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Amorphous thin films of In-Ga-Zn-0 (a-IGZO) doped with Mo have been fabricated by using magnetron
co-sputtering technique. The Mo concentration in a-IGZO films was modulated by varying the sputtering
power applied on the Mo target. The electrical, optical and magnetic properties of Mo-doped a-IGZO films
grown on glasses were investigated. The carrier density and mobility of a-IGZO films can be remarkably
enhanced by low concentration Mo doping. On the other hand, the optical bandgap of a-IGZO films is not
significantly affected by Mo doping. However, the transmission is decreased with increasing the Mo
doping. Moreover, all Mo-doped films exhibit room-temperature ferromagnetism.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Amorphous transparent conducting oxides (a-TCOs) are prom-
ising materials owing to their applications on optoelectronic
devices such as thin film transistors (TFTs) used in flat panel
displays [1,2]. One of the most attractive a-TCO is amorphous
InGaZnO4 (a-IGZO) which has been demonstrated to be able to
work as the active layers in the high-performance TFTs fabricated
on flexible substrates at room temperature [1] and used in large-
size panels [3]. IGZO has a complex structure with alternating InO,
and GaZnO, layers [4]. Due to the unique electronic structure in
which the conduction paths of carriers in IGZO are composed of
extended spherical s orbitals of heavy metal cations, the carrier
transport is not affected by the chemical bond distortion and IGZO
exhibits large electron mobility even in amorphous structure.

Many groups are devoted to the research and development of a-
IGZO based TFTs in recent years. Theoretical calculation of
electronic structure [4] and fundamental studies on optical and
electrical properties of crystalline and amorphous IGZO films have
also attracted much attention [5,6]. However, the physical
properties of a-IGZO films doped with transition-metal impurities
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have rarely investigated [7,8]. In the meanwhile, the carrier
mobility of In,Os films has been reported to be drastically
enhanced by Mo doping [9,10]. A theoretical model based on
magnetic interactions was proposed to explain the enhancement
of carrier mobility in Mo-doped In,0s films [11]. The experimental
and theoretical results of Mo-doped In,03 urge us to explore the
effects of Mo doping on physical properties of a-IGZO films. The
enhancement of carrier mobility and room-temperature ferro-
magnetism induced by Mo doping were observed.

2. Experimental

The Mo-doped In-Ga-Zn-O films used in this study were
prepared by using magnetron co-sputtering technique. The
sputtering was conducted with a 75W rf power applied on a
InGaZnO, target and a various dc power ranging between 2 and
5W applied on a metallic Mo target. Both targets were 2 in. in
diameter and 99.99% in purity. Corning 1737 glasses were used as
substrates and placed 45° to the targets surface with a substrate-
to-target distance of 10 cm. During sputtering, the substrate
temperature was kept at 150 °C and the flow rates of argon and
oxygen were 17.5 and 10.5 sccm, respectively. The pressure of the
chamber during sputtering was 1.2 x 102 Torr. After a 40-min
sputtering, the films were cooled down to room temperature. The
thickness of the sputtered films was determined to be about
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Table 1

The dc power (P) applied on the Mo target and Mo content ratios (x=[Mo]/[In] at.%)
of thin-film samples used in this study. The sample #1 is the undoped In-Ga-Zn-0
film.

Sample no.

#1 #2 #3 #4 #5
P (W) 0 2 3 4 5
x (at.%) 0 3.8 7.6 9.9 18.1

100 nm by using a surface profilometer (Alpha Step 500, Tencor
Instruments). The Mo content ratio [Mo]/[In] of the doped In-Ga-
Zn-0 films was measured by using energy dispersive X-ray
spectroscopy and is denoted as x at.% (as listed in Table 1). The
crystal structure of the films was examined by using X-ray
diffraction (XRD) scans with Cu Ko« radiation (PANalytical X'Pert
PRO MPD). The electrical properties including resistivity, carrier
concentration and carrier mobility were carried out using the four-
probe van der Pauw method. The valence state of Mo ions was
investigated by X-ray photoelectron spectroscopy (XPS) analysis
using the Thermo VG Scientific ESCALAB 250 system with a Al Ko
X-ray source (1486.6 eV). The analysis chamber is equipped with a
flood gun used for charge compensation when necessary. The XPS
spectra are referenced to the C 1s photoemission line of 284.8 eV.
The optical measurements of the films were recorded using a UV-
Vis double beam spectrometer (JASCO V570) in the wavelength of
200-900 nm. The room-temperature magnetization versus mag-
netic field M(H) curves were performed on a Quantum Design
superconducting quantum interference device magnetometer.

3. Results and discussion

The amorphous structure of all films was confirmed by the XRD
scans shown in Fig. 1. There is no sharp peak observed in all XRD
curves. The broad peaks located at around 26 = 22° are contributed
by the glass substrates.

XPS measurements were conducted on all samples to deter-
mine the valence state of Mo ions in the films. The measured Mo 3d
spectra are shown in Fig. 2. At the first glance, there is no peak
observed in the Mo 3d region for sample #1, the undoped a-IGZO
film. Two peaks are observed for sample #2 and three peaks are
observed for samples #3, #4 and #5. These peaks are labeled as G1,
G2 and G3 according to their locations, i.e., binding energy. The
exact values of binding energy of these Mo 3d peaks and possible
contributions to these peaks are listed in Table 2. The G1 peaks are
contributed by the Mo®* 3ds), level [12]. The G2 peaks could be a
combination of Mo®" 3ds;; and Mo** 3ds/, peaks [13]. The G3 peaks
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Fig. 1. XRD patterns of all films. The broad peaks located at about 260 = 22° come
from the glass substrates. The figures denote the sample number (listed in Table 1).
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Fig. 2. XPS spectra in the Mo 3d region of the Mo-doped a-IGZO films. The
smoothing lines (dash lines) are obtained by means of curve fitting using Gaussian
functions and the backgrounds are not subtracted. G1, G2 and G3 denoted as the
locations of Gaussian peaks which comprise the smoothing curves in the Mo 3d
region.

are assigned to the Mo*" 3ds); level. It can be deduced from the
data listed in Table 2, the valence of Mo ions doped in sample #2 is
6+, and the valences of Mo ions doped in samples #3, #4 and #5
are 6+ and 4+. Moreover, since the binding energy of Mo** 3ds3pz is
higher than that of Mo®* 3ds/,, as shown in Table 2, the shift of the
G2 peaks of samples #3, #4 and #5 toward higher energy indicates
the increase of the [Mo**]/[Mo®*] content ratio with increasing the
Mo doping concentration. The increase of [Mo**]/[Mo®"] content
ratio can also be confirmed by the increase of the intensity of the
G3 peaks with increasing the Mo concentration.

Fig. 3 displays the dependence of electrical properties including
resistivity, carrier concentration, and mobility on the Mo content

Table 2
The binding energy of G1, G2 and G3 peaks observed in XPS curves as well as those
of Mo** 3d and Mo®* 3d levels adopted from Refs. [12,13].

Sample no. G1 (eV) G2 (eV) G3 (eV)
#1 - - -
#2 235.6 232.2 -
#3 235.9 2325 230.0
#4 235.5 232.7 230.4
#5 235.3 232.9 230.4
aMo®* 3ds)» 235.8

aMo®* 3ds)» 232.6

PMo** 3ds), 2332

PMo** 3ds), 230.1
2 Ref. [12].

b Ref. [13].
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Fig. 3. Electrical properties including (a) carrier density n, (b) carrier mobility x« and
(c) resistivity p of x at.% Mo-doped a-IGZO films. x at.% = [Mn]/[In].

ratio [Mo]/[In] of Mo-doped a-IGZO film. As shown in Fig. 3(a), the
carrier density (n) of sample #2 is about 13.6 x 10'® cm~3, which is
much higher than that of the undoped film whose value of n is
2.7 x 10'® cm~3, The increase of carrier density can be attributed
to the extra electrons provided by Mo®* doped in a-IGZO films. On
the other hand, carrier densities of samples #3, #4 and #5 are
3.7 x 10", 3.4 x 10" and 1.7 x 10"® cm 3, respectively, which
decrease with increasing the Mo doping. The carrier mobilities of
films are shown in Fig. 4(b). It is noteworthy that, in comparison
with the undoped film (sample #1), the carrier mobility of sample
#3 is distinctly enhanced. The enhancement of the carrier mobility
similar to that observed in Mo-doped In,03 films [9,10] can be
explained by the magnetic interactions resulting in smaller
effective mass of carriers and larger fundamental bandgap [11].
Except for the sample #3, the carrier mobility decreases with the
Mo doping. It can be attributed to the increase of the density of Mo
ions which serve as strong scattering centers and thus suppress the
transport of charge carriers. The low carrier mobility of sample #2,
compared to that of sample #3, is attributed to the free-carrier
scattering, since the carrier density of sample #2 is much higher
than that of other samples. The electrical experiments reveal that
the carrier density and mobility of a-IGZO films can be enhanced by
Mo doping with a proper concentration. On the other hand, the
resistivities of low concentration Mo-doped films (samples #2 and
#3) are lower than that of the undoped film (sample #1) but
increase with increasing Mo concentration, as shown in Fig. 3(c),
which is resulted from the decrease of carrier mobility with
increasing the Mo concentration (except for the sample #3).

The transmission spectra of all films are illustrated in Fig. 4(a).
The transmission of the undoped film (sample #1) exceed 80% in
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Fig. 4. (a) Transmission spectra and (b) (ahv)®> vs hv plots for x at.% Mo-doped a-
IGZO films.

the visible range (400-700nm); however, the transmission
decreases with increasing the Mo doping. Moreover, the absorp-
tion edge of sample #2, the a-IGZO film doped with 3.8 at.% Mo,
shifts toward shorter wavelength region. The optical band gaps (Eg)
of these films can be estimated by the relationship between
absorption coefficient (o) and photon energy (hv) of the form
(athv) ~ (hv — Eg)" with r=2 suggested by Tauc for amorphous
semiconductors [14,15]. The Eg of samples #1, #3 and #4 is about
2.95 eV obtained by linear extrapolation of (ahv)®3 to the hv-axis,
as depicted in Fig. 4(b). The Eg of sample #2 is about 3.05 eV which
is slightly higher than that of the undoped sample #1 and can be
attributed to the Burstein—-Moss (BM) effect, since the carrier
density of sample #2 is much higher than that of the sample #1.
The same E; of samples #1, #3 and #4 and BM effect observed for
sample #2 imply the incorporation of Mo atoms in the IGZO
lattices. On the other hand, the E; of sample #5 is 2.7 eV which is
believed to be resulted from the high concentration of Mo doping
which may result in the possible existence of Mo oxide impurities.

Fig. 5 shows the field dependence of magnetization M(H) curves
measured at 300 K for the undoped and Mo-doped a-IGZO films.
The undoped film (sample #1) shows a linear M(H) curve which
indicates paramagnetic behavior. All Mo-doped films obviously
exhibit room-temperature ferromagnetism. Moreover, except the
sample #3, the magnetization increases with increasing the Mo
doping. According to Medvedeva’s study, the exchange splitting of
d states results in the magnetic moments of Mo atoms [11].
However, Medvedeva's calculations suggest a very weak magnetic
coupling between Mo dopants and ferromagnetism which would
not be observed in Mo-doped In,0s. It is not consistent with our
experimental results and similar ferromagnetism in Mo-doped
In,05 films was also observed [16]. The ferromagnetism observed
in this work could be attributed to the free-electron mediated
ferromagnetic interaction [17,18] between the magnetic Mo ions.
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Fig. 5. Field (H) dependent magnetization (M) of x at.% Mo-doped a-IGZO films
measured at room temperature.

The correlation between the high magnetization and high mobility
observed for sample #3 supports the free-electron mediated
model.

4. Conclusions

In conclusion, the valence of Mo ions is 6+ in low concentration
Mo doped a-IGZO films and becomes a mixture of 6+ and 4+ with
increasing the Mo doping level. The carrier mobility and carrier
density of a-IGZO films can be enhanced by Mo doping with a

proper concentration. The optical transmission of a-IGZO films is
decreased by the Mo doping. Nevertheless, the optical bandgap is
not significantly affected by the Mo doping. However, a blue shift
in transmission spectra resulted from Burstein—-Moss effect was
observed in low-concentration Mo doping. Furthermore, all Mo-
doped films exhibit room-temperature ferromagnetism. The
carrier mobility of the Mo-doped sample exhibiting the largest
magnetization is remarkably enhanced by Mo doping. The result
reveals the correlation between the enhancement of the carrier
mobility and ferromagnetic characteristics.
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