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1. INTRODUCTION

Metal oxide-based field-effect transistors (FETs) have recently
received considerable attention as strong candidates for realizing
flexible, large-area, low-cost electronic devices, such as active
matrix displays, electronic paper, and smart identification cards.
These applications are enabled by their intriguing properties,
including their high mobility, low-temperature processing, and
reasonable reliability, in comparison to their counterpart amor-
phous Si FETs.1 Among transistor device parameters, the field-
effect mobility (μFET) is the most important. High charge-carrier
transport requires a high driving current on a pixel FET and fast
operational speeds in the associated integrated electronic circuits,
such as the scan driver and data drive.2

Single metal oxide-based FETs containing either ZnO or In2O3

have achieved high μFET values.
3 However, when used as channel

layers, these oxide films show polycrystalline phases with discern-
ible distributions in the grain size and boundaries, depending on
the film processing conditions. Control over the film uniformity
plays an important role in achieving reliable μFET values and
threshold voltages (Vth) in FETs for backplane electronics or
integrated circuit applications. Complementary circuit designs can
overcome nonuniformity issues to a certain extent, but such steps
do not remove the barrier to producing high-yield and low-cost
oxide FETs.4 Amorphous metal oxides are anticipated to provide
FETs with electrical performance properties that are better and
more reliable than those of crystalline semiconductors.

Multicomponent oxides (MCOs) assume a variety of compo-
sition-dependent film structures that can be controlled by the

addition of a network former, a mobility enhancer, and a carrier
suppressor.5 MCO films that include cation substitutional
dopants (carrier generators) show high carrier densities of
>1 � 1020 cm�3 and good transparencies toward visible light.6

Among the various MCOs, the composition-dependent physical
properties of transparent InSnO (ITO),7 InZnO,8 and ZnInSnO9

have been intensively studied. The optical band gaps, subgap states,
μFET, and net carrier densities have been characterized to evaluate
their potential use as conducting oxide films. In addition,
InGaZnO10 and ZnInSnO films11 have recently been investigated
as promising semiconductor channel materials for FETs. Prior to
their use in applications, the crystal-to-amorphous phase transition
in MCO thin films must be systematically investigated.

Herein, we have investigated the phase transition behavior in
Ti-assisted ITO (referred to herein as TiInSnO) films fabricated
via cosputtering of ITO (In2O3 10 wt % SnO2) and TiO2 targets.
In this case, SnO2, In2O3, and titanium dioxide (TiO2) were
used, respectively, as the network former, mobility enhancer, and
charge suppressor. TiO2 is relatively inexpensive, and the elec-
tronegativity of Ti cations is comparable to the electronegativ-
ities of Hf,12 Zr,13 and Sc,14 thus making it an attractive carrier
suppressor for use in metal oxide semiconductors. Optical, struc-
tural, and electrical analyses of TiInSnO thin films with varying
degrees of Ti loading levels have revealed that single-target
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sputtered ITO thin films with transparent polycrystalline elec-
trodes can be tuned to form amorphous-like n-type semicon-
ducting layers due to the dramatic suppression of the carrier
density upon increasing the cosputtering power of the TiO2

target. By optimizing the TiInSnO film structure, top-contact
electrode FETs formed from 4 at % Ti-doped ITO films can be
produced that show a high mobility of up to 13.4 cm2 V�1 s�1, a
low subthreshold gate swing (SS) of 0.25 V decade�1, and a high
Ion/Ioff ratio of >1 � 108.

2. EXPERIMENTAL SECTION

2.1. Film Preparation. A 11�12 nm thick TiInSnO thin film was
deposited on either a glass substrate, for evaluating the optical and
structural properties, or on a SiO2/Mo/glass substrate, to form an FET
channel layer, by cosputtering dual ITO and TiO2 targets. During
the preparation of the semiconductor films, both targets were placed
approximately 10 cm from the substrate. The working pressure was
0.26 Pa and the relative oxygen flow rate [O2]/[Ar +O2] was maintained
at 0.44. TheDC power density of the ITO target was fixed at 2.2W cm�2,
and the RF power density of TiO2 was varied from 0 to 4.4 W cm�2. A
relatively thick TiInSnO film (50 nm) was used to measure the transmit-
tance and absorbance, whereas the thickness of the active layer of a
TiInSnO FETs was 11�12 nm.
2.2. Film Characterization. The surface morphology and rough-

ness of the TiInSnO thin films were characterized by tapping-mode
atomic force microscopy (AFM) using a Veeco Multimode IIIa. The
optical properties of the TiInSnO films were analyzed using a Cary 5000
UV�vis-NIR spectrophotometer in the range 300�800 nm. Synchro-
tron-based two-dimensional (2D) grazing-incidence X-ray diffraction
(GIXD) experiments on TiInSnO films with various Ti fractions were
performed at the X9 beamline of the National Synchrotron Light Source
(NSLS) at the Brookhaven National Laboratory. Each sample was
mounted on a two-axis goniometer on top of an x-z stage, and the
scattering intensity was recorded using a 2D Mar CCD detector. The
structural properties of the TiInSnO films were double-checked by
collecting a high-resolution X-ray diffraction scan (X PET-PRO MRD
usingCuKR1 source). The cation compositions and chemical state of the
TiInSnO thin films were examined using X-ray fluorescence spectros-
copy (XRF, Themoscientific, ARL Quant’X) and X-ray photoelectron
spectroscopy (XPS), respectively.
2.2. FETs Fabrication and Characterization. Mo (200 nm)

gate electrodes were deposited and patterned by conventional photo-
lithography on a glass substrate. A 120 nm thick SiO2 film was then
grown on the substrate by plasma enhanced chemical vapor deposition
for use as a gate dielectric. A 11�12 nm thick TiInSnO channel layer was
prepared by cosputtering an ITO target and TiO2 target. The active area
was defined using a shadow mask during the deposition of the TiInSnO
film, and the ITO source/drain (S/D) electrodes were deposited using
the same sputtering system. The fabricated FETs had a bottom gate
structure, and their channel widths (W) and lengths (L) were 1000 and
150 μm, respectively. The devices were annealed in air for 1 h at 240 �C.
The transfer characteristics of the TiInSnO FETs were measured using a
Keithley 2636 Source Meter at room temperature.

3. RESULTS AND DISCUSSION

TiInSnO films containing different Ti fractions were fabri-
cated by cosputtering with dual ITO and TiO2 targets (see the
Experimental Section). Note that cosputtering was performed
with a fixed ITO target power of DC 100 W and a selected RF
power of 0�200 W (for the TiO2 target). The as-deposited
TiInSnO films were then thermally annealed in ambient air for
1 h at 240 �C. Table 1 summarizes the compositional variations

in the 11�12 nm thick TiInSnO films on the SiO2/Si substrates
as a function of the RF power of the TiO2 target, based on the
XRF cation analysis. In the TiInSnO films, the Ti4+ and Sn4+

contents increased monotonically from 0 to 9 at.% and decreased
from 7.6 to 3.4 at %, respectively, as the RF power applied to the
TiO2 target was increased from 0 to 200 W. In contrast, the In
content changed slightly from 92 to 88 at % over the same
increase in RF power. Figure 1a shows the AFM topography of
the ITO film (top) and Ti4In89Sn7O film (bottom), which
revealed that the TiInSnO films had homogeneous smooth
textures without local aggregation, and they had a small root-
mean square surface roughness of 0.1�0.2 nm (2 μm � 2 μm)
that was comparable to that of the ITO film (also see Figure S1 in
the Supporting Information). The results suggested that during
the cosputtering process, Sn4+ ions located at the sublattice sites
of In2O3 crystals were preferentially substituted with Ti4+ ions.
The incorporated Ti4+ ions (with a smaller radius than Sn4+)15

were expected to significantly affect the degree of compositional
and configurational order in the system. Below, we discuss the
effects of incorporating Ti into TiInSnO films on the crystalline
structure, as investigated through X-ray analysis.

The role of Ti additives on the optical properties of the
TixInySnzO film system (x = 2, 4, 6, 9) was investigated by
fabricating ITO and TiInSnO films on glass substrates. Figure 1b
shows the optical transmission spectra of 50 nm thick ITO and
TixInySnzO films prepared with various metal compositions.
Note that the film thicknesses were much greater than those
(11�12 nm) of the samples used in the FETs. Thicker films
yielded amplified variations in the optical properties of Ti-assisted
ITO films as a function of theTi content (at%). All TiInSnO films
were optically transparent and colorless and were less dependent
on the Ti content: they showed an average transmittance (Tave)
exceeding 70% in the visible region, which was comparable to that
of the glass substrate, that is, Tave > 80%. In contrast, the optical
band gap (Eg

opt) differed noticeably between the ITO-only and
TiInSnO films. The values of Eg

opt were determined by extra-
polating the best fit line in the plot of (Rhν)2 versus hν to the
intercept (at R = 0) for the ITO and TixInySnzO (x = 4, 6, 9)
systems (see Figure 1c).16 As the Ti at % in the TiInSnO films
increased, the Eg

opt values increased dramatically from 3.60 eV
(for ITO) to 3.96 eV (for Ti9In88Sn3O). Variations in Eg

opt arose
mainly from theTi-assisted structural changes from the crystalline
to the amorphous phases.

The incorporation of Ti significantly affected the interactions
between the nearest neighbor components, as determined by

Table 1. In, Sn, and Ti Content of the TiInSnO Films As a
Function of the TiO2 RF Power, under a Fixed ITODCpower
of 100 Wa

cation composition (at %)

samples TiO2 rf power (W) In Sn Ti

ITO 92.4 7.6

Ti2In91Sn7O 60 90.8 7.2 2.0

Ti4In89Sn7O 100 89.0 7.4 3.6

Ti6In88Sn6O 150 88.1 5.9 6.0

Ti9In88Sn4O 200 87.7 3.4 8.9
aThe atomic ratio of the TiInSnO film was analyzed by XRF. The ratio
of Ti/(In+Sn+Ti) increased monotonically with increasing TiO2

DC power.
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XPS. Figure 1d shows theO1s XPS spectra of TiInSnO films with
different Ti contents. The O1s peaks centered at binding
energies of 530.1 or 531.0 eV arose from the oxygen atoms in,
respectively, the oxide lattices without or with oxygen vacancies
(summarized in Table S1 in the Supporting Information).17 The
peak areas of the oxygen vacancies clearly decreased as the Ti
fraction increased. A larger portion of reduced oxygen vacancies
in the higher Ti content films suggested that the free carrier
density decreased, which enabled the resulting TiInSnO films to
act as efficient channel materials. In the context of In2O3-based
oxide semiconductors, the electrical role of oxygen vacancies
[VO] has inspired debate. Kamiya et al. reported that the VO

states in the In�Ga�Zn�O system are deep levels, as deter-
mined by ab initio calculations.18 On the other hand, Agoston
et al. reported that the VO states in the In2O3 system are shallow
states capable of creating free electrons in the conduction band,
using the same first-principle calculations.19 A similar metastable
shallow state for VO was also predicted for ZnO and In2O3.

20

Existing VO models for In2O3 and its derivative materials were
inconclusive with regards to the calculated electronic structures.
Experimental observations strongly indicated that VO defects
provided a source of n-type conductivity (>1 � 1020 cm�3).21

Moreover, strong correlations between the oxygen vacancy
level and the n-type carrier density has been reported for
In�Ga�Zn�O,22 Ga�Zn�Sn�O,23 and Zr�Zn�Sn�O24

films. In these reports, reductions in the free electron density
were strongly associated with fewer oxygen vacancy defects.

Therefore, in this study, it would be reasonable to assume
that lower VO concentrations and higher TiO2 fractions
would reduce the free electron density, permitting the result-
ing oxide TFTs on/off current ratio to be modulated, as shown
below.

The ITO and TiInSnO films prepared on SiO2/Si substrates
via sputtering and annealing were analyzed using several X-ray
techniques. As shown in Figure 2, the X-ray reflectivities of these
films indicated that the sputtered films had smooth uniform
surfaces. The inset of Figure 2 shows that the oscillation period of
the X-ray reflectivity in reciprocal space was given byΔqz= 2π/ts,
where ts is the thickness of the active layer. The value of Δqz
permitted the accurate determination of the thickness of the ITO
and Ti�In�Sn-O films to 11�12 nm (details are provided in the
Supporting Information). Figure 3a shows the 2D GIXD pat-
terns of the 11�12 nm thick ITO and TixInySnzO films. Because
of the high In fraction (approximately 92 at %) in the ITO film,
the GIXD pattern for the ITO-only system clearly showed a
typical powderlike ring pattern corresponding to the polycrystal-
line In2O3 with a bixbyite structure (C-type rare-earth crystal
structure) at q = 1.546, 2.194, 2.508, 2.979, 3.243, and 3.604 Å�1,
corresponding to the (211), (222), (400), (332), (431), and
(440) planes, respectively.25 These results strongly supported
the assertion that polycrystalline In2O3 acted as a network former
with a body-centered cubic phase (Ia3, number 206) character-
ized by a lattice parameter of 10.03 Å.25 In particular, the Debye
ring pattern of the ITO film revealed that the In2O3 crystallites

Figure 1. (a) Tapping-mode AFM images of ITO (top) and TiInSnO (bottom) films prepared under vacuum conditions at a TiO2 RF power of 100W.
(b) Optical transmittance of ITO and TiInSnO films, and (c) plot of (Rhν)2 versus hν for calculation of the optical band gap for each thin film. (d) O1s
XPS spectra of the TiInSnO films with different Ti contents.
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were randomly distributed without any preferential orientations.
The average grain size (D) of the ITO crystallites was estimated
to be 4.5 ( 0.5 nm using Scherrer’s equation (D = kλ/βcos θ,
where k is a constant assumed to be 0.98, λ is the wavelength of
the incident X-rays, β is the full width at half-maximum intensity
of the (222) diffraction peak, and θ is the diffraction angle at
q(222)).

26

The 2D GIXD patterns of the TiInSnO films (see Figure 3a)
clearly showed that the peak intensities of In2O3, specifically
those from the (222) crystal planes, decreased dramatically as the
Ti at % increased. As shown in Figure 3b, a higher volume of the 4
at % Ti-incorporated ITO film was amorphous rather than
crystalline, as indicated by the broad X-ray peak. Films exceeding
9 at % Ti (Ti9In88Sn3O) provided no evidence for In2O3 crystal-
lites in the GIXD patterns. Only an amorphous hollow peak
remained, indicating that Ti was incorporated into the sputtered
MCO films and induced a phase transition from a crystalline to
an amorphous solid. Short-range atomic ordering was disrupted
because Ti4+ ions were smaller Sn4+. The Ti-assisted phase was
thermodynamically stable and did not recover to the crystalline
form, even after thermal annealing at 240 �C for several hours.
Because no peaks were observed in the GIXD patterns of these
annealed films, the TiInSnO films contained homogeneous
nanostructures in which the Ti-dependent crystallinity was
controllable without the use of metallic segregation techniques.
The optical and structural results suggested that the Ti-assisted
ITO film may provide a promising transparent channel material
for use in large-area electronic applications.

The electrical characteristics of the TiInSnO-based FETs
depended on the amount of Ti incorporated, as characterized
by measurements of 11�12 nm thick TiInSnO films (Figure 4a)
selectively patterned onto SiO2 (120 nm)/Mo/glass substrates
through a mask via cosputtering in a chamber. The samples were
postannealed at 240 �C for 1 h, and top-contact ITO electrodes
were sputtered onto the MCO films (see the Experimental
Section). Figure 4b presents a schematic diagram illustrating
the resulting TiInSnO-based FETs. As expected from the
UV�vis spectra (Figure 1b), the typical optical microscopy
images of the resulting devices showed FETs with an optically

Figure 3. (a) Two-dimensional GIXD patterns of 11�12 nm thick ITO and TixInySnzO films. (b) Out-of-plane GIXD patterns of the TiInSnO films
with different Ti contents.

Figure 2. X-ray reflectivity profiles of ITO and TixInySnzO films with
different Ti contents. The film thicknesses (ts, see Table S2 in the
Supporting Information) was calculated by the following equation:
Δqz = 2π/ts, where Δqz is the periodic distance between the X-ray
reflectivity peak-to-peak.
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transparent structure, even though a relatively thick patterned
Mo electrode (200 nm) was used as the gate metal on the glass
substrate (see Figure 4c).

Figure 4d shows the variations in the transfer characteristics
of the TixInySnzO-based FETs as a function of the incorporated
Ti content. The ITO-only FET exhibited a simple conducting
behavior. The on/off current ratio (Ion/Ioff) was not modulated.
This property was attributed to a high net carrier density of
1.05� 1020 cm�3 resulting from the polycrystalline nature of the
material (see Figure 3a), calculated from the Hall effect measure-
ment. Unlike the ITO-based FET, the incorporation of Ti into
the ITO films resulted in moderate transistor behavior. Incor-
poration of Ti produced a clear pinch-off. A saturated IDS was
observed, as shown in Figure 4d, indicating that electron trans-
port in the TiInSnO active channel was controlled by the gate
and drain voltages. The absence of creep in the IDS in the lowVDS
voltage region indicated the presence of Ohmic contact between
the ITO source/drain electrodes and TiInSnO. The important
device parameters of the TixInySnzOFETs as a function of the Ti
fraction are summarized in Table 2. The μFET was determined by
the maximum trans-conductance at a drain voltage (VDS) of
0.1 V, and Vth was determined by the gate voltage (VGS) required
to produce a drain current of L/W � 10 nA at VDS = 5.1 V (see
Figure 4e). The subthreshold gate swing (SS = dVGS/dlogIDS) was
extracted from the linear portion of a plot of the logIDS versus VG.

For the TiInSnO-based FETs, device performances were opti-
mized for the Ti4In89Sn7O thin film: μFET, SS, Vth, and Ion/Ioff
were, respectively, 13.4 cm2 V�1 s�1, 0.25 V decade�1, 5.3 V, and
>1 � 108. Above x = 4, the TixInySnzO thin films become more
resistive, indicating that Vth in the corresponding FETs were
shifted toward positive values. In this case, the values of μFET and
Vth were reduced to 6.2 cm2 V�1 s�1 and 14.5 V for the
Ti9In88Sn3O FET, although the value of Ion/Ioff was comparable
to that of the optimized Ti4In89Sn7O FET.

The SS value of a given FET device is related to the total
density of traps, including the bulk (NSS) and semiconductor�
insulator interfacial traps (Dit), according to

27

SS ¼ qkBTðNSStch +DitÞ
CilogðeÞ ð1Þ

where q is the electron charge, kB is Boltzmann’s constant, T is
the absolute temperature, and tch is the channel layer thickness.

NSS and Dit in the Ti-based ITO FET were calculated by
setting one of parameters equal to zero. In the present study, the
values of NSS and Dit correspond to the maximum trap density
formed in a given system. For example, the values of NSS and Dit

for the Ti4In89Sn7O-based FET were 5.04 � 1017 eV�1 cm�3

and 5.76 � 1011 eV�1 cm�2, respectively, which were compar-
able to those (NSS, 1�6 � 1017 eV�1 cm�3; Dit, 4�8 � 1011

Figure 4. (a) Schematic illustration of a cosputtering apparatus used for the preparation of TiInSnO films. (b) Three-dimensional schematic diagram of
the TiInSnO FETs with an inverted staggered bottom gate structure. (c) Typical optical microscopy images of the resulting devices showing FETs with
an optically transparent structure. Left side (reflection mode) and right side (transmission mode). (d) Variations in the transfer characteristics of
TixInySnzO-based FETs as a function of the incorporated Ti content. The representative (e) transfer and (f) output characteristics of the TiInSnO-based
FETs, including Ti4In89Sn7O thin film.

Table 2. Electrical Characteristics of FETs Based on TixInySnzO Films with Different Ti Contents

samples μFET (cm2 V�1 s�1) SS (V decade�1) Vth (V) Ion/Ioff Dit (eV
�1 cm�2) Nss (eV

�1 cm�3)

Ti2In91Sn7O 2.47 �14.33 1.0� 103 7.3� 1012 5.0� 1018

Ti4In89Sn7O 13.4 0.25 5.30 1.0� 108 5.8� 1011 5.0� 1017

Ti6In88Sn6O 8.8 0.42 9.07 9.7� 107 1.1� 1012 8.5� 1017

Ti9In88Sn4O 6.2 0.59 14.46 3.7� 107 1.6� 1012 1.2� 1018



2527 dx.doi.org/10.1021/am200388h |ACS Appl. Mater. Interfaces 2011, 3, 2522–2528

ACS Applied Materials & Interfaces RESEARCH ARTICLE

eV�1 cm�3) of the InGaZnO28 and ZnInSnO29 FETs. For other
FETs with different Ti contents, however, these values increased
dramatically with increasing Ti content (see Table 2). For the
Ti9In88Sn3O FET, the NSS and Dit values were 1.19 � 1018

eV�1 cm�3 and 1.60 � 1012 eV�1 cm�2, respectively. This
strongly supported the conclusion that the addition of excess Ti
cations broadened the gap state of the TiInSnO semiconductor.

Taken together, these results indicate that the appropriate
amount of Ti cations should be carefully incorporated to achieve
control over the carrier density (1� 1017 cm�3) and amorphous
phase state of a multicomponent oxide semiconductor without
creating a significant gap state. Thus, in this study, the recom-
mended Ti cation fraction for the ITO-based channel system was
determined to be 4.0 at %, although this value depends on the
channel materials, process temperature, film preparation meth-
od, and device configuration.

4. CONCLUSION

We clarified the role of TiO2 incorporation into ITO films.
GIXD and XPSmeasurements demonstrated that the addition of
Ti to a ITO lattice hindered the conversion of the film into a
crystalline phase and, simultaneously, efficiently suppressed
creation of a high carrier concentration via formation of oxygen
vacancies during heat treatment of the as-deposited TiInSnO
film. An amorphous TiInSnO film containing an optimum Ti
fraction provides a promising semiconductor material: FETs
with the optimum Ti composition of 4.0 at % exhibited a high
mobility of 13.4 cm2 V�1 s�1, low subthreshold gate swing of
0.25 V decade�1, and a high Ion/Ioff ratio of >1� 108. However,
when the Ti fraction exceeded 6.0 at.%, the fabricated FETs
suffered from reduced mobility and high Vth values (>9 V),
suggesting that the excessive incorporated TiO2 strongly sup-
pressed the carrier concentration, causing the resulting TiInSnO
thin film to exhibit insulating properties.
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