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Transparent conducting properties of molybdenum doped indium oxide thin ﬁlms by polymer-assisted
solution (PAS) were investigated as a function of Mo doping concentration. Indium oxide ﬁlms with
molybdenum of  1.5% (MIO) showed lowest electrical resistivity with 7. 89×10−4 Ω cm , compared to
those of indium oxide ﬁlms with 4. 39×10−3 Ω cm . The enhancement of the transparent conducting
properties by molybdenum doping were explained by the electronic structure in terms of chemical
bonding states, band edge states below the conduction band, and band alignment. Molybdenum doping
into indium oxide ﬁlms resulted in the evolution of the conduction band and the change of band
alignment.
& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
Transparent conducting oxides (TCOs) thin ﬁlms have attracted
signiﬁcant interest in terms of their technological realization
capabilities for optical and electrical applications (e.g., smart
windows, photovoltaic cells, light emitting diodes, and transparent
thin ﬁlm transistors) [1,2]. The required conditions for TCOs for
these industrial applications include low electrical resistivity
(  10  3 Ω cm) and high optical transmittance (480%) in the
visible wavelength region.
Among the various TCO ﬁlms, In based oxides (including InSnO,
InZnO, InZnSnO, InSiO) have been widely studied to apply the
transparent electronics due to their high mobility, low resistivity,
and high near infrared optical transmittance using different doping elements into In oxide matrix [3–5]. In addition, fabrication of
TCO ﬁlms by solution processes has become viable, as most are
compatible with deposition at the ambient of atmosphere and on
large scale substrate with higher ﬁlm density and less void fraction
[6].
Among various solution processes, the polymer-assisted solution (PAS) process used in this study possesses a merit because
water-soluble polymers (e.g., polyethylenimine, PEI) play a
n
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signiﬁcant role in the incorporation of metal ions or metal complexes in the solution, preventing the metal ions from unwanted
chemical reactions. This feature results in the homogeneous distribution of the metal ions in the solution, while also affecting the
viscosity of the solution and helping to obtain uniform ﬁlms of the
desired thickness by various coating techniques (e.g., spin coating,
inkjet printing, dip coating, and spray coating) [7–9].
The main idea of metal-doped InO seeks to achieve a greater
valence difference between the dopant and In ion. Metal doping
offers the capability to increase the number of free carriers, in
order to attain high mobility and low NIR absorption with low
impurity. Many researchers have extensively studied metal doped
InO, including with elements such as tin (Sn), gallium (Ga), copper
(Cu), zirconium (Zr), and titanium (Ti) [3,4,10,11]. Compared to
these dopants, Mo ([Kr]4d55s1) can serve as a more beneﬁcial
doping element in the In oxide matrix, because it can donate more
than three electrons to the free carriers due to the high valence
difference. Previous studies have employed various deposition
techniques (e.g., activated reactive evaporation, pulsed laser deposition, radio frequency magnetron sputtering, high density
plasma evaporation, chemical vapor deposition, and spray pyrolysis technique) for the preparation of In2O3 and molybdenumdoped indium oxide (MIO) thin ﬁlms [12–16]. The reported results
had the electrical resistivity with 4 ~4×10−4 Ω cm and optical
transmittance with 4 80% according to the deposition techniques,

3. Results and discussion
Fig. 1(a) shows the carrier concentration, Hall mobility, and
resistivity of MIO ﬁlms as a function of Mo doping concentration.
With Mo doping, the resistivity of the MIO ﬁlms demonstrated a
parabolic tendency with the lowest values of 7. 89×10−4 Ω cm for
MIO ﬁlm with  1.5% Mo doping. The lowest resistivity of the MIO
ﬁlm with  1.5% Mo doping was attributed to increased carrier
concentration and Hall mobility. Compared to the 1.92 ×1020/cm3
carrier concentration and 7.44 cm2/V s Hall mobility of the indium
oxide ﬁlms, the MIO ﬁlm with  1.5% Mo doping showed a higher
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To prepare MIO ﬁlms by the PAS process, indium(III) nitrate
hydrate (10 g; Aldrich) and polyethyleneimine (PEI with
Mw¼ 25,000; 10 g; Aldrich) were added to the EDTA-dissolved
solution (ethylenediamine tetraacetic acid (EDTA, 10 g; Aldrich) in
40 mL of deionized (DI) water) to form In-PAS. pH of solution was
controlled by slowly adding NaOH and HCl. Similarly the Mo-PAS
was also formulated with ammonium molybdate tetrahydrate
(3 g; Aldrich). Both In-and Mo-PAS were ﬁltered separately
through a membrane with molecular weight cut-off of 10,000 to
remove uncoordinated cations and anions from the solutions.
MIO-PAS was prepared by adding the Mo-PAS to In-PAS at different mixing ratios, ranging from 0 at% to 5.0 at% MIO-PAS was spincoated onto glass substrates at 2000 rpm. The glass substrates
were ultrasonically cleaned by acetone, ethanol, and boiled isopropyl alcohol (IPA) prior to the spin-coating process. The PASprocessed MIO ﬁlms were depolymerized at a temperature of
500 °C in a tube furnace under the mixing gas environment of H2
forming gas and oxygen (4:1), leading to the growth of MIO thin
ﬁlms. Additional thermal process by rapid thermal annealing
(RTA) was employed to electrically activate dopants in the MIO
ﬁlms under oxygen atmosphere at 700 °C.
We assessed the electrical properties (e.g., the carrier concentration, mobility, and resistivity) of MIO ﬁlms by using a Hall
measurement system with a 0.55-Tesla permanent magnet at
room temperature. We investigated the chemical bonding states of
MIO by x-ray photoelectron spectroscopy (XPS), using a monochromatic Al Kα source. We measured the features of the conduction band and the band edge state below the conduction band
by using x-ray absorption spectroscopy (XAS) at the facility of the
2A beam line in Pohang Accelerator Laboratory (PAL), Korea. We
carried out the XAS measurement in total electron yield (TEY)
mode by detection of the sample current. We examined the
electronic structure of the band gap and band alignments (conduction band offset between the minimum of the conduction band
and the Fermi energy, ΔECB) by spectroscopic ellipsometry (SE)
and XPS. We obtained SE spectra with incident angles of 65°, 70°,
and 75° at photon energies of 0.75–6.4 eV, using a rotating analyzer system with an auto retarder.
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respectively. However, most of this research has focused on the
electrical and optical properties of the Mo-doped InO ﬁlms, while
neglecting to ﬁgure out the effect of Mo doping in In2O3 or the
origin of the changes in the electrical and optical properties.
In this study, we report on Mo-doped indium oxide thin ﬁlms
using a simple and low-cost solution process. We systematically
examine the effects of Mo-doping on the electronic structure in
terms of chemical bonding states, band edge states below the
conduction band, and band alignment as a function of Mo doping
concentration.
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Fig. 1. (a) Electrical properties, including carrier concentration, Hall mobility, and
resistivity of MIO ﬁlms, (b) optical transmittance spectra, and (c) ﬁgure of merit
(FOM) value as a function of Mo doping concentration.

carrier concentration of 7.51 ×1020/cm3 and Hall mobility of
10.6 cm2/V s. As Mo doping increased above 3% Mo doping, the
resistivity was increased, and the carrier concentration and Hall
mobility were decreased. Optical transmittance in the visible wavelength region was changed by the effect of Mo doping into indium oxide ﬁlms, as shown in Fig. 1(b). Even if optical transmittance has the similar tendency regardless of Mo doping concentration, MIO ﬁlm with  1.5% Mo doping shows the slightly
high transmittance in the wavelength below  500 nm. In order to
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Normalized Intensity (Arb.Units)

determine the optimal transparent conducting property of MIO
ﬁlms, we tried to calculate the ﬁgure of merit (FOM) using the
sheet resistance (Rsh) and average optical transmittance
(T) between 380 nm and 800 nm. As reported by Haacke, the FOM
value calculated using the equation (T10/Rsh) represents a useful
criterion to determine the optimal conditions of the transparent
conducting ﬁlms, because a higher FOM value represents higher
optical transmittance and conductivity [17]. MIO ﬁlm with  1.5%
Mo doping exhibited the highest FOM value of 1.8  10  3 Ω  1, as
shown in Fig. 1(c). The increase of the FOM was caused by the
decrease of electrical resistivity depending on the Mo doping
concentration.

Fig. 2 shows the core level spectra of In 3d, O 1s, and Mo 3d as a
function of Mo doping concentration. We obtained XPS spectra
after sputtering by Ne, in order to minimize the surface contamination of the adsorbed OH, C, H2O, and others. The binding
energies of In 3d5/2 and In 3d3/2 at 445.4 and 453.0 eV, respectively,
in Fig. 2(a) correspond to the binding energy of the In3 þ in the
indium oxide ﬁlms, being nearly the same between indium oxide
and MIO ﬁlms regardless of Mo doping. However, O 1s spectra in
Fig. 2(b) were slightly changed by Mo doping into indium oxide
ﬁlms. In order to examine the chemical bonding states of O 1s, we
carefully deconvoluted the XPS spectra with three different
Gaussian peaks (indexed as O1, O2, and O3) from a lower binding
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Fig. 2. XPS spectra of indium oxide ﬁlms for (a) In 3d, (b) O 1s, and (c) Mo 3d of MIO ﬁlms as a function of Mo doping concentration. O 1s and Mo 3d in (b) and (c) were
deconvoluted with sub-chemical bonding states.
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energy. The low binding energy peak (O1) at  531.1 eV was related to the O2 ions on the metal oxides, indicating In–O and In–
Mo–O bonds. The higher binding energy peak (O3) around
533.7 eV was usually attributed to chemisorbed or dissociated O2
or OH species on the surface of the oxide ﬁlms (e.g., –CO3, adsorbed H2O, or adsorbed O2). The peak at the medium binding
energy (O2) of the O 1s spectrum was associated with OH bonding
species and with O2  ions in the oxygen-deﬁcient In–O and In–
Mo–O bonding matrix which could be related to the oxygen vacancies. Even though the relative area of the oxygen deﬁcient peak
(O2) was slightly increased by Mo doping into indium oxide ﬁlms,
the ratio of the O2 peak among total oxygen composition (O2/O
total) had the similar value within the detection limit of XPS, except the increase in MIO ﬁlm with  5% Mo doping. The core level
spectra of Mo 3d based on the Gaussian ﬁts of Mo 3d by considering the spectral resolution and spin-orbit splitting, were
comprised of Mo6 þ , Mo5 þ , and Mo4 þ . As Mo doping increased,
the chemical bonding state of Mo6 þ , Mo5 þ , and Mo4 þ were
slightly increased. Previous studies have reported that the chemical bonding states of Mo in the MIO ﬁlms mainly exists as Mo6 þ
[18]. The sub-oxidation states of Mo5 þ and Mo4 þ , as MoO3  x in
the In–Mo–O matrix, could create the adjacent oxygen vacancies.
Therefore, as based on the changes in chemical bonding states of O
1s and Mo 3d, those are contrary to the change of carrier concentration and it is difﬁcult to explain the change of electrical
properties by Mo doping into indium oxide ﬁlms. In order to interpret the detailed origin of change in conducting properties by
Mo doping, more discussion is provided below and considers the

Intensity (Arbs.Unit)

InO
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electronic structure including the band edge states below the
conduction band and the band alignment.
The detailed electronic structure for the unoccupied states of
the conduction band by Mo doping into indium oxide ﬁlms was
obtained by XAS measurement. Fig. 3(a) shows the normalized O K
edge spectra of indium oxide and MIO ﬁlms. We carefully performed normalizations of XAS spectra by subtracting an x-ray
beam background, then subsequently scaling pre- and post-edge
levels that could be used to compare the qualitative changes of the
conduction band [19]. The normalized O K edge spectra of the
indium oxide ﬁlm were directly related to the oxygen p-projected
states of the conduction band, consisting of unoccupied hybridization orbitals for In 5spþO 2p [20]. The absorption spectra of
the MoO3  x incorporated into the In–O matrix were comprised of
Mo 4d, 5spþ O 2p [21]. The conduction band of the MIO ﬁlm represents In and Mo hybridized orbital peaks, depending on the
energy position of the O K edges for indium oxide and MoO3  x; In
5s, Mo 4d þO 2p (peaks A); and In5sp, Mo 5spþO 2p (peaks B).
Based on the theoretical background, O K edge spectra could be
deconvoluted into Gaussian peaks, as shown in Fig. 3(a). Interestingly, the peak (peak A) related to In 5s, Mo 4d þO 2p around
 535 eV was increased by Mo doping into indium oxide up to
 3% Mo doping. Changes of the conduction band could induce the
expansion of unoccupied states, thereby improving the charge
transport and resulting in lower resistivity [22]. Fig. 3(b) shows a
narrow energy region below the conduction band edge, which
identiﬁes two distinct band edge states located at the shallow level
(D1) and deep level (D2) from the conduction band edge. The
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Fig. 3. (a) Normalized XAS O K edge spectra, and Gaussian ﬁts of normalized XAS O K edge spectra, and (b) band edge states below the conduction band, as a function of Mo
doping concentration.
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Fig. 4. Schematic energy level diagram, reﬂecting the relative energy position of the Fermi level (EF) with respect to the conduction band (ECB) minimum and valence band
(EVB) maximum, as a function of Mo doping concentration.

quantitative analysis of unoccupied states by D1 and D2 has similar amount up to  3% Mo doping. MIO ﬁlm with  5% Mo
doping shows the larger band edge state in the deep level (D2)
from the conduction band edge due to the increase of incorporation of unoccupied states by MoO3  x. However, the relative ratio
between shallow band edge state (D1) and deep band edge state
(D2) has the complex tendencies as a function of Mo doping
concentration, which represent that MIO ﬁlm with  1.5% Mo
doping (with highest carrier concentration and Hall mobility) has
higher D1 state and lower D2 state, and MIO ﬁlm with  5% Mo
doping (with lowest carrier concentration and Hall mobility) has
lower D1 state and higher D2 state. In a previous study, a correlation with the electrical properties of the ZnO ﬁlm, such as carrier
concentration and mobility, has been related to the relative energy
level and qualitative change [23]. The most plausible interpretation for the changes in electrical properties such as carrier concentration and mobility can be attributed to the evolution of the
band edge states as a function of Mo doping concentration. The
change of the carrier concentration as a function of Mo doping
concentration, may be explained by the increase of the shallow
band edge state (D1) because it means that the number of free
electron which can conduct as a carrier is increasing with the
generation of oxygen vacancies, and it is close to the conduction
band edge [24]. The Hall mobility is associated with the deep band
edge state (D2), which can have a higher effect on the degradation
of the mobility by the unoccupied states because of charge trapping and an increase in charge scattering during carrier transport
due to energy levels being far from the conduction band.
Fig. 4 shows the schematic energy diagram of valence band
maximum, conduction band minimum, and Fermi level as a
function of Mo doping concentration. Considering the band gap
(by SE) and the valence band offset (by XPS) between the Fermi
level and the valence band maximum, we could obtain the schematic energy diagram for the conduction band offset (the energy
difference between the minimum of the conduction band and the
Fermi energy, ΔECB), as shown in Fig. 4. The conduction band
offset decreased by Mo doping into indium oxide up to 1.5% Mo
doping and increased above  1.5% Mo doping. These are related
to the changes of carrier concentration by the enhancement of the
probability of electron transfer from occupied states to unoccupied
states in the conduction band, similar to the evolution of shallow
band edge state (D1) in Fig. 3(b) [25].

4. Conclusions
We grew molybdenum-doped indium oxide (MIO) ﬁlms on
glass substrates using a polymer assisted solution process. We
investigated the transparent conducting properties of the MIO
ﬁlms as a function of Mo doping concentration.  1.5% Mo doping
into the indium oxide ﬁlms induced lowest electrical resistivity of

7. 89×10−4 Ω cm , compared to indium oxide and higher Modoped indium oxide ﬁlms. Changes in electrical properties of MIO
ﬁlms is related to the evolution of the electronic structure depending on Mo doping concentration. The unoccupied states in the
shallow level and in the deep level from the conduction band,
were related to the change of carrier concentration and Hall mobility, respectively. In addition,  1.5% Mo-doped indium oxide
ﬁlms with highest carrier concentration represented the smallest
conduction band offset (ΔECB).
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