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Abstract 
We demonstrate polycrystalline indium oxide (poly-InOx:H) 

thin-film transistors (TFTs) with bottom-gate (BG) and self-
aligned top-gate (SATG) structures. The poly-InOx:H channel 
was formed by low-temperature solid-phase crystallization of a 
hydrogen-doped amorphous InOx:H film. Both BG and SATG 
poly-InOx:H TFTs operated in enhancement mode with field-
effect mobilities of 32.0 cm2V-1s-1 for BG and 29.5 cm2V-1s-1for 
SATG. Furthermore, the poly-InOx:H TFTs exhibited excellent 
stability under a negative gate bias and temperature stress, 
irrespective of the TFT structure.  These results demonstrate that 
poly-oxide is a strong candidate for opening a new route to 
improve the mobility and reliability of oxide TFTs. 
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1. Introduction 
An amorphous oxide semiconductor (AOS) of In–Ga–Zn–O 

(a-IGZO)1) has attracted attention for use in the active channel 
layer of thin-film transistors (TFT) due to its high field effect 
mobility (µFE>10 cm2V-1s-1), large area uniformity, and extremely 
low off-current.2) Although µFE of an a-IGZO TFT is over one 
order of magnitude higher than that of an amorphous Si TFT, 
further improvement of µFE of OS TFT is required to expand their 
range of applications. It is known that the Hall mobility of IGZO 
films can be improved by increasing the composition ratio of 
In2O3 because the conduction band minimum (ECBM) of IGZO is 
composed of In 5s orbitals. Additionally, an addition of SnO2 is 
also applied for IGZO (IGZTO) or IZO (ITZO) TFTs because the 
ECBM tends to deepen with increasing contribution of 5s orbitals 
in In or Sn,3) resulting in a reduction in the effective mass of 
electrons and an increase in µFE of the TFTs.4) In contrast, 
increasing the amount of In or Sn ratios in AOS causes the 
generation of oxygen vacancies, showing the trade-off between 
the µFE and the threshold voltage (Vt) of AOS TFT. Most high-
µFE AOS TFTs operate in the depletion mode with negative Vt 
values. Enhancement-mode operation is crucial for taking 
advantage of the extremely low off-current of oxide TFTs. 
Furthermore, the mobility-stability trade-off has been reported in 
high-µFE AOS TFT, especially under negative gate bias stress 
(NBS), because the carrier doping ability increases when the In 
or Sn content in AOS increases.3) Although much effort has been 
made to achieve high-µFE enhancement-mode AOS TFT with 
good reliability, it is still a challenging topic.  

In contrast, single-crystalline In2O3 exhibits a Hall mobility 
of more than 160 cm2V-1s-1 with a carrier density of less than 1018 

cm-3, making polycrystalline InOx a potential material for high-
mobility TFT. A large-grain (~10 µm) polycrystalline IGO TFT 
was reported by Ebata et al.5) in 2012. The IGO TFT operated in 
enhancement-mode with µFE and Vt values of 39.1 cm2V-1s-1 and 
1.4 V, respectively. The substituted Ga3+ ions at the In3+ sites in 
the bixbyite In2O3 crystal do not act as impurity scattering centers. 
In addition, Ga doping acts as a carrier suppressor in In2O3, which 
contributes to the operation of IGO TFT in the enhancement 
mode. Rabbi et al.6) further increased the µFE of poly-IGO TFT to 
78 cm2V-1s-1; however, the TFT operated in the depletion mode 
with Vt of –1.07 V. Tsubuku et al.7) reported the double-gate (DG) 
enhancement mode poly-IGO TFT with µFE of 28.3–41.4 cm2V-

1s-1; however, the DG poly-IGO TFT changed to depletion mode 
when µFE increased further to 55.7 cm2V-1s-1. A trade-off between 
µFE and Vt has also been reported for polycrystalline OS TFT. 

Our group reported hydrogen-doped poly-IGO and InOx 
TFTs formed by solid-phase crystallization (SPC).8-12) Hydrogen 
was introduced in the IGO and InOx films during sputtering. The 
hydrogen in ambient sputtering reduced the nucleation density of 
the as-deposited amorphous films. The amorphous IGO:H and 
InOx:H films were converted to a polycrystalline phase by low-
temperature (250–350 °C) SPC. The grain size of the poly- 
IGO:H and InOx:H films increased compared with that of those 
films without hydrogen doping because of the reduction of the 
nucleation density in the films.11)   

In this study, poly-InOx:H TFTs with bottom-gate (BG) and 
self-aligned top-gate (SATG) structures were fabricated to 
investigate their electrical properties and reliability under bias and 
temperature stresses (BTS). The poly-InOx:H TFTs operated in 
enhancement mode with µFE values of 32.0 for BG and 29.5 
cm2V-1s-1 for TG structures, respectively. The poly-InOx:H TFTs 
exhibited excellent Vt stability under negative BTS (NBTS) 
conditions at 60 °C for 6000 s, irrespective of the TFT structure. 
No shift in Vt was observed in the NBTS test. These results 
demonstrate that polycrystalline oxides are strong candidates for 
opening a new route for achieving high-μFE and highly reliable 
TFTs. 
 

2. Experiment and Results 
2.1 Deposition of H-doped InOx (InOx:H) film 

Indium oxide (InOx) and hydrogen-doped InOx (InOx:H) 
films were deposited on a glass substrate via RF magnetron 
sputtering from an In2O3 target. Mixed gases of Ar/O2 and 
Ar/O2/H2 were used to deposit InOx and InOx:H films, 
respectively. The O2 gas ratio was set to 3% for both films, 
whereas the H2 gas ratio was set to 5% for the InOx:H film. The 
thickness of both the films was 30 nm. Both films were annealed 
at temperatures ranging from 100 °C to 400 °C. The crystallinity 
of the films was evaluated using X-ray diffraction (XRD) and 
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electron backscattered diffraction (EBSD) analysis. The electrical 
properties were measured using Hall analysis.  

 

2.2 Influence of H-doping on SPC poly-InOx:H film  
Figure 1 shows the XRD spectra of (a) InOx and (b) InOx:H 

films before (as-deposited) and after annealing at 175, 200, and 
250 °C in N2 for 3 min. Both the as-deposited InOx and InOx:H 
films were amorphous. No grains are observed in the EBSD 
analysis of the as-deposited films [Figs. 1(c) and 1(d)]. EBSD and 
XRD results revealed that the as-deposited InOx and InOx:H films 
were amorphous.  

 

 
Figure 1 XRD spectra of (a) InOx and (b) InOx:H films 
before and after annealing. EBSD images of (c, e) InOx and 
(d, f) InOx:H films (c, d) before and (e, f) after SPC at 250 °C 
for 3 min. (g) Distributions of grain size in SPC InOx and 
InOx:H films. (h) Hall mobility of InOx and InOx:H films as a 
function of annealing temperature.11) 

SPC was observed in both the films after annealing at 250 °C. 
The XRD results indicate that hydrogen doping in the InOx film 
did not influence the SPC temperature. However, the grain size of 
the film was markedly increased by hydrogen doping, as shown 
in Figs. 1(e) and 1(f). Figure 1(g) shows a comparison of the 
grain-size distributions of the InOx and InOx:H films after SPC at 
250 °C for 3 min. The average grain size of the film increased 
from 0.52 µm for the poly-InOx film to 1.03 µm for the poly-
InOx:H film. The hydrogen doping in the InOx film reduced the 
nucleation density from 4.1 to 1.1 μm−2, resulting in an increase 
in grain size of the poly-InOx:H film.11) Figure 1(h) shows a 
comparison of Hall mobility between the InOx and InOx:H films 
as a function of annealing temperature. Annealing was performed 
for 3 min under an ambient N2 atmosphere. After SPC at 250 °C, 
the Hall mobility increased from 47 cm2V-1s-1 for the poly-InOx 
film to 83 cm2V-1s-1 for the poly-InOx film, owing to an increase 
in grain size. The results indicate that hydrogen doping in the InOx 
film plays an important role in increasing the grain size and 
improving the Hall mobility. Notably, the InOx:H film was 
completely converted into a polycrystalline phase after SPC at 
250 °C for 3 min without an amorphous region, as shown in Fig. 
1(f). The low-temperature (250 °C) and fast (3 min) SPC 
processes of the InOx:H film provide a great advantage for the 
mass production of poly-InOx:H TFT. 

Both BG and SATG poly-InOx:H TFTs are presented in the 
next section.  
  

2.3 Electrical properties and reliability of poly-InOx:H 
TFT 

2.3.1 Fabrication process steps for poly-InOx:H 
TFTs with BG and SATG structures 

 
Figure 2 shows the fabrication process steps for (a) BG and (c) 

SATG poly-InOx:H TFTs. The microscopic top views of the (b) 
BG and (d) SATG poly-InOx:H TFTs are shown in Fig. 2.  

 
Figure 2. Fabrication process steps for poly-InOx:H TFTs 
with (a) BG and (c) SATG structures. Microscopic top-view 
of (b) BG and (d) SATG poly-InOx:H TFT. 
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The 30 nm-thick poly-InOx:H film, which was formed by 
SPC at 300 °C in air, was used as a channel for both TFT. 

For the BG poly-InOx:H TFT, a 68 nm-thick high-k Al2O3 
gate insulator (GI) was formed by anodizing the gate electrode 
(Al alloy) surface. The detailed fabrication process of the BG 
poly-InOx:H TFT is published in Ref 12.  

For the SATG poly-InOx:H TFT, a 140 nm-thick hydrogen-
free (H-free) SiO2 film deposited by inductively coupled plasma 
chemical vapor deposition (ICP-CVD) was used as the GI. After 
the Al-alloy gate electrodes were fabricated, boron ions were 
implanted through the GI to form source and drain (S/D) regions 
in a self-aligned manner. Then 140 nm-thick H-free SiO2 and 100 
nm-thick H-free SiNx films were sequentially deposited by ICP-
CVD for interlayer dielectric (ILD) and passivation (PVL), 
respectively. Note that the hydrogen concentration in the GI, ILD, 
and PVL was estimated to be less than 3×1019 cm-3, which is 
more than two orders of magnitude lower than that in 
conventional PECVD SiO2 and SiNx films. After the contact holes 
were opened, the S/D electrodes were formed.  

 

2.3.2 Electrical properties of BG and SATG poly-
InOx:H TFT 

Figure 3 shows the transfer characteristics of (a) BG and (b) 
SATG poly-InOx:H TFTs after post-fabrication annealing (PFA). 
The µFE was extracted from the transconductance in the linear 
region at a drain voltage (VDS) of 0.1 V.  Vt was defined by a gate 
voltage (VGS) at the IDS of (W/L)×1 nA. Both TFTs exhibited 
good switching properties and operated in enhancement mode 
with Vt values of 0.58 V for the BG and 0.17 V for the SATG 
TFTs. The µFE value of the BG (32.0 cm2V-1s-1) is slightly larger 
than that of the SATG (29.5 cm2V-1s-1) TFT. This is due to the 
fact that the gate capacitance of the GI-Al2O3 in the BG TFT is 
greater than that of the GI-SiO2 in the SATG TFTs, resulting in 
an increase of a sheet carrier concentration in the poly-InOx:H 
channel under the accumulation condition. The high-k GI-Al2O3 
in the BG TFT also contributed to improving the sub-threshold 
swing (S.S.) value. A summary of the electrical properties of both 
the BG and SATG poly-InOx:H TFTs is presented in Table 1.  

 

 
Figure 3. Transfer characteristics of (a) BG and (b) SATG 
poly-InOx:H TFTs.  
 

Table 1. Summary of the electrical properties of poly-
InOx:H TFTs extracted from BG and SATG structures. 

TFT structure µFE (cm2V-1s-1) Vt (V) S.S. (V/dec.) 

BG 32.0 0.58 0.13 
SATG 29.5 0.17 0.30 

2.3.3 Reliability of BG and SATG poly-InOx:H TFT 
The reliability of poly-InOx:H TFT is an important 

consideration in practical applications. The evolution of the 
transfer characteristics was measured under negative and 
positive gate biases and temperature stresses (NBTS and 
PBTS, respectively) for BG and TGSA structures.  

 

 
Figure 4. Evolution of transfer characteristics of (a, b) BG 
and (c, d) SATG poly-InOx:H TFTs under (a, c) NBTS and 
(b, d) PBTS. Stress-time dependence of Vth shift under 
NBTS and PBTS obtained from (e) BG and (f) SATG poly-
InOx TFTs. 
 
 From the NBTS tests, as shown in Figs. 4(a) and 4(c), both 
BG and SATG poly-InOx:H TFTs exhibited excellent reliability.  
No shift in Vt was observed under NBTS at 60 °C after a stress 
time of 6,000 s. Since the poly-InOx:H channel was fully depleted 
by the NBTS, the Vt instability mainly originated from the Fermi 
level shift in the channel owing to the activation of shallow donor 
defects. It is worth noting that hydrogen in the poly-InOx:H 
channel was not activated by NBTS although the poly-InOx:H 
film contained 8.6 atom% hydrogen after SPC.10) 

The Vt instability of PBTS is mainly caused by electron 
trapping at the GI/poly-InOx:H channel interface or in the GI, 
because electrons are accumulated by PBTS at the GI/channel 
interface. From the BG poly-InOx:H TFT with GI-Al2O3, as 
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shown in Fig. 4(b), PBTS exhibited a small negative Vt shift of -
0.27 V after 6,000 s. One of the possible causes of the negative Vt 
shift is the presence of mobile positive ions in the GI of Al2O3, 
because Al2O3 is formed by anodization in a wet solution. On the 
other hand, from the SATG poly-InOx:H TFT with GI-SiO2 as 
shown in Fig. 4(d), PBTS observed a positive Vt shift of 0.44 V 
after 6,000 s due to electron trapping in the GI/poly-InOx:H 
channel or in the GI. The reliability of PBTS can be improved in 
future research by optimizing the GI/poly-InOx:H interface or the 
GI. Figure 4 also shows the stress-time dependence of the Vt shift 
under NBTS and PBTS obtained from (e) BG and (f) SATG poly-
InOx:H TFTs.  

 

3. Conclusion 
We demonstrate poly-InOx:H TFTs with BG and SATG 

structures. The poly-InOx:H channel was formed by low-
temperature SPC using a hydrogen-doped amorphous InOx:H 
film. Hydrogen doping of the InOx film reduced the nucleation 
density in the film, resulting in an increase in the grain size of the 
poly-InOx:H film after SPC. Furthermore, the amorphous InOx:H 
film was completely converted into a poly-InOx:H film after SPC 
at 250 °C for 3 min. The low-temperature (250 °C) and fast (3 
min) SPC processes of the InOx:H film provide a great advantage 
for the mass production of poly-InOx:H TFT. Both the BG and 
SATG poly-InOx:H TFTs operated in enhancement mode with 
field-effect mobilities of 32.0 cm2V-1s-1 for BG and 29.5 cm2V-1s-

1for SATG. The poly-InOx:H TFTs exhibited excellent stability 
under a negative gate bias and temperature stress, irrespective of 
the TFT structure.  These results demonstrate that poly-oxide is a 
strong candidate for opening a new route to improve the mobility 
and reliability of oxide TFTs.  
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