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The optically transparent conducting molybdenum-doped indium oxide thin films (In,O3:Mo) were pre-
pared on glass substrates by an activated reactive evaporation method and the influence of molybdenum
doping levels on the electrical and optical properties of the films had been investigated systematically.
The films, synthesized at a substrate temperature of 573 K and a Mo-doping level of 3 at.%, exhibited
a minimum electrical resistivity of 5.2 x 104 € cm and an average optical transmittance of 90% in the
visible region with a band gap of 3.68 eV.
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1. Introduction

In the present era, the science of thin films and its rel-
ative technologies are playing an important role in our daily
life as they are found in number of applications from micro-
electronics to automobile parts. These applications are highly
depending on the physical properties of the materials that have
been chosen. The properties of thin films were highly influenced
by structure, morphology, stoichiometry of the films and nature
of the impurity added. To meet the current need of the opto-
electronic applications such as flat panel displays, photovoltaic
cells, smart windows, light emitting diodes and optical wave
guides, solar cell, touch panel controls, electromagnetic shield-
ing of CRT used for video display terminals, the thin films should
have high electrical conductivity and maximum optical transmit-
tance in the visible region [1,2]. Hence transparent conducting
oxides (TCOs) became the essential part of the above said appli-
cations.

TCOs are the materials which exhibit unique properties such as
low electrical resistivity (<10~3 £ cm), high optical transmittance
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in the visible region (>80%) and high infrared reflectance with a
wide band gap [3,4]. The efficiency and performance of the opto-
electronic devices depend on the electrical and optical properties
of the TCO materials used in their construction. As the optical trans-
mittance and electrical resistivity are controversial to each other,
a careful balance between the optical and electrical properties is
required to achieve the highest optical transmittance at the high-
est electrical conductivity. The electrical conductivity of the TCO
films can be increased by increasing either carrier concentration
or mobility of the carriers. The carrier concentration of the oxide
materials can be increased either by adding external impurities
or making the films off-stoichiometric in nature. The carriers are
generated due to the valence difference between doped ions and
substituted ions in the matrix oxides. Then the excess electrons will
appear in the conduction band. These electrons are loosely bonded
with the doped ions. Hence a lesser amount of energy is enough for
them to become free carriers [5]. OXygen vacancy is another way
to offer free carriers. Each oxygen vacancy can donate two elec-
trons to the conduction band. Hence an increase in oxygen vacancy
can increase the free carrier concentration [6,7]. But at the same
time carrier concentration has a diverse influence on the optical
property of the TCO films due to the plasma resonance [8].

Since the mobility is directly proportional to relaxation time
and inversely proportional to the effective mass of the carriers, the
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Table 1
Deposition parameters of the IMO films during the preparation.

Source material (99.999%) in metal specs, MoO3
powder
Corning 7059 glass slides

(75 mm x 25mm x 1 mm)

Substrates

Source to substrate distance 120 mm
Base pressure in the chamber 3 x 105 mbar
Oxygen partial pressure (PO;) 2 x 103 mbar

Substrate temperature (Ts) 573K
Mo-doping levels 0-5at.%

mobility of the charge carriers can be enhanced either by increasing
relaxation time due to fewer defects or by reducing the effective
mass of the carriers. Hence a suitable material with appropriate
parameters is necessary to achieve the good electrical conductivity
with moderate optical transmittance.

Among the various available TCOs like, CdO, ZnO, SnO,, the
In, 05 is the best TCO as it can be tailored as a conductor or semicon-
ductor or even insulator. If impurities are added to In*3, electrons
will be added to the empty 5s and 5p levels. The impurities like
tin (Sn), gallium (Ga), copper (Cu), zirconium (Zr), erbium (Er) and
titanium (Ti) have been doped into the In,O3 matrix and stud-
ied extensively by many researchers [9-14]. Compared to these
dopants, Mo ([Kr]: 4d°5s!) is the more beneficial impurity to be
doped into the In,O3 matrix as it can donate more than three
electrons to the free carriers due to the high valence difference
between Mo* ions and substituted In*3 ions. A variety of deposition
techniques such as thermal evaporation, electrodeposition, radio
frequency magnetron sputtering and high density plasma evapo-
ration [15-18] have been employed for the preparation of undoped
and molybdenum-doped indium oxide thin films (IMO).

In the present work, Mo-doped indium oxide thin films were
prepared by the thermally activated reactive evaporation (ARE)
method which is particularly designed for the preparation of oxides
and nitrides films. The influence of Mo-doping level on the struc-
tural, optical and electrical properties of the films was studied
systematically.

2. Experimental procedures
2.1. IMO films preparation

In;03:Mo thin films were prepared using a home built activated reactive evap-
oration method. The ARE technique has many advantages since the reaction occurs
predominantly in the plasma by which even high melting point inorganic com-
pounds can be synthesized at lower temperatures. Thin films of molybdenum-doped
In,05 (IMO) were prepared in 12 in. vacuum coating unit (Model: 12A4D) consisted
of a resistively heated boat in which the source to substrate distance could be varied
in the range of 120 mm. The vacuum system consists of a diffusion pump backed by
a rotary pump. The pressure in the vacuum chamber was measured using Pirani
and Penning gauges. After attaining the base pressure of 3 x 10-¢ mbar, pure oxy-
gen gas (99.999%) was admitted into the vacuum chamber through a fine controlled
needle valve. The flow of the reactive gas was controlled by Tylon mass flow con-
troller (MFC). Pure indium (99.999%) and MoOs; were used as source materials for
the deposition of the IMO films. A dc power supply of 1A and 1000V was used to
produce the discharge. The IMO films were deposited on well cleaned glass sub-
strates held at temperature of 573 K under various Mo-doping levels in the range
0-5at.%. The deposition conditions maintained during the preparation of the IMO
films were tabulated in Table 1.

2.2. IMO films characterization

The deposited IMO films were characterized for the crystallographic structure,
surface, electrical and optical properties. The thickness of the films was deter-
mined from the interference of the optical transmittance. The crystallographic
structure of the films was determined by employing Seifert X-ray diffractometer
with the copper k. radiation of wavelength 1.5406 A. The surface morphology of
the films was examined by scanning electron microscope (SEM) (JSM-840A) and
atomic force microscope (AFM) (Veeco-CP-2). The elemental composition of the
layers was studied using VG Microtech ESCA2000 X-ray photoelectron spectrom-
eter (XPS). The optical transmittance (T%) of the films was recorded using Hitachi
U-3400 UV-vis-NIR double beam spectrophotometer with a bare glass substrate in

Fig. 1. X-ray diffraction patterns of the IMO films at various Mo-doping levels.

the path of the reference beam in the wavelength range 300-1000 nm. By apply-
ing electrical current using Advantest programmable dc voltage/current generator
(Model: TR 6142), the voltage drop across the film was measured with (make H
P) multimeter. The electrical resistivity of the deposited films was measured using
standard van der Pauw method [19].

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns (XRD) of the IMO
films as a function of Mo-doping levels in 26 range 20-70°. All
the diffracted peaks as labeled were coincided with intrinsic In, 03
cubic structure [20]. No significant change in the crystal structure
was observed with the increase in doping levels. But the change
in preferential orientation of the IMO films was observed at higher
Mo-doping levels.

The films were oriented along (222) and (400) planes in
which (2 2 2) orientation is more predominant. The intensity of the
diffracted peaks increased as the Mo-doping level increased from
1 to 3 at.%, thereafter the intensity of the films slightly decreased
and the intensity of (4 00) orientation started to increase from 4 to
5 at.%. The strongest diffraction peak of the films changed from the
(222)toplane to the (400) plane. If the dopant occupies interstitial
sites of the respective ion, the change in the preferred orientation
may not occur. However, if the dopant occupies additional intersti-
tial sites which are unoccupied, a change in the preferred growth
takes place. In the present study it seems that Mo replaces indium
atits regular lattice sites up to 3 at.% of Mo-doping levels. At higher
Mo-doping levels, perhaps the Mo incorporated at additional inter-
stitial sites which results the change in preferred orientation of the
films. The change in preferential orientation was also observed in
Sn-doped In, 05 films by Agashe and Mahamuni [21]. No significant
shift in 20 of the XRD peak was observed at lower doping levels
(3 at.%.) which indicates that Mo*6 ions substituted In*3 ions in the
In,03 matrix without significantly affecting the lattice parameter.
It may be due to smaller ionic radius of Mo*® (0.62A) than that
of In*3 (0.81A). Similar results were also observed in sputtered
Ti-doped In;03 thin films [22]. But the XRD peaks showed slight
shift to the higher diffraction angles in Ga-doped In, 03 thin films
[23]. A change in growth orientation from (222) to (400) peak
at a Mo-doping level of 2 at.%. was observed in spray deposited
IMO films [24]. The grain size of the films was estimated by the
Debye-Scherrer relation t=0.91/Bcos 6, where X is the wavelength
of the X-rays, B is the full width at half maximum (FWHM) of (2 2 2)
diffracted peak at 260 =30.5° and 6 is the diffraction angle of the XRD
spectra. The grain size of the films increased from 18 to 33 nm with
the increase of the Mo-doping level from 1 to 3 at.%, after which it
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Fig. 2. SEM images of the IMO films with (a) 1 at.% and (b) 3 at.% Mo-doping level.

Fig. 3. The AFM images of the IMO films with (a): 3 at.% and (b) 5 at.% Mo-doping level.

remained constant (~30 nm) at higher doping levels. Similar results
were also observed in spray deposited Ga-doped ZnO films [25]. But
a decrease in the grain size with increase in doping concentration
was observed in vanadium doped ZnO films [26].

Fig. 2(a) and (b) shows the scanning electron microscope (SEM)
images of the IMO films formed and at 1 and 3 at.% of Mo-doping
levels. The small, spherical grains were distributed throughout the
substrate surface at lower doping level (1 at.%). As the doping level
increased to 3 at.%, an increase in the grain size was observed. The
grain size observed from the SEM image is closer to the mean grain
size calculated by the XRD data.

Fig. 3(a) and (b) shows the three dimensional (3D) AFM images
of the samples formed at lower (3 at.%) and higher Mo-doping levels

(5at.%). The AFM images were scanned for the area of 1 pm x 1 pm.
The surface morphology of the TCO electrode is very important
since it directly affects the surface morphology of organic materials
deposited on it [27]. A smooth surface with uniform grains in pyra-
mid shape were distributed over the substrate surface for the films
deposited at a Mo-doping level of 3 at.%. The RMS roughness of the
films formed at lower Mo-doping levels was ~1.1 nm, after which it
increased to 1.8 nm at higher doping level (5 at.%) due to the uneven
sizes of the grains, which reflects that large concentrations may
affect the crystal structure.

Fig. 4(a) and (b) shows the elemental composition of the lay-
ers of In 3d3),, In 3dsj,, Mo 3d3j; and Mo 3ds, for the IMO films
formed at a substrate temperature of 573K and at a Mo-doping

Fig. 4. (a) XPS spectra of the In 3d and (b) Mo 3d films formed at 3 at.% of Mo-doping levels.
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Fig. 5. Optical transmittance spectra of the IMO films at various Mo-doping levels.

level of 3 at.%. The binding energies of In 3ds,, In 3d3j;, Mo 3ds),
and Mo 3d3), were found to be as 444.40, 452.3,232.3 and 235.8 eV,
respectively. The observed binding energies are close enough to the
binding energies of IMO films deposited at a Mo-doping level of
4.62 at.% using spray pyrolysis technique [28] in which the binding
energies of the In 3ds, In 3d3p,, Mo 3ds); and Mo 3d3, were found
as 444.9, 452.5, 232.7 and 235.9 eV, respectively.

Fig. 5 shows the optical transmittance spectra of the IMO
films as a function of Mo-doping levels in the wavelength ranging
300-1000 nm. In Fig. 5 (1-6) are the optical transmission spectra
of the IMO films prepared with Mo-doping levels of 0, 1, 2, 3, 4
and 5 at.%, respectively. The undoped In,03 thin films exhibited
an average optical transmittance of 83% after which it increased
to 90% with the increase of Mo-doping level from 1 to 3 at.%. The
increase in transmittance is related to an increase in crystallanity of
the films at lower Mo-doping levels (up to 3 at.%). Since the carrier
concentration has a distinct influence on the optical properties of
the TCO films due to plasma resonance [8], a decrease in the opti-
cal transmittance (80%) of the films was observed at higher doping
levels (5 at.%). The data for the sheet resistance, the transmittance
and the figure of merit is summarized in Table 2. The absorption
coefficient («) of the films was calculated using the relation:

T = Ae 1)

where A is a constant, T is the optical transmittance and ‘t’ is the
thickness of the film.

Fig. 6 shows the variation of absorption coefficient of the IMO
films with Mo-doping levels. The absorption coefficient of the IMO
films decreased from 6.5 to 4.2 x 103 cm~! with the increase of Mo-
doping level from 0 to 3 at.%. A less absorbance was observed at
lower Mo-doping levels, after which it increased to 8.9 x 103 cm™!
at higher Mo-doping level (5 at.%).

Fig. 7 shows the optical band gap of the IMO films formed at
0, 3 and 5at.% of Mo-doping levels. The optical band gap (Eg) for
highly degenerate semiconducting oxides can be determined from
the absorption coefficient (o) and photon energy (hv) using the

Table 2

Fig. 6. Variation of the absorption coefficient of the IMO films as a function of Mo-
doping level.

Fig. 7. Optical band gap of the IMO films formed at 0, 3 and 5 at.% of Mo-doping
levels.

following relation [29]:
ahv = A(Eg — hv)'/? 2)

The optical bang gap Eg is obtained by plotting («hv)? versus the
photon energy (hv) and by extrapolating the linear region of the
plots to zero absorption (« = 0). At a substrate temperature of 573 K
the optical band gap of the films increased from 3.64 to 3.68 eV as
the Mo-doping level increased from 1 to 3 at.%. The change of the
optical band gap of IMO thin films is bound up with the valence
state of the Mo ions. If Mo ions occupy the lattice sites replacing
In ions, they will provide additional free carriers which cause the
Fermi level to move into conduction band causing an increase in the
optical band gap. The observed optical band gap is close to optical
band gap of the spray deposited IMO films [30]. At higher doping

Summary of sheet resistance, transmittance and figure of merit as a function of Mo-doping levels.

Mo-doping level (%) Sheet resistance ((/0)

Transmittance (T %) Figure of merit (x1073 Q1)

30.5
35.2
30.0
20.8
232
25.2

A WN = O

83 5.09
86 6.28
87 8.28
90 16.0

85 8.40
80 4.20
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Fig. 8. Variation of the electrical resistivity and mobility of the IMO films with Mo-
doping levels.

levels (5 at.%) it decreased to 3.64 eV which may be due to lattice
distortion. Generally a band gap of 3.5 eV is essential for the TCO in
most anticipated optoelectronic applications [31] and the films in
this investigation fulfilled the basic requirement.

Basically, it is known that for TCO films the conduction electrons
are normally supplied by doping donars and/or oxygen vacancies. In
the process of doping, the donor ions substitute the cations in par-
ent oxides and provide extra electrons to the conduction band. This
is due to the valence difference between doped ions and substituted
ions. The conductive mechanism of TCO films can be explained by
Kroger-Vink defect models [K-V notation] [32] of compensation
mechanism and donor mechanism [33]. According to this model,
the substitution of Sn dopant in ITO is compensated by interstitial
oxygen so as to lose activation, thus will not contribute to the carrier
concentration i.e. two Sn*4 substituting for In*3 will not contribute
carriers when every neutral complex is formed. It can be written
as:

2Iny, + 2Sn0; — (ZSnm')Og’ +Iny03 (3)

As a reminder, in K-V notation, the capital letters represent the
defect or ionic species, the subscript stands for the site, and the
superscript denotes the effective charge, whether negative (') or
positive (*).

But in the case of IMO, Mo*® substituting for In*3 will contribute
one carrier even after it associates with one interstitial 02~ without
changing the cubic bixbyite structure of In,O3. It can be represented
as:

2Iny, + 2Mo0O3 — 2M01n"'02, +Iny03 + %02 +2¢’ (4)

In the model of donor mechanism, for the same dopant con-
tent, IMO film may provide much more carriers, which can be seen
apparently by:

2Iny, +2Mo03 — 2Moyy**® + Inp 03 + %Oz(g) + 6¢’ (5)

In other words, for the same number of carrier concentration,
there exist much less of dopant scattering centers in IMO films
than that of in ITO films. It implies that the high valence differ-
ence between the dopant and substituted ions proved the great
advantage to TCO films with good optical and electrical properties.

Fig. 8 shows the variation of electrical resistivity and mobility of
the IMO films deposited at various Mo-doping levels. The undoped
In,03 films exhibited an electrical resistivity of 9.4 x 10~4 Qcm
after which it decreased to a value of 5.2 x 10~4 Q cm when Mo-
doping level increased to 3 at.%. The reason for the decrease in
electrical resistivity is that each molybdenum impurity can donate

Fig. 9. Variation of the figure of merit of IMO films as a function of Mo-doping level.

three electrons as explained above. Hence the electrical resistiv-
ity of the IMO films decreased with the increase of doping level
(3 at.%). But at higher doping levels (5 at.%), the magnitude of elec-
trical resistivity increased up to 6.3 x 10~%  cm. It may be due to
the increase of impurity scattering which decreases the mobility
of the charge carriers. Similar increase of resistivity with dopant
concentration was observed in Zr-doped In, O3 films (IZO)[13]. The
electrical resistivity observed in this investigation is lower than that
of the electrical resistivity of the ion beam assisted Mo-doped In;03
thin films [34].

Anincrease in Hall mobility was observed for the films deposited
in the dopant concentration from O to 3 at.%. The films exhibited a
higher mobility of 26.58 cm?2/V s at 3 at.% of Mo-doping level. Then it
decreased to 19.45 cm?/V s at higher doping level (5 at.%). The films
exhibited lower carrier concentration of 2.5 x 1020 cm=3 at O at. %
of Mo-doping level, then it increased to 5.1 x 1020 cm~3 when the
Mo-doping level increased from 1 to 5 at.%. The higher Mo-doping
levels can increase the resistivity by decreasing the mobility due to
impurity scattering.

Fig. 9 shows the variation of figure of merit ($c) with Mo-
doping levels. Figure of merit is the parameter which can judge
the performance of the TCO film.

Figure of merit of the films was determined using the relation
[35]:

Prc = o (6)
where T is the optical transmittance at 550 nm and ps is the sheet
resistance of the film.

Here the figure of merit of the IMO films increased from 5.09
to 16 x 1073 Q-1 with the increase of Mo-doping from 0 to 3 at.%.
The increase in figure of merit with Mo-doping was due to the
decrease in the electrical resistivity as well as increase in opti-
cal transmittance. The higher the figure of merit, the better is the
performance of the transparent conducting film. The best perfor-
mance of the samples was obtained at a Mo-doping of 3 at. % with
®Prc=16 x 1073 Q1. The observed figure of merit investigated is
better than magnetron sputtered Mo-doped In, 05 films [36].

4. Conclusions

Mo-doped In,03 (IMO) thin films with high optical transmit-
tance and low resistivity have been prepared using the ARE method.
It was observed that the role of Mo-doping level is crucial with
high impact on electrical and optical properties. The XRD studies
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revealed that the films were cubic in structure and found to be
predominantly oriented along (2 2 2) plane. The films deposited at
Mo-doping level of 3 at.%, exhibited a highest optical transmittance
of 90% in the visible region and the lowest electrical resistivity of
5.2 x 1074 Q cm with a figure of merit 16 x 10-3 Q~1. These proper-
ties are highly suitable for most of the optoelectronic applications.
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