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Abstract High performance thin film transistors (TFTs)
based on amorphous In-Sn-Ga-O (ITGO) semiconductor were
fabricated. In order to activate the electrical properties of the
oxide semiconductor, different processes were used, involving
thermal annealing, UV + O3 (UVO) radiation, and UVOassisted thermal annealing. While either UV radiation or thermal annealing at 150 °C results in rather poor transfer characteristics, the combination of both allows the fabrication of
high performance devices with field effect mobility values
exceeding 20 cm2/Vs. X-ray photoelectron spectroscopy
(XPS) analyses of ITGO films suggest that the density of
defects related to oxygen-deficient sites are reduced upon
UVO-assisted annealing. Also, hydroxide bonds are found
to increase in the semiconductor material, which is highly
likely to increase the free carrier concentration. The reduction
of oxygen-related defects results in a decrease in charge trap
density near the semiconductor/gate dielectric interface, and
the UV-assisted annealed ITGO devices exhibit relatively
small shifts in the threshold voltage (Vth) under positive bias
stress.
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1 Introduction
Thin film transistors (TFTs) based on amorphous oxide semiconductors (AOSs) are promising for application in high resolution active-matrix liquid crystal displays (AM-LCDs) or
organic light emitting diode (AMOLED) backplanes. AOSTFTs have various advantages compared to conventional
amorphous hydrogenated silicon (a-Si:H) devices, including
high mobility (~ 10 cm2/Vs), high optical transparency, and
high ION/IOFF ratio [1–5]. The possibility to sputter-deposit
AOS films at relatively low temperatures with good uniformity makes them compatible with the well established process
technology in the flat panel display industry.
The most commonly studied AOS material is In-Ga-Zn-O
(IGZO), which was first introduced by Hosono et al. in 2004
[2]. Many alternative AOS materials have been investigated
thereafter, including Zn-Sn-O (ZTO) that allows the achievement of high field effect mobility TFTs (~ 15 cm2/Vs) [6, 7],
In-Zn-O (IZO) [8–10], Hf-In-Zn-O (HIZO) [11–13], and InSn-Zn-O (ITZO) [13–16]. The latter was recently shown to
result in high mobility TFT devices with reasonable threshold
voltage (Vth) and stability under bias stress [16].
While the majority of electronic components involving
TFTs are fabricated on rigid glass, the ability to integrate devices into mechanically flexible substrates is anticipated to
enable the realization of a myriad of applications in the field
of flexible displays or wearable electronics. Polyethylene
naphthalate (PEN), polyethylene terephthalate (PET) and polyimide (PI) are well known platform materials under consideration at present. In order to implement high performance
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Fig. 1 Representative transfer curves of devices incorporating ITGO
films subjected to different activation processes

devices into such soft substances, relatively low temperature
processes are necessary.
Because AOS TFTs require the use of relatively high annealing temperatures above 300 °C in order to stimulate their
electrical properties, alternative methods must be sought to
convey sufficient activation energy when using plastic substrates [17, 18]. In a previous work by the same authors,
TFTs based on In-Sn-Ga-O (ITGO) semiconductor were
shown to be suitable for relatively low process temperatures
near 200 °C [19]. Saturation field effect mobility (μFE) values
of approximately 25 cm2/Vs were demonstrated, with reasonable reliability under negative bias stress. However, further
lowering of the process temperature is mandatory for the majority of polymer substrates such as PEN, which cannot endure such large thermal budgets.
The present work consists of the fabrication of high performance ITGO devices at temperatures near 150 °C, by virtue of
ultraviolet (UV)-assisted annealing. While only marginal TFT
performance is obtained with either UV radiation or heating
only, the combination of both energy sources results in high
mobility devices with μFE ~ 21.2 cm2/Vs. The development of
UV-assisted thermal annealing is therefore expected to allow a
broader range of flexible materials to be applicable for next
generation Bsoft^ electronics.

Table 1 Electrical properties of
ITGO films subjected to different
activation processes (based on 9
reproducible TFT samples)

Bottom gate/top contact ITGO TFTs were fabricated onto
p++-Si/SiO2 substrates. The p++-Si layer and the thermally
grown 100 nm-thick SiO2 layer were used as the gate
electrode and the gate insulator, respectively. ITGO layers
were grown on the substrates by direct current (DC)
sputtering at room temperature, up to a thickness of
20 nm. Before depositing the source/drain electrode layer,
three different activation processes were carried out: 1)
thermal annealing (150 °C), 2) UV + O3 (UVO) radiation,
and 3) UVO-assisted thermal annealing (150 °C). The
heat treatment was carried out using a hot plate. A UV
lamp that can generate radiations of 186 nm and 254 nm
wavelengths was used. The 254 nm radiation was first
used to produce oxygen radicals, followed by the generation of ozone with the 186 nm radiation. Each thermal
treatment was conducted for 1 h. After the activation process, a 100 nm-thick ITO layer was deposited and patterned using shadow masks to form the source/drain
electrodes.

2.2 Electrical measurements
The electrical properties of the ITGO TFTs were evaluated using a HP 4284A semiconductor analyzer at room
temperature in the dark state. The channel width and
length of each device are 800 and 200 μm, respectively.
The device reliability under positive bias stress (PBS,
VG = +20 V for 3000 s) was evaluated in a vacuum
ambient in order to exclude the external ambient effects
(H2O & O2).

2.3 Physical & chemical analysis
The crystallinity of the ITGO films activated by different
methods was evaluated by X-ray diffraction (XRD). In order
to observe the chemical bonding states and compositions of
the films, X-ray photoelectron spectroscopy (XPS) analyses
were performed.

@ 60 min

Mobility(cm2/Vs)

Vth(V)

S.S.(V/decade)

Nss(eV−1 cm−3)

Dit(eV−1 cm−2)

As-dep
Thermal
UVO-only
UVO + Thermal

−
−
8.21 ± 0.5
21.2 ± 1.3

−
−
0.64 ± 0.82
-0.23 ± 0.53

−
−
0.44 ± 0.10
0.27 ± 0.05

−
−
1.55E + 18
4.77E + 17

−
−
7.77E + 12
9.53E + 11
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Table 2 Elemental compositions (at. %) of ITGO films subjected to
different activation processes, determined by X-ray photoelectron spectroscopy (XPS)
@ 60 min

3 Results & discussion
Figure 1 shows the representative transfer curves of the
ITGO TFTs that have undergone different activation processes. The gate voltage (VG) was swept from −20 to
+25 V, while the drain voltage (VD) was kept at 10.1 V.
TFTs based on as-deposited and thermally annealed ITGO
exhibit poor performance. Superior current levels are observed in the devices incorporating ITGO films exposed
to UV/O3 radiation. The TFT with ITGO activated under
both UV radiation and thermal annealing yield the best
performance, with a high saturation field effect mobility
of 21.2 cm2/Vs and a low sub-threshold swing (S.S.) value of 0.27 V/decade. The representative device parameters
are summarized in Table 1.
Figure 2 consists of the XRD patterns collected from
the ITGO films with different activation processes. The
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only peak is observed near 57 °, which consists of the
Si (311) peak from the substrate. All ITGO films are
thus suspected to be amorphous. In the previous report
on ITGO TFTs by the same authors, the amorphous
structure was preserved in the same ITGO films upon
thermal annealing at relatively high temperatures (~
300 °C). Therefore, the amorphous phase of the ITGO
films observed in this work is consistent with former
studies.
To evaluate the chemical bonding states and the relative concentration of elements in the ITGO films, XPS
analyses were conducted. Figure 3 shows the XPS O 1 s
peaks and the relative intensity ratio of the sub-peaks
collected from the ITGO films after the application of
different activation processes. The peaks labeled A, B
and C located at binding energies of 529.8 eV, 530.9 eV
and 531.6 eV represent each the contribution of metaloxygen bonds without oxygen vacancies, oxygendeficient regions and hydroxide bonds, respectively [20].
For the as-deposited ITGO, the integrated area fraction of
peak B to the total area is 26.6 %. However, the ITGO
film that has been subjected to both UV radiation and
thermal annealing exhibits a smaller peak B fraction of
approximately 21.0 %. Such a decrease may be attributed

Fig. 2 XRD patterns of ITGO films subjected to different activation
processes
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Fig. 3 XPS O 1 s analyses for (a) as-deposited ITGO, (b) UVO-only ITGO, and (c) UVO-assisted annealed ITGO films. (d) Relative sub-peak
concentration with respect to different activation processes
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Fig. 4 XPS Sn 3d analyses for (a) as-deposited ITGO, (b) UVO-only ITGO, and (c) UVO-assisted annealed ITGO films. (d) Relative sub-peak
concentration with respect to different activation processes

to the presence of smaller concentration of defects related
to vacant oxygen sites that may act as carrier traps, hence
the improved TFT performance [21]. The combination of
UV radiation and thermal annealing also results in an
increase in the peak C fraction (~4.5 to 22.7 %). Here it
is suggested that the hydroxide bonds may have donated
excess free carriers, resulting in increased TFT mobility.
In a former publication by Jeong et al., it was reported
that UV radiation enhances the mobility of IGZO TFTs,
by making the IGZO surface rich in –OH groups, accompanied by an increase in carrier density [22]. The enhancement of ITGO device performance in the present
study may be interpreted by the same phenomenon. The
free electron concentration in the as-deposited or only
thermally annealed ITGO films is below the detection
limit (< 1014 cm−3) of our Hall measurement system;
however the carrier density in the UVO-assisted annealed
films is approximately of the order of 1018 cm−3, thus
confirming an increase in the number of free carriers.
The S.S. value may be related to the total defect density at
the interface between the semiconductor and the gate insulator

Fig. 5 Transfer characteristics of
TFTs incorporating ITGO films
subjected to (a) UVO-only and
(b) UVO-assisted annealing. Both
devices exhibit positive threshold
voltage shifts

(Dit) and the semiconductor bulk trap density (Nss) by the
following equation: [23].
SS ¼

qkb TðNss tch þ Dit Þ
C i logðeÞ:

where q, kB, T, tch, and Ci are the electron charge, the
Boltzmann constant, the absolute temperature in Kelvin, the
channel layer thickness, and the capacitance of the gate insulator per unit area, respectively. The Dit and Nss values are also
listed in Table 1. The combination of UV radiation and thermal annealing leads to a considerable reduction in Nss and Dit
values, which is highly likely due to the decrease in oxygen
vacancy related defects.
Table 2 shows the elemental composition of ITGO films
with respect to the different activation processes approximated
by the XPS results. Apart from the UV-assisted thermal annealing, the relative elemental composition is similar in all
films (In ~34 %, Sn ~ 3.5 %, Ga ~ 13 %, and O ~ 49 %).
However, the ITGO films annealed in the presence of UV
radiation exhibit considerably different contents of indium
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and oxygen (In ~29 %, O ~ 56 %). The relatively high oxygen
content complies with the interpretation that fewer oxygen
vacant sites are present in the UV-assisted annealed ITGO
semiconductor.
Figure 4 shows the XPS Sn 3d peaks and relative intensity
ratio of the sub-peaks collected from the ITGO films with
respect to different activation processes. The peaks labeled
A and B, of which the binding energies are located at
485.9 eV and 486.6 eV, represent the contribution of Sn4+
and Sn2+ states [24]. In the case of UV-assisted annealed
ITGO films, the peak A ratio is higher than that in the other
films. The increase in Sn4+ content suggests that a larger number of Sn cations dwell in an environment that is relatively rich
in oxygen.
Figure 5 shows the reliability of ITGO devices under positive bias stress (PBS), of which the ITGO semiconductor is
activated by (a) UVO radiation only and (b) UVO-assisted
thermal annealing. As the stress time increases, the Vth shift
(ΔVth) is approximately +14 V in the case of the UVO radiated devices. However, the Vth shift of the UV-assisted
annealed TFT is approximately +8 V. The devices exhibit
negligible variation in the field effect mobility or S.S. value
during the stress experiment, therefore the trapping of electron
carriers near the ITGO-SiO2 interface may be the main degradation mechanism. It may thus be concluded that the combination of UV radiation and thermal annealing has reduced
the density of electron traps in the vicinity of the
semiconductor-gate dielectric interface.
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