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ABSTRACT: Thin-film transistors composed of a hydrogen-containing indium oxide active
layer are promising candidates for backplane devices in next-generation flat panel displays,
offering higher definition and faster operation. However, the hydrogen incorporation process
during film deposition poses challenges for scalable and industrial development due to both
safety and controllability issues. Here, we demonstrate that using indium hydroxide ceramic
as the target material for film deposition overcomes the difficulties associated with hydrogen
gas usage. We sintered commercially available indium hydroxide powder using a
conventional ceramic process at 150 — 250 °C in air and utilized it for the deposition of
hydrogen-incorporated indium oxide films via pulsed laser deposition. The resulting indium
oxide films, after thermal annealing, contained a sufficient concentration of hydrogen and
exhibited very high electron mobility due to significantly grown grains. Furthermore, we

confirmed that the fabricated thin-film transistors exhibited comparably high performance to
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those produced using the gas-phase hydrogen incorporation method. This approach offers a
practical pathway for hydrogen-containing indium oxide-based thin-film transistors in next-

generation flat panel displays.

INTRODUCTION

Thin-film transistors (TFTs) are crucial for controlling pixel brightness in flat-panel displays
(FPDs), such as liquid crystal displays (LCDs) and organic light-emitting diodes (OLEDs).!"
Currently, amorphous InGaZnO4 (IGZO)-based TFTs are widely commercialized for FPDs.**
However, their field-effect mobility (urE) is typically limited to 5 — 10 cm? V! s71,2 78 which
is insufficient for next-generation displays requiring higher resolution (8 K) and faster refresh
rates (240 Hz).>* ' To address these limitations, extensive efforts have been made to develop

oxide semiconductor-based TFTs with enhanced ppg.!'"

Among various oxide semiconductors, polycrystalline indium oxide (In2O3) has emerged as a
promising candidate due to its large lateral grain size and superior carrier transport properties.
Previous studies have shown that incorporating hydrogen during In2O; film deposition
suppresses premature crystallization, enabling large-grain growth upon thermal annealing at
~250 °C.?* This approach has led to high-performance TFTs with urg values reaching ~140
cm? V! 5712 However, these devices suffer from bias stress instability, which has been

mitigated through surface passivation with yttrium oxide (Y203) and erbium oxide (Er,03).%%
27

Despite these advancements, a major challenge remains in the mass production of high-
mobility In,O3-based TFTs. Current hydrogen incorporation methods rely on complex and

25,2830 or manipulating deposition

hazardous techniques, such as the introducing hydrogen gas
chamber pressure to utilize water vapor.”* These methods pose safety risks and operational
challenges, making them unsuitable for large-scale manufacturing. Therefore, a simpler, safer,
and more efficient hydrogen introduction method is essential for the commercial viability of

InpOs-based TFTs.

In this study, we propose a novel and safe approach using indium hydroxide (In(OH)3)
ceramic targets for film deposition (Figure 1). In(OH)3 inherently contains hydrogen and
undergoes thermal decomposition at ~200 °C, transforming into In;Os. This property makes it

an ideal hydrogen source during deposition. By utilizing In(OH)3 as a target material,
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hydrogen is directly incorporated into the as-deposited InoO3 films without the need of
external hydrogen sources, significantly simplifying the process. Our results demonstarate
that films deposited using In(OH)3 ceramic targets exhibit a high hydrogen centent (~10?
cm ), promoting large lateral grain growth upon annealing. The resultant TFTs display
excellent switching behavior and a high ure of ~90 cm? V™! s7!. This breakthrough brings
InyO3-based TFTs closer to commercial viability by providing a scalable and safer route for

next-generation display applications.

EXPERIMENTAL SECTION

Fabrication of In(OH)3 ceramic targets: High-purity In(OH)s powder (purity >92%,
FUJIFILM Wako Pure Chemical Co.) was uniaxially pressed into pellets (18 mm in diameter,
~5 mm in thickness). The pellets were then subjected to cold isostatic pressing (CIP) at 40
MPa for 1 min, followed by sintering in air at 150 — 250 °C for 24 h using a muffle furnace.
The DSC and TG-DTA of In(OH)3 were conducted to determine the optimal sintering
temperature. The relative density and Vickers hardness of the In(OH); targets were measured.
Crystallographic phases of the sintered targets were analyzed by a powder X-ray diffraction
(XRD, Miniflex600, Rigaku Co).

Fabrication of thin films using the In(OH)3 ceramic targets: The resultant In(OH);3
ceramic target was placed in the PLD chamber, which was evacuated to a base pressure below
1 x 107 Pa. Focused KrF excimer laser pulses (~1.5 J cm ™ pulse™!, 10 Hz) were irradiated
onto the In(OH); ceramic target. The oxygen pressure during deposition was maintained at 3
Pa, and 50-nm-thick films were deposited on alkali-free glass substrates (EAGLE XG®,

Corning®). After deposition, the films were thermally annealed at 300 °C for 0.5 h in air.

Characterization of the resultant films: Film thickness, roughness, and crystallographic
phases were analyzed using high-resolution XRD (ATX-G, Rigaku Co.) with monochromated
Cu Ka; (4 =0.154059 nm) radiation. The incident angle (w) was fixed at 0.5°, and 26
scanning was performed to obtain XRD patterns. Microstructure and roughness were
observed using atomic force microscopy (AFM, Nanocute, Hitachi Hi-Tech Sci. Co.).
Crystallographic orientations and lateral grain size were investigated using electron
backscatter diffraction (EBSD, EDAX-TSL Hikari High Speed EBSD Detector). The carrier
concentrations (n) and Hall mobility (unai1) were measured using laboratory-made Hall effect

measurements in the van der Pauw configuration under a 7600 G magnetic field at room
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temperature. Thermopower (S) was measured using a steady-state method at room
temperature. Hydrogen concentration in the films was analyzed using secondary ion mass

spectrometry (SIMS, ULVAC-PHI, ADEPT-1010) with Cs" as a primary ion.

Fabrication of thin-film transistors: Bottom-gate, top-contact TFTs were fabricated on ITO-
coated alkali-free glass substrates. A 100-nm-thick amorphous Al>O; film, with a dielectric
permittivity (&) of 8 and capacitance (Ci) of 70.8 nF cm 2, was deposited by an atomic layer
deposition technique (ALD, R-200 Advanced, Picosun Oy) as the gate insulator. 5-nm-thick
films In,0Os3 films were deposited by PLD using a stencil mask without substrate heating from
a ceramic In(OH); target sintered at 150 — 250 °C. The oxygen pressure during film
deposition was maintained at 3 Pa. The multilayer film was then annealed at 300 °C for 0.5 h
in air. 100-nm-thick ITO films were deposited by PLD through a stencil mask as the source
and drain electrodes. Subsequently, a Y203 film was deposited by PLD as a passivation layer.
Finally, the TFTs were annealed at 350 °C for 0.5 h in air. The channel length (L) and the
channel width (W) were 200 and 400 um, respectively.

Transistor characteristics measurements: The transfer characteristics of the resultant In,O;
TFTs were measured using a semiconductor device analyzer (B1500A, Agilent) in the dark.
The field effect mobility (urg) was calculated from the linear transfer characteristics at a drain
voltage (Va) of 5 V using equation (1).
UrE = %;n ’ (D
C; T V4

where gn 1s the transconductance, C; is the oxide capacitance of the gate insulator (70.8 nF

cm 2 for amorphous Al,0s), and V4 is the drain voltage. The subthreshold swing was extracted

from Vg, which required an increase in the drain current (/3) from 1 to 10 pA.

Positive gate bias stress (PBS, V; =+20 V) and negative gate bias stress (NBS, Vg =—-20V)

tests were conducted for InoO3; TFTs for 5000 s at room temperature in air ambient.

RESULTS AND DISCUSSION

We first fabricated In(OH)3 ceramic targets. Since no prior reports exist on In(OH)s; ceramic
targets, it was necessary to determine an appropiate sintering temperature. To address this, we
conducted differential scanning calorimetry (DSC) and thermogravimetric-differential thermal

analysis (TG-DTA) on In(OH)3 powder (Figure 2a). The DSC and TG-DTA curves revealed
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that a small endothermic DTA peak around 90 °C, accompanied by slight weight loss,
attributed to the vaporization of surface-adsorbed water molecules. A broader endothermic
peak around 230 °C, with gradual weight loss, corresponds to the dehydration of In(OH)s. An
abrupt exothermic peak at approximately 250 °C indicates the crystallization of In,Os. Based
on these results, we selected a sintering temperature range of 150 to 250 °C for In(OH)3
ceramic targets. To examine the effects of sintering temperature, we prepared compacted
In(OH);3 ceramic targets (18 mm in diameter, 5 mm in thickness) and sintered them at 150,

180, 200, and 250 °C for 24 hours in air.

Figure 2b shows the powder X-ray diffraction (XRD) patterns of the resultant In(OH)3
ceramic targets. Below 180 °C, the In(OH)3; and InOOH phases remained stable. Above

200 °C, diffraction peaks corresponding to InoO3 began to appear, and their intensity increases
with temperature, indicating crystal growth of In2Os. These results suggest that by varying the
sintering temperature of In(OH)3, the hydrogen concentration in the ceramic target can be

adjusted, enabling controlled hydrogen incorporation into the In O3 films.

We next evaluated the mechanical properties of the In(OH); ceramic targets. The target color
changed from white to light yellow above 200 °C (Figure 3a), consistent with the phase
transition from In(OH); (white) to In,Os (light yellow). However, no noticeable changes in
overall dimensions were observed. High-temperature scanning electron microscopy (SEM)
(Figure S1) further confirmed that no significant morphological changes occurred up to

250 °C, supporting the observation that the overall size remained unchanged within this
temperature range. However, when sintering temperatures exceeded 200 °C, the relative
density of the targets significantly decreased. Similarly, Vickers hardness measurements
indicated a notable reduction under these conditions. Optical micrographs of the ceramic
targets (Figure 3b) revealed an increase in the number of open pores with higher sintering
temperatures, while SEM observations (Figure 3c¢) suggested that grain size remained largely

unchanged.

These results indicate that dehydration of In(OH); and crystallization of InoO3 occur above
200 °C. However, densification of InoO3 does not proceed at these temperatures.
Consequently, In(OH)3 ceramic targets sintered above 200 °C exhibit relatively low density

and poor mechanical properties.



Using the In(OH); ceramic targets, we deposited ~50-nm-thick films on alkali-free glass
substrates by pulsed laser deposition (PLD) at room temperature. Details of the deposition

process are provided in the Experimental Section.

To investigate hydrogen incorporation into the films, secondary ion mass spectrometry
(SIMS) measurements were performed (Figure 4a). The as-deposited films from the 150 °C-
sintered In(OH); ceramic target contained a high hydrogen concentration of 1 x 10?2 cm ™.
Given that the hydrogen concentration in the150 °C-sintered, low-density In(OH); target (2.01
g/cm?) is calculated to be 2 x 10?2 cm, this result indicates that nearly all the hydrogen from
the In(OH)3 ceramic target was successfully incorporated into the In,Os film. Increasing the
sintering temperature of In(OH)3 to 200 °C resulted in a slight decreas in hydrogen
concentration to 5 x 10*! cm ™. Although thermal decomposition of In(OH)s3 into In,O3
occurred after sintering at 200 °C (Figure 2b), a relatively large amount of hydrogen
remained in the In2O;3 film. This is likely due to moisture retention within the target, as the

200 °C-sintered In(OH)3 ceramic target exhibited a porous structure and low density (Figure

3).

In contrast, films deposited from a conventional In;O3 ceramic target contained only ~3 x 10%°
cm > hydrogen, which originated from residual hydrogen in the deposition chamber.*! These
results confirm that In(OH); ceramic targets effectively introduce hydrogen into the films

during deposition.

We then investigated the electron transport properties of the as-deposited films at room
temperature (Figure 4c¢). The carrier concentration ranged from 5 x 10%° to 7 x 102 cm 3,
consistent with the observed thermopower values (—S =7 — 10 pV K!). The Hall mobility
(unan) ranged from 10 to 20 cm? V! s7!. These results suggest that hydrogen in the as-
deposited films exists as protons, singnificantly influencing electron transport properties. The
films were thermally annealed at 300 °C for 0.5 h in air. SIMS results (Figure 4b) revealed
that the hydrogen concentration in films depostied from an In,O3 ceramic target remained
unchanged after annealing at 300 °C. In contrast, the hydrogen concentration in films
deposited from the In(OH); ceramic targets slightly decreased after annealing but remained

approximately one order of magnitude higher than that in films from the InoO3 ceramic target.



A comparison between the as-deposited and annealed films is shown in Figure S2. Despite
retaining a large amount of hydrogen (3 — 5 x 10*! cm™), the carrier concentration (Figure
4c) significantly decreased to ~10'7 cm™ after annealing. The thermopower increased
correspondingly (=S =240 — 300 uV K ™), reflecting the reduction in carrier concentration.
These results suggest that the decrease in carrier concentration after annealing is primerily due
to a reduction in oxygen vacancies rather than hydrogen desorption. A similar phenomenon
has been reported for In,Os films deposited with hydrogen gas.?* Importantly, the Hall
mobility of the annealed films remained in the range of 10 —20 cm? V™! s}, indicating that

mobility was not significantly affected by the annealing process.

To analyze the structure of the deposited films, grazing incidence XRD patterns were
measured (Figure 5) at an incident X-ray angle of 0.5°. The as-deposited films from In(OH)3
ceramic targets exhibited only halo patterns around 26 = 32°, indicating an amorphous
structure (Figure 5a). In contrast, films deposited from dense InoO3 ceramic targets displayed
intense diffraction peaks, suggesting a randomly oriented polycrystalline structure. After
annealing at 300 °C, all films exhibited intense diffraction peaks, confirming the formation of

polycrystalline structures (Figure 5b).

We further analyzed the lateral grain size of the films using electron backscatter diffraction
(EBSD) images (Figure 6). As-deposited films from In(OH); ceramic targets remained
amorphous (Figure 6a), while large grains appeared after annealing at 300 °C (Figure 6b).
Notably, the largest grain size of approximately 2 um was observed in films deposited using
an In(OH); ceramic target sintered at 200 °C (Figure 6¢). In contrast, films deposited from
dense In2O; ceramic target exhibited a smaller grain structure (0.23 pm) in the as-deposited

state, with no significant grain growth after annealing at 300 °C.

These results indicate that using In(OH)3 ceramic targets supprese the crystallization of In,O3
during deposition due to hydrogen incorporation, while promoting singnificant grain growth
upon annealing. X-ray reflectivity (XRR) measurements confirmed a slight increase in film
density during the crystallization process (Figure S3). Regarding optical properties, a
decrease in subgap tail state associated with the amorphous structure was observed after
crystallization, leading to a slight increase in the optical bandgap (Figure S4). Additionally,

atomic force microscopy (AFM) observations revealed that the root mean square roughness



(Rims) of the large-grain In,O3 film was approximately 0.25 nm (Figure S5), indicating an

extremely smooth surface, which is crucial for device applications.

Finally, we fabricated TFTs using the In(OH); ceramic target to deposit active InoO3 channel
layer (Figure 7a). The channel length (L) and the channel width () were 200 and 400 pum,

respectively. Details of the TFT fabrication are described in the Experimental Section.

The transfer characteristics of the resultant TFTs were measured at room temperature with a
drain voltage (V4) was 5 V, while the gate voltage (V) was swept from —10 V to +20 V. The
TFT fabricated using an In,O3 ceramic target did not show clear switching-off behavior
(Figure 7b) due to the excessively high residual carrier concentration in the InoO3 channel (n
~10" ¢cm™). In contrast, TFTs fabricated using the In(OH)3 ceramic target exhibited excellent
switching behavior with a high ure of >70 cm? V™! s™! (Figure 7¢). Notably, the TFT
fabricated using the 200 °C-annealed In(OH)3 ceramic target demonstrated the highest urg of
~90 cm? V! 571, likely due to the largest grain size among the samples. We further evaluated
the reliability of the In2O3; TFTs. As shown in Figure S6, the TFTs exhibited excellent
stability under both positive gate-bias stress (PBS; V; = +20 V) and negative gate-bias stress
(NBS; Vg =-20 V) for up to 5000 s at room temperature in air.

Compared to previous methods for introducing hydrogen into as-deposited In2O3 films,
present approach offers a significant advantage. Since the In(OH)3 ceramic target inherently
contains sufficient hydrogen, external hydrogen gas introduction is unnecessary. This
eliminates the need for gas cylinders and precise control of the pressure in the deposition
chamber, making the process both safer and more straightforward. These advantages make the
proposed method highly promising for practical applications in next-generation display

technologies.

While the current method offers several advantages, there is still room for improvement.
Specifically, the relatively low bulk density of the In(OH)3 ceramic target, resulting from
pressure-less sintering at lower temperatures, has led to lower Vickers hardness. To address
this, we plan to explore advanced densification techniques, such as hot pressing ,to increase
the bulk density of the ceramic target. This improvement will enhance both the mechanical

properties of the ceramic target and the overall performance of the thin films.



CONCLUSIONS

In summary, we proposed a safe and simple method for hydrogen incorporation into InoO3 films
using an In(OH)3 ceramic target. The In(OH); ceramic target was fabricated using conventional
ceramic processing, and thin films were deposited at room temperature by pulsed laser
deposition. The as-deposited films exhibited a hydrogen concentration of ~10>2 cm™> when the
In(OH); ceramic target was used, compared to only ~10%° cm™ when a conventional In,Os
ceramic target was employed. Upon annealing, significant grain growth was observed in films
containing ~10?> cm > hydrogen, whereas no such grain growth occurred in films with ~10%°
cm > hydrogen. The resultant TFTs, fabricated using the In(OH)3 ceramic target, exhibited a
high field-effect mobility of ~90 cm? V™! s™!. The present approach advances In,O3-based TFTs
technology toward practical applications in next-generation flat-panel displays, enabling large-

area fabrication and high refresh rate capabilities.
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Figure 1. Hydrogen introduction into polycrystalline In203 thin films composed of
large grains. Schematic illustration of the three different hydrogen introduction
methods during film deposition by pulsed laser deposition (PLD). Introduction of
hydrogen gas along with oxygen gas directly into the vacuum chamber is effective but
poses safety risks. Adjusting the gate valve to introduce water vapor into the chamber is
a safer alternative but is complicated and impractical. In contrast, using an In(OH)3
ceramic target enables direct hydrogen incorporation into the film, providing a safe,

simple, and effective approach.
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Figure 2. Determination of sintering temperature of In(OH)3. (a) DSC and TG-DTA
curves of In(OH); powder. A small endothermic DTA peak around 90 °C corresponds to
the vaporization of surface-adsorbed water molecules. A broader endothermic DTA peak
around 230 °C, accompanied by gradual weight loss, indicates dehydration of In(OH)s.
An abrupt exothermic DTA peak around 250 °C corresponds to the crystallization of
In203. Based on this data, the sintering temperature range for In(OH); ceramic targets
was set between 150 — 250 °C. (b) Powder XRD patterns of In(OH)s ceramic targets
sintered at various temperatres. Below 180 °C, the In(OH); and InOOH phases remain
stable. Above 200 °C, diffraction peaks of InoO3; emerge and become sharper with

increasing temperature, indicating crystal growth of In,0Os.
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a Appearance b Optical micrographs C SEM images

150 °C : >
sintered

Bulk density: 2.01 g/lcm?
Relative density: 45.7%
Vickers hardness: 5.8

180 °C
sintered

Bulk density: 1.90 g/cm3
Relative density: 43.2%
Vickers hardness: 5.3

200 °C
sintered

Bulk density: 1.79 g/lcm3
Relative density: 24.9%
Vickers hardness: 3.5

250 °C
sintered

Bulk density: 1.72 g/cm3
Relative density: 24.0%
Vickers hardness: 2.1

1 um

Figure 3. Microstructure of the resultant In(OH)3 ceramic targets. (a) Phtograph,
bulk density, relative density, and Vickers hardness of the ceramic targets. The relative
density of the 150 and 180 °C-sintered targets was calculated relative to theoretical
density of In(OH)s, while that of 200 and 250 °C-sintered targets was calculated relative
to theoretical density of In20s. (b) Optical micrographs of the ceramic targets showing
an increase in open pores with increasing sintering temperature. (c) SEM images of the
ceramic targtes. The grain size appears unchanged across different sintering
temperatures.
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Figure 4. Evidence of hydrogen incorporation in the as-deposited films. (a, b) SIMS

depth profiles of hydrogen concentration in (a) the as-deposited films and (b) the

300 °C-annealed films. The hydrogen concentration is homogenious across the films
(150 °C-sintered In(OH)s target: ~1 x 10*2 cm >, 200 °C-sintered In(OH); target: ~5 X

10?! cm3, dense InxO; target: ~3 x 10?° cm™). (c, d, e) Electron transport properties of

the resultant films measured at room temperature.
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Figure 5. Grazing incidence XRD patterns of the resultant films deposited using
the In(OH)3 ceramic targets. (a) As-deposited films. A halo pattern around 26 = 32°
indicates an amorphous structure in films deposited using In(OH); ceramic targets. In
contrast, intense diffraction peaks that indicate randomly oriented polycrystalline are
observed in films deposited using a dense In,Os target. The peak-like feature at 26 =
60° orginates from the instrument. (b) Films annealed at 300 °C in air. All films exhibit
intense diffraction peaks, confirming the formation of randomly oriented polycrystalline

structures.
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Figure 6. Lateral grain size of the resultant
ceramic targets. (a) EBSD images of as-depo
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sited films. Films deposited using

In(OH)3 ceramic targets remain amorphous, while those deposited using a dense In2O3

ceramic target exhibit a small-grain polycrystalline structure. (b) EBSD images of

300 °C-annealed films. Large grains appear in

films deposited using In(OH)3 ceramic

targets, with the largest grain size observed in the 200 °C-sintered target. In contrast,

films deposited using the dense InoO3 ceramic

target show minimal grain growth after

annealing. (c) Area fraction of the lateral grain size, extracted from the EBSD images.

The solid lines represent Gaussion peak fitting results.
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Figure 7. Transistor characteristics of In2O3-based TFTs using the In(OH)3 ceramic
targets. (a) Schematic device structure of the TFTs. (b) The data for the TFT using a
dense In2O; ceramic target is also shown for comparison. (c) Transfer characteristics of
the resultant TFTs. All TFTs show good switching characteristics with high ure >70 cm?

21



V157! except the dense In,O; target one. Note that the TFT with 200 °C-sintered
In(OH);3 ceramic target shows rather high urr of ~90 cm? V! 57!, probably due to the

largest grain size among them.
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