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ABSTRACT 

We propose a simple process to obtain high-
performance thin-film transistors (TFTs), namely 
hydrogenated polycrystalline In2O3 (In2O3:H) TFTs grown 
via the low-temperature solid-phase crystallization (SPC) 
process. In2O3:H TFTs fabricated at 300 °C exhibit 
superior switching properties with field-effect mobility of 
139.2 cm2V 1s 1, a subthreshold swing of 0.19 Vdec 1, and 
a threshold voltage of 0.2 V. 

1 Introduction 
Amorphous oxide semiconductors (AOSs) have been 

extensively studied as active channel layers of thin-film 
transistors (TFTs) for backplane of LCDs and OLED 
displays.[1-4] This is because AOSs represented by 
amorphous In–Ga–Zn–O (a-IGZO) has properties that are 
superior to hydrogenated amorphous Si (a-Si:H), such as 
a large field-effect mobility ( FE) of over 10 cm2V 1s 1, an 
extremely low leakage current, a low processing 
temperature (<350 °C), and large-area scalability.[1-4] 
Although the FE value of a-IGZO TFTs is more than ten 
times higher than that of a-Si:H TFTs (<1 cm2 V 1 s 1), the 
further improvement of FE values is required to expand 
their range of applications as alternatives to poly-Si TFTs 
(~100 cm2 V 1 s 1). 

The optimization of AOS composition is one approach 
for improving FE; for example, an increase in the In ratio 
due the considerable spatial spread of the In 5s orbital with 
a large overlap can provide a facile electron transport path 
with a low electron effective mass.[5-7] Although the 
various AOS compositions have been proposed, the FE 
value remains insufficiently high to compete with that of 
poly-Si TFTs. 

In contrast, the crystallization of OSs is an another 
approach for improving FE, because the subgap density 
of states originating from structural disorder and defects 
can be suppressed via lattice ordering. Although 
polycrystalline OSs, including In2O3, ZnO, and SnO2, have 
been investigated as channel materials in early oxide-
based TFTs, they can easily create oxygen vacancies, 
leading to degenerate semiconductors.[8-10] In addition, 
μFE degradation due to grain boundary scattering is a 
serious issue for polycrystalline OSs as well as poly-Si.[11] 
Polycrystalline In2O3 films have been investigated for use 

as the transparent conductive oxide (TCO) in solar cells. 
Koida et al. reported a degenerate hydrogen-doped 
polycrystalline In2O3 film with high electron mobility 
(100–130 cm2V 1s 1) produced by solid-phase 
crystallization (SPC).[12] 

This study proposes a simple material and a simple 
process to obtain high-performance TFTs, namely 
hydrogenated polycrystalline In2O3 (In2O3:H) TFTs 
grown via the low-temperature SPC process.[13] We 
believe these SPC-grown In2O3:H TFTs have a great 
potential for use in future electronics applications. 

2 Experimental 
In2O3:H TFTs were fabricated on a heavily doped p-

type Si substrate with a 100-nm-thick thermally grown 
SiO2. The doped p-type Si substrate and the SiO2 were 
used as the gate electrode and the gate insulator. The 
30-nm-thick In2O3 and In2O3:H channels were deposited 
via pulsed direct-current (DC) magnetron sputtering 
without substrate heating from a ceramic In2O3 target 
using a mixture of Ar, O2, and H2 gases. The O2 and H2 
gas flow ratios are R[O2] = O2/(Ar+O2+H2) and R[H2] = 
H2/(Ar+O2+H2), respectively. For the Ar+O2-sputtered 
In2O3 film, R[O2] was set to 1% without H2 introduction 
(R[H2] = 0%). For the Ar+O2+H2-sputtered In2O3 film 
(In2O3:H), R[O2] and R[H2] were 1% and 5%, respectively. 
The deposition pressure and DC power were maintained 
at 0.6 Pa and 50 W, respectively. The base pressure 
before gas introduction was below 6 × 10 5 Pa. The In2O3 
and In2O3:H films were then annealed in ambient air at 
300 °C for 1 h. After annealing, a 100-nm-thick SiO2 film 
was deposited via reactive sputtering without substrate 
heating. This film served as a passive layer. 
Subsequently, Al source/drain electrodes were 
deposited via sputtering. Finally, In2O3 and In2O3:H TFTs 
were annealed at 250 °C in ambient air for 1 h. The In2O3, 
SiO2, and Al films were deposited through a shadow 
mask. Both the channel length and the width were 300 
μm. 

 

3 Results and discussion 

3.1 Structural properties of the In2O3 and In2O3:H 
films. 

Figure 1 depicts the Electron backscattering 
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diffraction (EBSD) images of the (a) In2O3 (R[H2] = 0%) 
and (b) In2O3:H (R[H2] = 5%) films before and after 
annealing at 250 °C. For the as-deposited In2O3 film, a 
randomly oriented small grain structure embedded in the 
amorphous matrix can be observed. The grain structure 
disappeared by introducing hydrogen during sputtering. In 
contrast, a huge grain structure appeared for In2O3:H film 
after annealing at 250 °C, indicating SPC occurrence. The 
EBSD results show that the nuclei density in the as-
deposited film was suppressed by introducing hydrogen 
during sputtering. Because of the reduction in the nuclei 
density in the initial In2O3:H film, the grain size of the 
In2O3:H film could be enlarged through SPC. Thus, the 
controlling the crystallinity and nuclei density in the as-
deposited film are key factors to achieve high-quality 
In2O3:H films. 

 

 
Fig. 1. Structural properties of the In2O3 and In2O3:H 

films. EBSD images of the (a) In2O3 (R[H2] = 0%) and (b) 
In2O3:H (R[H2] = 5%) films before and after annealing at 
250 °C. 

 
Figure 2 shows the Hard X-ray photoelectron 

spectroscopy (HAXPES) spectra around the bandgap 
energy (Eg) region obtained from the In2O3 and In2O3:H 
films before and after annealing at 300 °C in ambient air. 
For the as-deposited films, the near-valence band 
maximum (near-VBM) and the near-conduction band 
minimum (near-CBM) states significantly increased by 
introducing hydrogen. In contrast, both the near-VBM and 
near-CBM states in the In2O3:H film decreased after 
annealing at 300 °C, resulting that the density of near-
CBM states in the In2O3:H was lower than that in the In2O3 

after annealing at 300 °C. The reduction of the near-CBM 
states is expected to strongly affect the carrier transport 
properties of the film.[14] HAXPES analysis revealed 
that indicating that the SPC process is effective for 
reducing the number of subgap defects. 
 

 
Fig. 2. Subgap states in the In2O3 and In2O3:H films. 

HAXPES spectra around Eg region obtained from the 
In2O3 and In2O3:H films before and after annealing at 
300 °C in ambient air. 

 

3.2 Electrical properties of the In2O3 and In2O3:H 
films. 

Figures 3a and 3b show the Hall mobility (μHall) and 
carrier concentration (Ne) of the 50-nm-thick In2O3 and 
In2O3:H films as a function of the annealing temperature. 
In2O3 without hydrogen introduction exhibited an almost 
constant μHall value over the entire range of investigated 
annealing temperature values, as shown in Fig. 3a. In 
contrast, upon annealing at 200 °C, the μHall of In2O3:H 
film increased to 104.0 cm2V 1s 1, indicating that the 
SPC started at an annealing temperature value between 
150 °C and 200 °C. The increased μHall is attributable to 
the increased grain size, as shown in Fig. 1b. The 
obtained μHall value is five times higher than that of the 
In2O3 film. 

Regarding the Ne of the films, for the as-deposited 
films, Ne increased from 7.1 × 1019 to 5.7 × 1020 cm 3 by 
introducing hydrogen, as shown in Fig. 3b. Since 
hydrogen acts as a shallow donor in In2O3,[15] the 
increase in the Ne of the as-deposited In2O3:H film is 
attributable to hydrogen doping effects. The In2O3 film 
deposited without hydrogen introduction exhibited an 
almost constant Ne value over the whole range of 
investigated annealing temperature values. On the other 
hand, the Ne of the In2O3:H film rapidly decreased for 
annealing temperature higher than 200 °C where SPC 
occurs. As a result, an appropriate Ne value of 2.0 × 1017 
cm 3 for TFT fabrication was obtained at annealing 
temperature of 300 °C for the In2O3:H film. This Ne value 
is over two orders of magnitude lower than that of the 
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In2O3 film deposited without hydrogen introduction (3.0 × 
1019 cm 3). Although adding H2 induced the formation of 
free carriers in the as-deposited films, the Ne of the films 
could be reduced via the relatively low-temperature SPC 
process and became comparable to that of single-
crystalline epitaxial In2O3 films deposited at 650 °C (~1 × 
1017 cm 3).[16] 

 

Fig. 3. Electrical properties of the In2O3 and In2O3:H 
films. (a) μHall and (b) Ne of In2O3 and In2O3:H films as a 
function of the annealing temperature. 

 

3.3 In2O3 and In2O3:H TFT characteristics. 
Figure 4 shows typical transfer characteristics of the 

TFTs with In2O3 and In2O3:H channels. All TFTs were 
fabricated using annealing in ambient air at 300 °C. The 
In2O3 TFT without H2 introduction did not exhibit any 
switching (conductive behavior) because the In2O3 film 
was still in a degenerated state (Fig. 3b). By contrast, the 
In2O3:H TFT exhibited a switching with an extremely high 
μFE of 139.2 cm2V 1s 1, a subthreshold swing (SS) of 0.19 
Vdec 1, a threshold voltage (Vth) of 0.2 V. The obtained μFE 
value is comparable to the μHall of epitaxial single-crystal 
In2O3 films (~160 cm2V 1s 1).[17] The resulting transfer 
performance of the SPC-prepared In2O3:H TFT was 
superior to that of previously reported oxide-based 
TFTs.[18] 

Fig. 4. In2O3 and In2O3:H TFT characteristics. Typical 
transfer characteristics of the TFTs with In2O3 and 
In2O3:H channels annealed at 300 °C in ambient air. 

 
 Figure 5 shows the bright-field high-resolution 

transmission electron microscopy (HRTEM) image and 
selective area electron diffraction (SAED) pattern 
obtained from the SPC-prepared In2O3:H TFT. A clear 
lattice image was observed over the entire thickness of 
the In2O3:H channel. Moreover, there was a single 
crystal-like diffraction pattern in the SAED pattern, even 
in the thin layers, roughly at a distance of 5 nm from the 
SiO2 gate insulator. 
 

Fig. 5. Cross-sectional view of the SPC-prepared 
In2O3:H TFT. HRTEM image and corresponding SAED 
pattern of the active layer of the TFT with In2O3:H 
channel. 

 

4 Conclusions 

In this study, we demonstrate the high-performance 
polycrystalline In2O3:H TFTs using a low-temperature 
SPC process. The In2O3:H TFT exhibits an extremely 
high μFE of 139.2 cm2V 1s 1, an appropriate Vth of 0.2 V, 
and a small SS of 0.19 Vdec 1. The hydrogen introduced 
during sputter deposition plays an important role in 
enlarging the grain size and decreasing the subgap 
defects in SPC-prepared In2O3:H. The proposed method 
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does not require any additional expensive equipment 
and/or change in the conventional oxide TFT fabrication 
process. We believe that these SPC-grown In2O3:H TFTs 
are promising candidates for use in future electronics 
applications. 
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