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High-performance zinc tin oxide thin-film
transistors via hydrogen assisted metal
capping structures
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With the rapid development of extended reality such as augmented reality/virtual reality displays, the
demand for high-mobility and low-temperature-processable thin-film transistors (TFTs) has grown
significantly. Oxide semiconductors are promising candidates due to their excellent electrical and
optical properties. Among them, zinc tin oxide (ZTO), an indium-free oxide semiconductor, offers
advantages in material abundance and electrical performance. In this study, we demonstrate a low-
temperature metal-induced crystallization (MIC) approach using aluminum (Al) capped ZTO films and
investigate the role of hydrogen-assisted annealing in enhancing carrier mobility. The resulting ZTO
TFTs achieved a field-effect mobility of 57.5 cm2V-1s-1 after thermal annealing and 107.3 cm2V-1s-1 with
additional hydrogen annealing, both without a significant threshold voltage shift. Increasing the Al
capping length promotes more extensive front-channel crystallization and enhances carrier mobility.
TCADsimulations confirmed the formation of an additional highmobility current path in the crystallized
front-channel region. These findings highlight the potential of combiningMIC and hydrogen annealing
for high-performance, thermally compatible oxide electronics.

The advent of amorphous indium gallium zinc oxide (a-IGZO) thin-film
transistors (TFTs) has enabled the replacement of conventional silicon-
based TFTs in active-matrix backplanes for high-resolution flat-panel
displays1. This transition is driven by the superior uniformity, high optical
transparency, and compatibility with low-temperature processing of IGZO,
along with its relatively high field-effect mobility (>10 cm2 V−1 s−1)2–4.
Although IGZO TFTs exhibit lower carrier mobility than low-temperature
polycrystalline silicon (LTPS), they remain highly attractive for next-
generation display technologies. LTPS TFTs, with carrier mobility typically
above 70 cm2 V−1 s−1, have been the standard for high-refresh-rate5.
Nevertheless, their requirement for costly and energy-intensive processes
such as excimer laser annealing presents obstacles to achieving large-area
uniformity and reducing power consumption. In addition, the relatively
high leakage current of LTPS devices (>1 pA) has prompted the develop-
ment of low-temperature polycrystalline oxide (LTPO) technology, which
combines themobility advantages of LTPSwith the low-power operation of
oxide TFTs6. While the LTPO process is inherently more complex, it
indicates the potential of hybrid approaches and highlights the rising sig-
nificance of oxide semiconductors in advanced backplane systems. With
steady improvements in both mobility and stability, oxide semiconductors

are increasingly emerging as a strong candidate for large-area, cost-effective,
and high-performance display applications.

Numerous studies have focused on enhancing the carrier mobility of
oxide semiconductors such as In2O3

7, SnO2
8, indiumgalliumoxide9, zinc tin

oxide (ZTO)10, indium zinc tin oxide11, and IGZO12 to satisfy the perfor-
mance demands of advanced display applications. Among the various
strategies employed to improvemobility, low-temperature crystallization of
oxide semiconductors has emerged as one of the most effective
approaches13–15. The crystallization typically occurs through thermal
annealing at elevated temperatures, which promotes atomic rearrangement
and grain growth, thereby enhancing carrier transport. For industry-
standard IGZO, crystallization generally requires annealing temperatures
exceeding 700 °C to induce significant structural ordering16. However, such
high-temperature processes pose serious limitations, especially for flexible
electronics and display backplanes fabricated on polymer substrates, due to
thermal incompatibility. To overcome these thermal limitations, metal-
induced crystallization (MIC) has emerged as a promising technique for
enabling crystallization at substantially lower temperatures17. Although
higher annealing temperatures during MIC promote larger grain growth,
such thermal conditions are unfavorable for integration with flexible
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substrates, polymer-based backplanes, and other temperature-sensitive
platforms. Consequently, excessive thermal processing, despite enlarging
crystallites, compromises the applicability of oxide TFTs across diverse
electronic applications, emphasizing the importance of effective crystal-
lization under a constrained thermal budget. Lee et al. demonstrated that
using Ta as a capping layer on IGO enabled crystallization below 250 °C,
resulting in a notable enhancement in field-effect mobility from
29.3 cm2 V−1 s−1 to 76.9 cm2 V−1 s−1 18. Thesefindings highlight thepotential
ofMIC as a pathway for achieving high-performance oxide semiconductors
under thermal constraints. Furthermore, hydrogen incorporation has also
been reported to facilitate low-temperature crystallization and improve
electrical performance. Magari et al. reported that hydrogenated poly-
crystalline In2O3 (In2O3:H) thin films could be crystallized at relatively low
temperatures, achieving high field-effect mobility values exceeding
100 cm2 V−1 s−1 19. Here, hydrogen played a crucial role in enhancing the
crystallinity of oxide semiconductors by promoting grain growth and
suppressing subgap defect states, thereby improving carrier transport
properties.

In this paper, ZTO was employed as the active channel material, and
MIC was induced by depositing an Al capping layer onto the ZTO surface,
effectively crystallizing the amorphous ZTO into a cubic spinel structure.
Subsequently, the influence of an intermediate hydrogen annealing stepwas
systematically investigated by comparing the structural and electrical
propertiesof deviceswith andwithout hydrogen treatment.Although IGZO
offers excellent electron mobility and optical transparency, its structural
complexity, along with the high cost and scarcity of indium, limits its
scalability20. Therefore, this study employed indium-free oxide semi-
conductor ZTO as a viable alternative. In the same context, this study
adopted Al as a catalytic layer instead of expensivemetals such as Ta, owing
to its excellent process compatibility, low cost, and suitability for large-area
fabrication. Furthermore, the electrical characteristics were examined by
varying the length of theAl capping layer21,22. An increase inAl length led to
an extended crystallized region,which in turn enhanced the carriermobility.
The device subjected to annealing without hydrogen treatment exhibited a
maximum field-effect mobility of 57.5 cm2 V−1 s−1, whereas hydrogen-
assisted annealing yielded a significantly higher mobility of
107.3 cm2 V−1 s−1, with negligible shifts in threshold voltage. To gain deeper
insight into this phenomenon, technology computer-aided design (TCAD)
simulations were conducted with varying Al capping lengths. The amor-
phous and crystallized regions were modeled as distinct layers to enable a
more detailed analysis of the carrier transport mechanism. The simulation
results revealed the formation of two current paths: one through the back
channel and another through the front channel formed by the crystallized
region. As the Al length increased, the length of the high-mobility front-
channel path also extended, leading to anoverall increase in carriermobility.
Additionally, by independently adjusting the carrier concentration in the
simulation, it was confirmed that the mobility enhancement originated
from the crystallization effect rather than from carrier concentration
boosting.

Results and discussion
Thin-film properties of ZTO-OAA and ZTO-HAA
Figure 1a shows the Al-induced crystallization mechanism of ZTO at the
upper interfacial region. In this schematic, two distinct post-annealing
conditions are introduced: ZTO-OAA (Only Air Anneal) and ZTO-HAA
(Hydrogen-Assisted Anneal). Under the OAA condition, the Al-capped
ZTO filmwas sequentially annealed in air at 300 °C and 350 °C for 1 h each.
In contrast, the HAA condition included an initial annealing step in a
hydrogen atmosphere at 300 °C for 1 hprior to the subsequent air annealing
at 350 °C for another 1 h. Further details of the fabrication process can be
found in the Methods section. The as-deposited ZTO film exhibits an
amorphous structure characterized by weakly bonded oxygen species,
structural disorder in bond lengths and angles, unsaturated coordination,
and dangling bonds23. Notably, during post-annealing after Al deposition,
the thermal oxidation ofAl leads to a distinct alteration in the chemical state

of the underlying ZTO layer. The Gibbs free energy of formation (ΔGf) at a
temperature of 350 °C for ZnO, SnO2, and Al2O3 are approximately−280,
−450 and −1500 kJ/mol, respectively24–26. The substantially lower ΔGf of
Al2O3 compared to ZnO and SnO2 implies that Al has a higher oxidation
potential than the metal components of ZTO. The oxidation of Al pre-
ferentially utilizes weakly bonded oxygen species present in ZTO, such as
interstitial oxygen, hydroxyl groups, and loosely bonded oxygen, leading to
the formation of AlOx

27. Through this process, the instability of the original
microstructure increases, leading to structural rearrangement at 350 °C.
Consequently, crystallization is enabled at a temperature lower than the
inherent crystallization point of ZTO (~700 °C)28. Furthermore, the incor-
poration of a hydrogen ambient post-annealing during the intermediate
stage of thermal treatment results in a substantially enhanced change in the
material characteristics. The incorporated hydrogen can exist as interstitial
species or in the form of hydroxyl groups, which further increase the
instability of the film29. The HAA influences crystallization through well-
defined defect-chemical processes rather than through an increase in
structural instability. Prior DFT and ab-initio molecular dynamics studies
have shown that hydrogen inmetal oxide-basednetworks stabilizes as either
covalent M-OH species or more ionic M-H-M complexes, which exhibit
distinctly different effects on structural rearrangement and electronic
transport30. In disordered or interfacial regions, the formation and trans-
formation of these hydrogen-related defects promote local metal-oxygen
bond rearrangement, thereby facilitating crystallization, while excessive
hydrogen limits grain growth13,31.Weakly bonded oxygen species, including
hydroxyl-related components, are preferentially consumed or reorganized
near the metal/oxide interface, lowering the energy barrier for bond rear-
rangement and enablingmicrostructural ordering at reduced temperatures.
After crystallization or partial ordering is established, hydrogen primarily
contributes to defect-state passivation13,31. Subsequent thermal treatment in
an air ambient induces hydrogen out-diffusion, accompanied by structural
rearrangement and crystallization. At the same annealing temperature, the
ZTO-HAA condition, which includes an additional hydrogen annealing
step followed by air annealing, produces a larger crystallized region than the
ZTO-OAA condition.

To further validate these structural and compositional changes, the
chemical bonding states of theZTOfilmswere analyzedusingXPS, focusing
on the O 1 s peaks. The O 1 s spectra were deconvoluted into three com-
ponents: a lowbinding energy peak (≈530 eV) attributed to lattice oxygen in
M-O-Mbonds (M-O), amediumbinding energypeak (≈531 eV) associated
with oxygen adjacent to vacancies (M-Ovac, where Ovac denotes oxygen
vacancies), and a high binding energy peak (≈532 eV) corresponding to
oxygen in hydroxyl groups (M-OH). In the single ZTO films without Al
capping (Supplementary Fig. 1), both OAA- and HAA-treated samples
remain amorphous and exhibit nearly identical peak compositions:≈76%of
M-O, ≈19% of M-Ovac, and ≈4-5% of M-OH. This provides a baseline
reference for the amorphous state prior to Al-induced crystallization. After
Al capping and subsequent annealing (Fig. 1b, c), the O 1 s spectra change
markedly, with an increase inM-Oand a corresponding decrease inM-Ovac

andM-OH, consistentwith the formationof c-ZTOat theAl/ZTOinterface.
The ZTO-HAA film contains moreM-O (88.2%) and fewerM-Ovac (7.4%)
species than the OAA film (83.3% and 13.0%, respectively), indicating that
hydrogen-assisted pre-treatment facilitates the formation of amore ordered
crystalline structure with reduced oxygen vacancies. The slightly elevated
M-OH level in the ZTO-HAA film is likely due to residual hydroxyl groups
introduced during hydrogen annealing.

Figure 1d shows the GIXRD patterns of ZTO films in the as-deposited
state and after OAAorHAA treatment, both performed through sequential
annealing at 300 °C and 350 °C but under different atmospheres. For the
ZTO without an Al capping layer, no discernible peaks other than the
substrate Si peak are observed, indicating its amorphous phase. In contrast,
the Al-capped ZTO film shows no significant changes in the as-deposited
state but exhibits distinct peak variations after annealing. These peaks
appear at 17.76°, 29.32°, 34.46°, 35.97°, 41.89°, 55.48°, and 60.55°, corre-
sponding to the (111), (220), (311), (222), (400), (511), and (440) planes,

https://doi.org/10.1038/s43246-026-01111-2 Article

Communications Materials |            (2026) 7:95 2

www.nature.com/commsmat


respectively, and match those of Zn2SnO4 with a cubic spinel structure
(JCPDSNo. 74-2184)32. This result indicates that crystallization occurred in
the films under both OAA and HAA conditions. Although the ZTO-HAA
film shows slightlyhigher and sharperpeaks than theOAAfilm, considering
the shallow penetration depth of GIXRD at an incidence angle of 0.5°, it is
difficult to clearly determine the difference in crystallized regions between
the two conditions. To provide a more quantitative assessment of the
crystallization properties, the crystallite size of the ZTO films was further
analyzed using peak broadening analysis. To extract the crystallite size of the
ZTOfilms, theZn2SnO4 (311)GIXRDpeakwas analyzedusing the Scherrer
equation. We used the equation shown below

D ¼ Kλ
β cos θ

ð1Þ

whereD is the crystallite size, K is the shape factor, λ is the X-raywavelength
(Cu Kα radiation), β is the full width at half maximum (FWHM) of the

diffraction peak after correction for instrumental broadening, and θ is the
Bragg angle33–35. Based on the corrected FWHM, the crystallite size was
estimated to be ~10.3 nm for the OAA film and increased to ~11.5 nm for
the HAA film. The reduced peak broadening observed in the HAA-treated
sample indicates an increased coherence length, suggesting that hydrogen
incorporation promotes more effective lattice ordering at the Al/ZTO
interface.

Although the extracted crystallite sizes remain within the nanocrys-
talline regime, the substantial enhancement in electrical performance
indicates that carrier transport is not dominated by grain size alone. Grain
boundaries formed during crystallization act as charge trapping and scat-
tering centers14,36. However, their influence becomes secondary when
improved lattice structure and reduceddefect-related disorder dominate the
transport behavior. In the present system, metal-induced crystallization
enables the formation of a well-ordered spinel ZTO network at a relatively
low temperature, while hydrogen treatment further suppresses defect states
associated with grain-boundary interfaces13,19,37.

Fig. 1 | Thin-film properties. a Schematic of the ZTO crystallization mechanism
induced by the Al layer. b, c X-ray photoelectron spectroscopy (XPS) spectra of O 1 s
peaks for ZTO-OAA and ZTO-HAA films, respectively. d Grazing incidence X-ray
diffraction (GIXRD) spectra of ZTO films processed under different annealing
conditions. e, f Cross-sectional high-resolution transmission electron microscopy
(HR-TEM) images and corresponding Fast Fourier Transform (FFT) patterns for
ZTO-OAA and ZTO-HAA films. The red arrows in (e, f) indicate the spatial extent

of the crystallized ZTO (c-ZTO) region near the Al/ZTO interface. g, h Energy-
dispersive X-ray spectroscopy (EDS) mapping profiles for ZTO-OAA and ZTO-
HAA films showing Si, Zn, Sn, Al, and O, respectively. All OAA and HAA treat-
ments in this figure were carried out using a two-step annealing sequence: 300 °C for
1 h followed by 350 °C for 1 h, with OAA performed in air at both steps and HAA
performed in a hydrogen ambient at 300 °C and in air at 350 °C.
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Cross-sectional TEM analysis was performed to directly observe the
crystallized regions and complement the limited depth information
obtained from GIXRD. Figure 1e, f indicate cross-sectional HR-TEM and
Fast FourierTransform (FFT) analysis of theAl-cappedZTO layer annealed
under ZTO-OAA and ZTO-HAA conditions. The HR-TEM images reveal
a distinct Al/ZTO/SiO2 stacked structure. The Al layer is composed of three
sub-layers: a top AlOx layer, a central metallic Al layer, and a bottom AlOx

layer adjacent to the ZTO. The upper AlOx layer originates from surface
oxidation upon ambient exposure, while the lower AlOx layer is formed
mainly through oxidation reactions at the Al/ZTO interface during
annealing, as discussed earlier. In theZTO-HAAfilm, the centralmetallicAl
layer is thinner, and regions where it is completely converted to AlOx are
also observed. High-magnification observations near the AlOx/ZTO inter-
face, together with the corresponding FFT patterns, show that the c-ZTO
region in the ZTO-HAA film is more uniform, extends over a wider area,
and contains a greater number of diffraction spots than in the OAA film.
This suggests that, underHAAconditions, theAl undergoesmore extensive
interfacial oxidation with ZTO, which facilitates enhanced crystallization of
the adjacent ZTO region. Furthermore, Supplementary Fig. 2 presents the
HR-TEM image and corresponding FFTpattern of the ZTO regionwithout
an Al capping layer, located between the Al-capped region and the S/D
electrodes, annealedunder identical annealing conditions.TheabsenceofAl
in this region results in no observable diffraction spots in the FFT, indicating
that the film remains amorphous. This confirms that crystallization is
induced by the presence of an Al capping layer, at temperatures as low as
350 °C. The elemental distributions of Si, Zn, Sn, Al, andO in theAl-capped

ZTOfilmswere further analyzed by EDSmapping, as shown in Fig. 1g, h. In
addition, EDS mapping data indicated that crystallized ZTO contains a
lower oxygen concentration compared to amorphous ZTO, which can be
attributed to the formation of oxygen vacancies induced by Al bar with a
lower Gibbs free energy of oxidation. These oxygen vacancies facilitate
structural reconstruction. Consistent with the HR-TEM and FFT observa-
tions, the c-ZTO region with lower oxygen content is thicker in the HAA-
treatedfilm. The loweroxygen content in the c-ZTOregion compared to the
amorphous region is attributed to oxygen consumption during AlOx for-
mation at the interface, the generation of oxygen vacancies during crystal-
lization, and the removal of excess oxygen as the amorphous structure
transforms into a stable crystalline lattice.

Electrical characteristics of ZTO-OAA and ZTO-HAA TFTs
Figure 2a illustrates the schematic structure of theAl-cappedZTOTFTs. To
prevent an electrical short between the S/D electrodes, the Al capping layer
was patterned as an isolated region, separated from the electrodes. The
length of theAl capping layerwas optimized to 45 µm for a ZTOTFTwith a
50 µm channel length (Supplementary Fig. 3). Figure 2b, c show the transfer
characteristics of ZTO-OAA TFTs without and with the Al capping layer,
respectively. Table 1 summarizes the key performance parameters of the
TFTdevices, including threshold voltage (Vth), on/off current ratio (Ion/Ioff),
subthreshold swing (SS), hysteresis voltage (ΔVhys), and the field-effect
mobility (μFE). As a result of Al-induced crystallization, the μFE of the ZTO
TFT increased from 11.5 to 57.5 cm2 V−1 s−1 when the Al capping layer was
introduced. Figure 2d, e shows the transfer characteristics of ZTO-HAA

Fig. 2 | Device structure and transfer characteristics of ZTO TFTs with and
without Al capping under positive bias stress (PBS). a Schematic structure of the
Al-capped ZTO TFT. Transfer characteristics and their evolution under PBS for

ZTO-OAA TFTs b, fwithout and c, gwith the Al capping layer, and for ZTO-HAA
TFTs d, h without and e, i with the Al capping layer.
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TFTs without and with the Al capping layer, respectively. In this case, the
introduction of the Al capping layer markedly enhanced the mobility from
20.7 to 107.3 cm2 V−1 s−1. These results demonstrate that HAA leads to a
greater improvement in mobility due to the increased crystallized regions.
The incorporation of a 45 µm Al bar led to an enhancement in the Ion/off
ratio and a decrease in SS, effects that can be attributed to oxygen vacancies
generated by the Al layer, which induces structural reconstruction. More-
over, hydrogen incorporation in ZTO-HAA TFTs suppressed channel
defects by filling oxygen vacancies. These results lead to improvements in
both SS and hysteresis. As a result of these mechanisms, ZTO-HAA TFTs
with Al capping exhibit consistently improved electrical parameters com-
pared to ZTO-OAA TFTs.

In addition, the operational stability of the ZTO-OAA and ZTO-HAA
TFTswas evaluated under positive bias stress (PBS) for 3.6 × 103 s, as shown
in Fig. 2f-i. Compared to the ZTO-OAA TFTs (+12.1 and +10.6 V), the
ZTO-HAATFTs exhibitmuchsmallerΔVth (+6.9 and+6.3 V), confirming
that the HAA process effectively enhances device stability under PBS. The
reason why Vth does not change significantly even after Al capping is that
Vth ismainly determined by the uncapped ZTO regions adjacent to the S/D,
as illustrated in Fig. 2a. Consequently, the Vth variation observed during
stress tests is not primarily caused by Al-induced crystallization but rather
by changes in interfacial andbulk trap states.Hydrogenannealing effectively
reduces these trap sites by passivating weakly bonded oxygen species,

thereby lowering the density of charge trapping centers38. As a result, HAA-
treated devices exhibit improved PBS stability compared to OAA-treated
ones, since fewer trap states are available for electron capture. This
mechanism is further supported by the XPS results shown in Fig. 1c. In
addition, the negative bias stress (NBS) characteristics of theZTO-OAAand
ZTO-HAA TFTs are shown in Supplementary Fig. 4. Under NBS, Vth

variations are generally associated with oxygen vacancymigration and hole
trapping, while hole trapping is intrinsically suppressed due to the low hole
concentration in n-type oxide semiconductors39. However, all samples
exhibit relatively small negativeΔVth (<1.5 V), indicating that thedevices are
less affected by these effects regardless of the annealing condition or Al
capping. Supplementary Fig. 5 summarizes the stress time-dependent ΔVth

under PBS andNBS and enables a comparison of the bias stress stability. As
discussed above, the variation of Vth under NBS remains small over stress
time,whereasPBS results in amorepronouncedVth shift that is significantly
reduced by the HAA treatment.

Further to characterize the effect ofAl capping layer lengthon electrical
performance,Al capping layerswerepatternedwith lengths ranging from25
to 45 µm in steps of 5 µm. All devices were fabricated under the ZTO-HAA
condition. Figure 3a presents the transfer characteristics of devices with
shorter Al lengths (0–30 µm). As the Al length increases, both the on-
current and μFE exhibit a gradual enhancement. In Fig. 3b, devices with
longer Al lengths (35–45 µm) show a more pronounced enhancement in

Table 1 | Summary of the electrical parameters extracted from the gate sweep at VD = 30 V of the devices

Al length [µm] Vth [V] Ion/Ioff S.S. [mV/dec] ΔVhys [V] μFE [cm2 V−1 s−1]

ZTO-OAA TFT 0 5.0 5.49 × 108 459 1.6 11.5

ZTO-OAA TFT 45 4.0 3.93 × 109 321 1.7 57.5

ZTO-HAA TFT 0 1.6 1.84 × 109 358 0.7 20.7

ZTO-HAA TFT 45 1.8 1.02 × 1010 214 0.7 107.3

Fig. 3 | Transfer characteristics and extracted electrical parameters of ZTO-HAA
TFTs with different Al lengths. a Transfer characteristics (ID-VG and √ID-VG) of
devices with shorter Al lengths (0-30 µm). b Transfer characteristics (ID-VG and

√ID-VG) of devices with longer Al lengths (35-45 µm). c Extracted field-effect
mobility as a function of gate voltage. d Threshold voltage and subthreshold swing
versus Al length. e Field-effect mobility and on/off current ratio versus Al length.
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drain current, together with a clear separation of the
ffiffiffiffiffi
ID

p � VG slopes. It is
also noteworthy that the

ffiffiffiffiffi
ID

p � VG plots exhibit negligible changes in Vth

indicating that the crystallization process mainly enhances the carrier
transport without significantly affecting Vth. Figure 3c summarizes the
extracted μFE as a function of gate voltage, confirming that mobility sys-
tematically improves with increasing Al length, reaching values above
100 cm2 V−1 s−1 at 45 µm. The variations in key electrical parameters of the
TFTs with different Al capping layer lengths are shown in Fig. 3d, e.
According to the preceding TEM analysis, crystallization is confined to the
areas directly beneath the Al capping layer on the ZTO film. Consequently,
the extent of crystallization is dependent on the Al capping layer length,
ranging from the smallest area at 25 µm to the largest at 45 µm. This trend is
consistentwith the transfer curve results, where both the on-current and μFE
increase progressively with the Al capping layer length. Furthermore, the
negligible change in Vth (less than 0.5 V) supports the occurrence of crys-
tallization. The SS remains stable, while substantial improvements are
observed in μFE (from 20.7 to 107.3 cm2 V−1 s−1) and Ion/Ioff (1.84 × 109 to
1.02 × 1010). The output characteristics and detailed device parameters with
varying Al lengths are shown in Supplementary Fig. 6 and Supplementary
Table 1.

TCAD simulation of ZTO-OAA and ZTO-HAA TFTs
To elucidate the impact of Al-induced crystallization on carrier transport
and device characteristics, TCAD simulations were carried out based on
ZTO-HAA TFTs. The a-ZTO structure without an Al capping layer was
modeled as a single uniformZTO layer. In contrast, the structurewith anAl
capping layer, which includes both crystalline and amorphous regions, was
divided into two parts: c-ZTO regionwith a length identical to that of theAl
capping layer and the remaining region as a-ZTO. The a-ZTO physical

model was developed based on experimental data, while the c-ZTO model
was constructedbymodifying thea-ZTOparameterswith a reduceddensity
of states (DOS) and enhanced electron mobility. The extracted parameters
were first obtained by fitting the a-ZTO-HAA TFT without Al capping
(0 µm length). These parameters were then applied to the a-ZTO region
beneath the c-ZTO in the c-ZTO-HAA TFTs with non-zero Al capping
layer lengths. The detailed simulation parameters are summarized in Sup-
plementary Table 2. Figure 4a–c and Supplementary Fig. 7 present the
simulated transfer characteristics of ZTO-HAA TFTs with different Al
lengths, obtained from TCAD fitting at a constantVDS of 30 V. The TCAD
fitting results show that as the Al length increases, the on-current rises
without a noticeable shift in Vth, indicating a good agreement between the
experimental data and simulation results. This suggests that the simulation
environment effectively reproduces the behavior of the ZTO-HAA TFTs.

Based on these results, Fig. 4d–f, g–i show the simulated electron
concentration and total current density contour plots, respectively, under
the on-state condition (VG = 30 V, VDS = 30 V) for Al lengths of 0, 30, and
45 µm, respectively. The ZTO-HAA TFT with Al length of 0 µm is
equivalent to a single-channel TFTwith a bottom-gate structure, exhibiting
a typical behavior where both the carrier concentration and total current
density are concentrated near the front-channel region (Fig. 4d, g)40.
Interestingly, the presence of the Al capping layer leads to distinct behavior.
The c-ZTO formedbyAl-induced crystallization results in a slight elevation
in electron concentration near the Al capping layer, while the back-channel
a-ZTO region located between the Al capping layer and the S/D electrodes,
where theAl capping layer is absent, still exhibits a low carrier concentration
(Fig. 4e, f). In terms of total current density, which represents the current
flow per unit area at specific positions within the device, the c-ZTO region
exhibits a substantially stronger current distribution than the a-ZTO region

Fig. 4 | TCAD simulation of the ZTO-HAA TFTs. Experimental and simulated
transfer characteristics of devices with different Al lengths: (a) 0 µm, (b) 30 µm, and
(c) 45 µm. Simulated electron concentration (d–f) and total current density (g–i)

contours under identical bias conditions (VG = 30 V,VDS = 30 V) for deviceswithAl
lengths of: (d, g) 0 µm, (e, h) 30 µm, and (f, i) 45 µm.
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within theAl length. In contrast, in regionswithout theAl capping layer, the
front-channel a-ZTO shows a dominant total current density distribution
(Fig. h, 4i). These results demonstrate that carrier transport in Al-capped
ZTO-HAA TFTs is governed by two distinct paths: the a-ZTO front-
channel that primarily controls the Vth, and the c-ZTO back-channel
inducedbyAl capping,which enhances the on-current. The existenceof two
parallel channel paths accounts for the observed increases in on-current and
μFE. As the Al length increases, the length of the high-mobility c-ZTO path
also extends,which contributes to the gradual enhancement inμFE. Basedon
both experimental and simulation results, the current transportmechanism
of Al-induced crystallization in ZTO TFTs is clearly understood. This
comprehensive understanding provides fundamental insight into how
localized crystallization governs carrier pathways, offering a deeper frame-
work for analyzing structure-property relationships in oxide
semiconductors.

A further noteworthy observation is the invariance of the Vth, which
raises important questions regarding its underlying mechanisms. The
previously conducted simulation is hereafter referred to as the crystal-
lization model. Since the primary factor for mobility enhancement is not
the variation in carrier concentration, the donor concentration in the c-
ZTO region was set equal to that of the a-ZTO region, thereby elim-
inating the influence of carrier enhancement. Therefore, as shown in
Fig. 5a, both the experimental data and the transfer curves fitted using the
crystallization model for various Al lengths exhibit a consistent trend of
increasing on-current, while the Vth remains nearly unchanged. If the
increase in on-current level had resulted from a sufficiently large increase
in carrier concentration due to Al-induced oxygen vacancies, the inter-
pretation would have been markedly different and it would have made it
difficult to simultaneously fit the on-current level and the threshold
voltage in the simulation framework. To verify this, additional TCAD
simulations were conducted. Following the approach used in the crys-
tallization model, the fitting parameters obtained from the single a-ZTO-
HAA TFT with 0 µm Al capping layer were used as a baseline. When
introducing the Al capping layer, all parameters such as the DOS and
electron mobility were kept unchanged, while only the donor con-
centration was increased. The detailed numerical parameters are sum-
marized in Table 2. This approach is hereafter referred to as the carrier
boosting model. Figure 5b shows the transfer curves fitted using the
carrier boosting model, where the fitting is performed to match the on-
current level of the experimental data at VDS = 30 V. As displayed, a clear
mismatch in Vth between the experimental data and the simulation is
observed. Notably, as the Al length increases, the Vth exhibits a pro-
gressively larger negative shift in simulation, but this is not experimen-
tally observed41. By contrasting the crystallization model with the carrier
boosting model, we exclude the possibility of donor-induced carrier
enhancement as the primary mechanism. This comparative analysis
provides compelling evidence that Al-capped ZTO-HAA TFTs achieve

mobility enhancement through crystallization without Vth degradation,
establishing a fundamental understanding of current transport in
oxide TFTs.

Conclusions
In conclusion, we have reported a systematic study showing that the
introduction of an Al capping layer effectively drives the crystallization of
ZTO into a cubic spinel structure. Through the introduction of hydrogen
annealing, crystallization is furtherpromoted compared to devices annealed
only in air at the same temperature, resulting in significant mobility
enhancement. The Al capping layer length controls the extent of crystal-
lization, leading to the formation of a dual channel path where the a-ZTO
front-channel maintains a stable Vth, while the c-ZTO back-channel
enhances the on-current. TCAD simulations validate this mechanism by
distinguishing between the crystallization model and the carrier boosting
model, confirming thatmobility enhancement occurswithoutVth shift. The
results provide new insights into the fundamental mechanisms of MIC and
suggest a promising strategy for realizing high-performance oxide TFTs
with both scalability and industrial applicability.

Methods
Device fabrication
The devices were fabricated on a heavily boron-doped p-type silicon wafer,
which served as the gate electrode. A 200-nm-thick thermally grown SiO2

layer on top of the wafer acted as the gate dielectric. To remove organic
contaminants, the wafer was cleaned by ultrasonic treatment in acetone and
isopropyl alcohol for 10min each. Subsequently, a 40-nm-thick amorphous
ZTO layer was deposited via RF magnetron sputtering with a target
(Zn:Sn = 7:3) at a power of 150W under an Ar:O2 flow rate of 18:2 sccm. A
15-nm-thick Al capping layer was deposited by thermal evaporation. Fol-
lowingAl capping, two types of annealingwere applied to the ZTOchannel.
Under the first condition, the channel was sequentially annealed in air at
300 °C and 350 °C, each for 1 h, referred to as the ZTO-OAA (Only Air
Anneal) condition. Under the second condition, the channel was annealed
in a hydrogen-containing atmosphere (H2:N2 = 1:9) at 300 °C for 1 h, fol-
lowed by air annealing at 350 °C for an additional 1 h, referred to as the
ZTO-HAA (Hydrogen-AssistedAnneal) condition. A 40-nm-thick indium
tin oxide (ITO) source/drain (S/D) electrode layer was deposited by RF

Fig. 5 | Experimental and TCAD-simulated
transfer characteristics based on two models. a
Crystallization model. b Carrier boosting model.

Table 2 | Comparison of donor concentration (×1017 cm_3)
extracted from transfer characteristics using two models:
crystallization and carrier boosting

Al length [µm] 0 25 30 35 40 45

Crystallization model 2.5 2.5 2.5 2.5 2.5 2.5

Carrier boosting model 2.5 2.7 3.0 4.0 7.0 8.5
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magnetron sputtering at 150W with an Ar:O2 flow rate of 20:0 sccm. All
layerswerepatternedusing a lift-off process. Thedevicesweredesignedwith
a bottom-gate, top-contact configuration, incorporating a channel with a
width of 100 µm and a length of 50 µm, corresponding to a width-to-length
ratio (W/L) of 2. To ensure electrical isolation, the Al capping layer was
designedwith lengths ranging from25 to 45 µm in 5 µmsteps, introducing a
defined spacing from the S/D electrodes.

Film and device characterizations
Film crystallinity was analyzed via grazing incidence X-ray diffraction
(GIXRD, SmartLab, Rigaku) with a Cu KαX-ray source. Surface and cross-
sectional microstructures were investigated using optical microscopy (OM,
BX53M, Olympus) and high-resolution transmission electron microscopy
(HR-TEM, JEM-2100F, JEOL), respectively. The thickness of the films was
measured with atomic force microscopy (AFM, NX10, Park Systems).
Chemical bonding states were examined by X-ray photoelectron spectro-
scopy (XPS, Nexsa, ThermoFisher Scientific), while elemental composition
profiles were obtained by energy-dispersive X-ray spectroscopy (EDS)
during TEM analysis.

Analysis method of the TFT characteristics
The electrical characteristics of the fabricated transistors were measured
using an Agilent 4156C semiconductor parameter analyzer in a dark box
under ambient conditions. The μFE of the TFTswas calculated according to:

IDS ¼
1
2
W
L
μFECOX VGS � V th

� �2 ð2Þ

where IDS is the drain-source current, W/L is the channel width-to-length
ratio, COX is the gate dielectric capacitance per unit area, and VGS and Vth

represent the gate-source voltage and threshold voltage, respectively. To
investigate the operational behavior of the Al-capped ZTO TFTs, TCAD
simulation was conducted using ATHENAandATLAS simulators (Silvaco
Inc.). The simulation parameters, including bandgap and mobility of
amorphous ZTO (a-ZTO) and crystalline ZTO (c-ZTO), are listed in
SupplementaryTable 2 of the Supporting Information.Apositive bias stress
test was carried out at VGS = 20 V and VDS = 0.1 V.

Data availability
The data that support the findings of this study are available from the
corresponding author, Sung Kyu Park (https://skpark@cau.ac.kr), upon
reasonable request.

Received: 3 October 2025; Accepted: 9 February 2026;

References
1. Nomura,K. et al. Room-temperature fabricationof transparent flexible

thin-film transistors using amorphous oxide semiconductors. Nature
432, 488–492 (2004).

2. Yu, X., Marks, T. J. & Facchetti, A. Metal oxides for optoelectronic
applications. Nat. Mater. 15, 383–396 (2016).

3. Fortunato, E., Barquinha, P. & Martins, R. Oxide semiconductor thin-
film transistors: a review of recent advances. Adv. Mater. 24,
2945–2986 (2012).

4. Kim, M. et al. High mobility bottom gate InGaZnO thin film transistors
with SiOx etch stopper. Appl Phys. Lett. 90, 212114 (2007).

5. Park, K.-S., Oh, S., Yun, P., Bae, J. U. & Kang, I. B. Prospects of oxide
TFTs approaching LTPS. in Proc. 2015 22nd International Workshop
on Active-Matrix Flatpanel Displays and Devices (AM-FPD), 241–244
(IEEE, 2015).

6. Kim, J. C. et al. Vertical CMOS inverter with LTPO technology for
circuit applications in active-matrix display. IEEE Trans. Electron
Devices 72, 3000–3003 (2025).

7. Guo, M. et al. Comparative study of indium oxide films for high-
mobility TFTs: ALD, PLD and solution process. Adv. Electron Mater.
11, 2400145 (2025).

8. Huang, G., Duan, L., Dong, G., Zhang, D. & Qiu, Y. High-mobility
solution-processed tin oxide thin-film transistors with high-κ alumina
dielectricworking in enhancementmode.ACSAppl.Mater. Interfaces
6, 20786–20794 (2014).

9. Rabbi, M.dH. et al. Polycrystalline InGaO thin-film transistors with
coplanar structure exhibiting average mobility of ≈78 cm 2 V -1 s -1
andexcellent stability for replacingcurrent poly-Si thin-film transistors
for organic light-emitting diode displays. Small Methods 6, 2200668
(2022).

10. Yun, M. G. et al. Dual electrical behavior of multivalent metal cation-
based oxide and its application to thin-film transistors with high
mobility and excellent photobias stability.ACSAppl.Mater. Interfaces
7, 6118–6124 (2015).

11. Bukke, R. N., Mude, N. N., Saha, J. K. & Jang, J. High performance of
a-IZTOTFTbypurificationof thesemiconductoroxideprecursor.Adv.
Mater. Interfaces 6, 1900277 (2019).

12. Sheng, J. et al. Amorphous IGZO TFT with high mobility of ∼70 cm 2
/(V s) via vertical dimension control using PEALD. ACS Appl. Mater.
Interfaces 11, 40300–40309 (2019).

13. Wang, X. et al. Huge mobility enhancement of InSnZnO thin-film
transistors via Al-induced microstructure regularization. Appl. Phys.
Lett. 119, 212102 (2021).

14. Kim, G. et al. High mobility IZTO thin-film transistors based on spinel
phase formation at low temperature through a catalytic chemical
reaction. Small Methods 7, 2201522 (2023).

15. Pei, Y. et al. Low-temperature-crystallizedGa 2O3 thin films and their
TFT-type solar-blind photodetectors. J. Phys. Chem. Lett. 13,
7243–7251 (2022).

16. Jo, J. et al. The influence of annealing temperature and film thickness
on crystallization behaviors of IGZO thin films. In Proc. 2015 22nd
International Workshop on Active-Matrix Flatpanel Displays and
Devices (AM-FPD) 147–149 (IEEE, 2015).

17. Lermusiaux, L., Mazel, A., Carretero-Genevrier, A., Sanchez, C. &
Drisko, G. L. Metal-induced crystallization in metal oxides. Acc.
Chem. Res. 55, 171–185 (2022).

18. Lee, S. H. et al. Mobility enhancement of indium-gallium oxide via
oxygen diffusion induced by a metal catalytic layer. J. Alloy. Compd.
862, 158009 (2021).

19. Magari, Y., Kataoka, T., Yeh, W. & Furuta, M. High-mobility
hydrogenated polycrystalline In2O3 (In2O3:H) thin-film transistors.
Nat. Commun. 13, 1078 (2022).

20. Fortunato, E. M. C. et al. High mobility indium free amorphous oxide
thin film transistors. Appl. Phys. Lett. 92, 222103 (2008).

21. Chu, X. et al. Effects of powder characteristics andmixing powders on
cold sprayability and corrosion properties of tantalum coatings. Surf.
Coat. Technol. 426, 127763 (2021).

22. Woo, N., Cho, S. & Park, S. K. Optimal aluminum doping method in
PEALD for designing outstandingly stable InAlZnO TFT. Adv. Mater.
Interfaces 10, 2300128 (2023).

23. Ide, K., Nomura, K., Hosono, H. & Kamiya, T. Electronic defects in
amorphous oxide semiconductors: a review. Phys. Status Solidi 216,
1800372 (2019).

24. Son, H.-W. et al. New synthesis route for complex borides; rapid
synthesis of thermoelectric yttrium aluminoboride via liquid-phase
assisted reactive spark plasma sintering. Sci. Rep. 10, 8914 (2020).

25. Kanayama, M. et al. Microstructure analysis and properties of anti-
reflection thin films for spherical silicon solar cells. Energy Power Eng.
05, 18–22 (2013).

26. Zahiri, M., Shafiee Afarani, M. & Arabi, A. M. Dual functions of thiourea
for solution combustion synthesis of ZnO/ZnS composite powders:
fuel and sulphur source. Appl. Phys. A 124, 663 (2018).

https://doi.org/10.1038/s43246-026-01111-2 Article

Communications Materials |            (2026) 7:95 8

www.nature.com/commsmat


27. Zan, H., Yeh, C., Meng, H., Tsai, C. & Chen, L. Achieving high field-
effect mobility in amorphous indium-gallium-zinc oxide by capping a
strong reduction layer. Adv. Mater. 24, 3509–3514 (2012).

28. Wang,C. et al. Effect of annealing temperature on electrical properties
of ZTO thin-film transistors. Nanomaterials 12, 2397 (2022).

29. Pan, W. et al. Multiple effects of hydrogen on InGaZnO thin-film
transistor and the hydrogenation-resistibility enhancement. J. Alloy.
Compd. 947, 169509 (2023).

30. Medvedeva, J. E., Sharma, K., Bhattarai, B. & Bertoni, M. I. Hydrogen
behavior at crystalline/amorphous interface of transparent oxide
semiconductor and its effects on carrier transport and crystallization.
ACS Appl. Mater. Interfaces 14, 39535–39547 (2022).

31. Chen, Z. et al. High-crystallinity and enhanced mobility in In2O3 thin-
film transistors via metal-induced method. Appl. Phys. Lett. 126,
033504 (2025).

32. Dinesh, S., Barathan, S., Premkumar, V. K., Sivakumar, G. &Anandan,
N. Hydrothermal synthesis of zinc stannate (Zn2SnO4) nanoparticles
and its application towardsphotocatalytic and antibacterial activity. J.
Mater. Sci. Mater. Electron. 27, 9668–9675 (2016).

33. Wang, Y., Ma, C., Sun, X. & Li, H. Preparation of nanocrystallinemetal
oxide powders with the surfactant-mediated method. Inorg. Chem.
Commun. 5, 751–755 (2002).

34. Khorsand Zak, A., Majid, W. H. A. B. D., Ebrahimizadeh Abrishami, M.,
Yousefi, R. &Parvizi, R. Synthesis,magnetic properties andX-ray analysis
of Zn0.97X0.03O nanoparticles (X = Mn, Ni, and Co) using Scherrer and
size–strain plot methods. Solid State Sci. 14, 488–494 (2012).

35. Mustapha, S. et al. Comparative study of crystallite size using
Williamson-Hall and Debye-Scherrer plots for ZnO nanoparticles.
Adv. Nat. Sci. Nanosci. Nanotechnol. 10, 045013 (2019).

36. Seto, J. Y. W. The electrical properties of polycrystalline silicon films.
J. Appl. Phys. 46, 5247–5254 (1975).

37. Hwang, A. Y., Kim, S. T., Ji, H., Shin, Y. & Jeong, J. K. Metal-induced
crystallization of amorphous zinc tin oxide semiconductors for high
mobility thin-film transistors. Appl. Phys. Lett. 108, 152111 (2016).

38. Nam, Y., Kim, H.-O., Cho, S. H. & Ko Park, S.-H. Effect of hydrogen
diffusion in an In–Ga–Zn–O thin film transistor with an aluminumoxide
gate insulator on its electrical properties. RSC Adv. 8, 5622–5628
(2018).

39. Yan, G. et al. Mechanism analysis of ultralow leakage and abnormal
instability in InGaZnO thin-film transistor toward DRAM. IEEE Trans.
Electron Devices 69, 2417–2422 (2022).

40. Park, C.-Y. et al. High-performance ITO/a-IGZOheterostructure TFTs
enabled by thickness-dependent carrier concentration and band
alignment manipulation. Ceram. Int. 49, 5905–5914 (2023).

41. Sun, H. et al. Mobility and current boosting of In-Ga-Zn-O thin-film
transistors with metal capping layer oxidation. Nanotechnology 35,
355202 (2024).

Acknowledgements
This researchwas supported by theNational Research Foundation of Korea
(NRF) grant funded by the Korea Government (MSIP) (No. RS-2024-
00347845), theNano&Material TechnologyDevelopment Program through
the National Research Foundation of Korea (NRF) funded by Ministry of
Science and ICT(RS-2023-00281346), and the Korea Institute for

AdvancementofTechnology (KIAT)grant fundedby theKoreanGovernment
(MOTIE) (P0023718, Inorganic Light-emitting Display Expert Training Pro-
gram for Display Technology Transition).

Author contributions
D.N., S.-P.J., and S.K.P. initiated the concept of the study. S.K.P. and Y.-
H.K. planned thematerials andexperimental design.D.N. andS.-P.J. carried
out the fabrication and evaluation of ZTO TFTs, both with and without an Al
capping layer. D.H.K., D.K., and Y.K. contributed to the materials
development and device analysis. D.N. performed the TCAD simulation.
D.N., S.-P.J., and S.K.P. drafted the manuscript, incorporating feedback
from all authors. S.K.P. and Y.-H.K. revised the manuscript. All authors
participated in discussions of the findings and approved the
completed work.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43246-026-01111-2.

Correspondence and requests for materials should be addressed to
Yong-Hoon Kim or Sung Kyu Park.

Peer review information Communications Materials thanks Glenna Drisko
and the other anonymous reviewer(s) for their contribution to the peer review
of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2026

https://doi.org/10.1038/s43246-026-01111-2 Article

Communications Materials |            (2026) 7:95 9

https://doi.org/10.1038/s43246-026-01111-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commsmat

	High-performance zinc tin oxide thin-film transistors via hydrogen assisted metal capping structures
	Results and discussion
	Thin-film properties of ZTO-OAA and ZTO-HAA
	Electrical characteristics of ZTO-OAA and ZTO-HAA TFTs
	TCAD simulation of ZTO-OAA and ZTO-HAA TFTs

	Conclusions
	Methods
	Device fabrication
	Film and device characterizations
	Analysis method of the TFT characteristics

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




