and ionized impurity
scattering, which significantly reduce the conductivity of
the films.

Approach III. More detailed and comprehensive look at
the location of selected points of prepared films in two
previous considered approaches indicates that electrical prop-
erties of ITMO thin films were investigated at a fixed In
content of 94 at% in the In,O3—SnO>,—MoO; triple diagram
and the contents lower than it. To investigate the regions
which are riches with In contents, the effect of Mo-doping
content at 0.25 and 0.5 at%, with minimum electrical resistiv-
ity in two previous approaches was considered at a constant
atomic ratio of In:Sn=95:5. These points can be located at
positions 8 and 9 in the In,O3-SnO>,—MoO; triple diagram
with detailed composition of In:Sn:Mo=94.77:4.98:0.25 (Sg)
and In:Sn:M0=94.53:497:0.5 (So), respectively. In this
approach, obtained results show that resistivity of the ITMO
thin films decreased from 38.25 x 10~ Q cm for Mo-doping
content of 0.25at% to 26.8 x 107> Qcm for Mo-doping
content of 0.5 at%. Reduction of electrical resistivity can be
explained as substitution of Mo®" ions with In** lattice sites
and also with Sn*", leading to increase of free carrier
concentration, improvement of Lewis acid strength, and
thereby improvement of conductivity. By considering detailed
composition of prepared films in Approach II and III
(Table 1) at constant Mo-doping content (samples Ss and
Ss, Sg and Sy), it can be seen that Approach III has less Sn
dopant and more In than Approach II. Theoretically, there is
a higher possibility for substitution of Mo with In lattice sites
than with Sn dopant sites. According to Table 2, there is a
grater difference between Lewis acid strength and free carriers
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of Mo®* and In** than those of between Sn** and In**;
therefore, it is expected that more conductivity is achieved by
substitution of Mo®* with In in In-rich regions. As a result,
addition of Mo dopant in In-rich regions (Approach III) is
more beneficial than in regions with lower In content
(Approach II).

With regard to the minimum resistivity achieved for
ITMO thin films in three considered approaches (S,, Sg
and Sy), one can say that minimum electrical resistivity was
achieved for addition of Mo-doping content of 0.5 at% in
all prepared ITMO thin films. Considering this, the value
of electrical resistivity decreased with addition of Mo
beside Sn to lower degrees from the In,O;-based matrix
(reference sample, Sy) to In:Sn:Mo0=94.53:4.97:0.5
(Approach III, Sy), and decreased more until Mo—-Sn
doping contents reaches 6 at%, so that minimum resistivity
was achieved for ITMO thin films at Mo—Sn doping
contents of 0.5-5.5at% (Approach I, S;). Decrease in
electrical resistivity of obtained ITMO thin films with
addition of Mo-dopant beside Sn correlates well with
decrease in electrical resistivity of ITGO thin films from
undoped In,O5 to lower indium contents by adding Ge
along with Sn in In,Oj5 thin films [36]. Further increase of
Sn content, In:Sn:M0=93.53:5.97:0.5 (Approach II, Sy),
increases the resistivity of ITMO thin films to higher
degrees compared with optimum Sn and Mo-doping
contents of 5.5 and 0.5 at%.

In summary, the minimum value of electrical resistivity
obtained for S, in Approach I can be attributed to the
substitution of Sn** with Mo®" ions compared with
substitution of Mo®" ions with In lattice sites and Sn
(Approaches II and III). As mentioned before, it is
noteworthy that substitution of Sn with Mo is preferable
in this approach and up to 0.5 at% due to Sn low Lewis
acid strength and also to its lower charge difference with
In** compared with the ones for Mo. Therefore, it is
expected that sample S, in Approach I has more con-
ductivity compared with samples S¢ and Sy in Approach II
and IIL, in which Mo®™" substitutes with less Sn and more
In lattice sites.

Considering that the optimum electrical resistivity for
ITMO thin films was achieved in Approach I, the optical
and microstructural properties of ITMO thin films were
investigated in this approach with atomic percent of Mo—Sn:
0.25-5.75, 0.5-5.5, and 1-5, respectively.

3.2. Optical properties

Fig. 4 shows UV—Vis—IR transmittance spectra of undoped
ITO and ITMO thin films with Mo-doping contents of 0.25,
0.5, and 1 at% beside Sn in the first approach. According to
this figure, the optical transmittance of the ITMO thin films
increased with increase of the Mo doping content until
0.5 at%, reached the maximum transmittance of more than
80% and then decreased to lower degrees with addition of Mo
doping content. Moreover, for ITMO films the transparency
extends further into the IR region, while for undoped ITO
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Fig. 4. UV-Vis-IR transmittance spectra of undoped ITO and ITMO
thin films with different Mo doping contents of first approach.

films transparency reduced significantly. Recent research on
high mobility TCOs revealed that Mo has lower free carrier
absorption than Sn dopant does due to its higher mobility;
consequently transparency of IMO thin films extends well into
IR regions compared with the conventional ITO films, in
which their transmittance spectra decreases in the IR region
due to the high degree of free-carrier absorption. Thus, it is
expected that substitution of Sn** with Mo®* ions increases
transmittance of Mo doped films to higher values at content
lower than solubility limit of Mo in In,O; lattice.

However, decrease in the optical transmittance of the
ITMO films at higher Mo doping levels (1 at%) can be due
to more electron scattering and ionized impurity scattering
at higher carrier concentrations besides decrease in solu-
bility limit of Mo in the In,O3 matrix, leading to increase
of lattice distortion in some regions.

Fig. 5 shows the calculated optical band gap of the
undoped ITO and ITMO films with different Mo-doping
contents of the first approach. The optical band gap (£,)
was calculated from the relation between absorption
coefficient («) and photon energy (fv) using Tauc’s equa-
tion as follows [37]:

(2hv)? = A(hv—E,) (2)

where hv, A and E, are photon energy, constant, and
optical band gap of the thin films, respectively. The linear
intercept of hv-axis gives the value of direct band gap.
As can be seen, the optical band gap increased from
3.45¢V for the undoped ITO to 3.83 eV for ITMO thin
films at Mo-Sn doping content of 0.5-5.5at%, and
decreased thereafter. The variation of the band gap can
be explained as follows. Addition of Mo-doping contents
up to 0.5at% results in substitution of Sn** ions with
Mo®" ions, which will provide additional free carriers and
cause the Fermi level to move into conduction band,
causing an increase in the optical band gap, known as
the Burnstein—-Moss effect or blue shift [38]. On the other
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Fig. 5. The plot of (av)? versus /v for the undoped ITO and ITMO films
with different Mo doping contents of first approach.

hand, at higher Mo-dopant contents (1 at%), the optical
band gap decreased to 3.38 eV. Decrease of band gap can
be explained as increase of electron—electron and electron—
ionized donor interactions (lowering of conduction band
edge), hole-hole interactions and hole—acceptor interac-
tions (increase of valance band edge), and also electron—
hole interactions. These interactions considerably decrease
the band gap of highly doped semiconductors, known as
the band gap renormalization [39].

The electrical properties of the films strongly depends on
establishing good balance between free carrier concentration
(n) and mobility (u) of the films. Considering this, addition
of Mo dopant into the based matrix In,O5 increases both
carrier density and mobility of the films. It is noteworthy
that increase of free carrier density up to the optimum level
beside increase of mobility leading to improvement of
electrical conductivity, while increase of carrier density more
than the optimum level results in decrease of mobility and
reduction of electrical conductivity.

Considering aforementioned criteria, the relationship
between electrical and optical properties of ITMO films
according to Mo doping content can be explained as: (I)
Addition of Mo dopant to ITO films up to 0.5 at% increases
both free carrier density and mobility of the films, resulting in
increase of optical band gap, decrease of free carrier absorp-
tion and improvement of transparency of the films as can be
seen in IR region in UV-Vis—IR spectra of the films (Fig. 4);
(IT) Addition of Mo dopant to ITO films more than 0.5 at%
increases the free carrier concentration to a degree that
results in decrease of mobility. This leads to decrease of
optical band gap, increase of free carrier absorption and
reduction of transparency of the films as can be seen in IR
region in UV—Vis-IR spectra of the films (Fig. 4).

3.3. X-ray diffraction studies (XRD)

XRD patterns of ITMO films with different Mo-doping
contents in the range of 0-1 at% beside Sn dopant in the
first approach are shown in Fig. 6. For comparison,

m Indium Oxide, cubic

n
(400)

Intensity (cps)
w
(]

20

Fig. 6. XRD patterns of undoped ITO and ITMO films with Mo—Sn
doping content of the first approach.

the XRD pattern of undoped ITO thin films at 6 at% of
Sn was included. All of the patterns revealed that all
of the crystalline peaks position in the XRD patterns agree
fairly well with the values given in JCPDS file no. 06-0416
for the cubic bixbyite structure of In,O3 [40] and JCPDS
file no. 88-0773 for the rhombohedral structure of ITO [41],
without any trace of other crystalline peaks, indicating
incorporation of Mo dopant besides Sn into the In,O;
lattice. As can be seen, the films are crystalline with
the major peak position along the (222) plane. The
position of the (222) peak shifted to lower diffraction
angles with increase of Mo-doping content due to the
difference between the ionic radii of Mo®" ions and Sn**
ions, indicating increase in lattice constant. Furthermore,
this shift in the peak position with doping revealed the
incorporation of Mo in the In,Oj3 structure in the presence
of Sn. Also, it can be seen that the preferential orientation
along (2 2 2) plane does not change to other peak position
for Mo-doping content up to 1 at%. For higher Mo-doping
contents (more than 1 at%), the preferential orientation is
changed to (4 0 0) plane as reported by Parthiban et al. [22]
and Prathap et al. [27].

3.4. Microstructural studies

Fig. 7 shows the FESEM micrograph of the undoped
ITO and ITMO films with different Mo-doping contents.
FESEM micrographs confirm the formation of nanostruc-
tured thin films with homogeneous and smooth surface
with nearly spherical and fine-grained morphology. Addi-
tionally, the average grain size of prepared films was found
to be in the range of 15-20 nm. According to the literature,
when new dopant was added, the grain size of the films
decreased due to increase of nucleation rates and inter-
facial energy; as a result, further crystal growth is inhibited
[42]. However, in these samples the total amount of dopant
is constant and the Sn was substituted with Mo, and no
trend in grain size of the films can be observed with this
substitution.
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Fig. 7. FESEM micrographs of (a) undoped ITO thin films at 6 at% of Sn and ITMO thin films with Mo-doping content of (b) 0.25, (¢) 0.5 and (d) 1 at%

in the first approach.

3.5. AFM studies

Fig. 8 shows AFM images of the undoped ITO thin
films with 6 at% of Sn dopant (Sg) and Mo-doped ITO
thin films with optimum opto-electronic properties at
Mo—Sn atomic content of 0.5-5.5 (S,), respectively. For
detailed morphological investigation, the root mean square
(RMS) roughness (S,) and the average roughness (S,)
parameters were calculated. These parameters are among
two important factors for opto-electronic devices due to
considerable importance of the surface morphology of the
TCO electrode since it directly affects the surface mor-
phology of materials deposited on it.

AFM images indicate the formation of crystalline thin
films with uniform and smooth surface for undoped ITO
thin films with average grain size of 25 nm and calculated
average roughness of 10.23nm and RMS roughness of
12.2 nm, while for Mo-doped ITO films at an optimum
content, the size of grains, average roughness and RMS
roughness of the film were found to be decreased to 15, 2.7,
and 3.53 nm, respectively. It is evident that lower surface
roughness with more compact surface was achieved for
ITMO films by addition of Mo doping besides Sn at the
optimum content to the In,O; lattice. As can be seen, the
more compact surface of the Mo-doped film can be
attributed to its fine-grained microstructure compared with
ITO film. Furthermore, the RMS roughness value achieved
for ITMO thin films is lower than the commercially
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Fig. 8. Two and three dimensional AFM images for (a) undoped ITO
(reference sample, Sy) and (b) Mo-doped ITO thin films with optimum
opto-electronic properties (S,).

available ITO films (~4 nm) [43]. Hence, the combination
of more compact and homogenous surface with less average
roughness provides new TCO with better opto-electronic
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properties than ITO films for applications in opto-electronic
devices.

4. Conclusions

Transparent conductive Mo-doped indium tin oxide
(ITMO) nanostructured thin films have been synthesized
successfully via sol—gel spin coating technique for the first
time. The influences of different Mo-doping levels on the
electrical, optical and microstructural properties of the
films were investigated systematically. Obtained results
indicate that better opto-electronic properties, including
minimum electrical resistivity of 22.3x 10~*Qcm and
optical transmittance of more than 80% in the UV-Vis—
IR region with a band gap of 3.83 eV were achieved for the
ITMO films prepared with atomic content of Mo—Sn: 0.5—
5.5 at a fixed 6 at% compared with the undoped ITO thin
films. Improvement of opto-clectronic properties can be
attributed to the substitution of Mo®" ions with Sn**
ions, leading to increase of free carriers and Lewis acid
strength at contents less than solubility limit of Mo-dopant
in the In,O; lattice. Moreover, the IR transmittance of the
ITMO films were completely developed compared to that
of ITO films due to the high carrier mobility of these films.
The XRD patterns indicate the formation of thin films
with the cubic bixbyite structure of In,O; and the rhom-
bohedral structure of ITO for Mo-doped films, represent-
ing a small shift in major peak position to lower values and
increase in lattice constant due to incorporation of Mo
beside Sn into the In,Oj3 structure. However, in FESEM
micrographs, no special trend in grain size of the films can
be observed with substitution of Sn with Mo dopant. AFM
images show that average roughness and RMS roughness
parameters were reduced to lower values of 2.7 and
3.53 nm with addition of Mo at optimum content beside
Sn to the In,O; thin films.
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