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The enhancement of mobility has always been a research focus in the field of thin-film transistors (TFTs). In this paper,
we report a method using ultra-thin HfO, to improve the electrical performance of indium gallium zinc oxide (IGZO) TFTs.
HfO, not only repairs the surface morphology of the active layer, but also increases the carrier concentration. When the
thickness of the HfO, film was 3 nm, the mobility of the device was doubled (14.9 em? Vs~ 529 6em2.v-ls! ), and
the device exhibited excellent logic device performance. This paper provides a simple and effective method to enhance the
electrical performance of IGZO TFTs, offering new ideas and experimental foundation for research into high-performance

metal oxide (MO) TFTs.

Keywords: thin-film transistors, metal oxide, indium gallium zinc oxide (IGZO), logic devices, TCAD simu-

lation
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1. Introduction

Metal oxide (MO) thin-film transistors (TFTs) are widely
used in display devices due to their high visible-light transmit-
tance, good stability and excellent electrical performance.!!3]
Since they were first proposed as the mainstream MO TFTs,
indium gallium zinc oxide (IGZO) TFTs have attracted exten-
sive attention.[*! Characterized by advantages, such as low
off-current, high mobility and wide band gap, IGZO TFTs
have been extensively applied in display drivers, electronic
skins and detectors, [10-13]

With the rapid development of the display industry,
the demand for high-refresh-rate and high-definition displays
has driven continuous improvement in the mobility of MO
TFTs.!'415] Enhancing the electrical performance of devices
has always been a research focus in the field of MO TFTs.
For example, using a dual-active-layer structure can boost MO
TFT mobility. Two different active-layer materials will in-
crease the carrier concentration and form a two-dimensional
electron gas at the heterojunction interface, thus improving
the electrical performance and stability of the devices.[!®-20]
However, requiring two types of semiconductor materials, this
method raises device manufacturing costs. Some studies have
treated the active layer with plasma to adjust the surface mor-
phology of the thin film and the oxygen vacancy concentra-
tion in the active layer, thus enhancing the device electri-
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e.21-231 However, this method requires precise

cal performanc
control of the plasma gas process, increasing the complexity of
device manufacturing. Some studies have improved the stabil-
ity of devices by controlling the annealing atmosphere (such as
introducing argon or hydrogen during annealing).?®?’! How-
ever, the improvement effect of this method is limited. Re-
cently, some studies on metal oxide capping layers modifying
the active layer have gained attention, such as using alumina,
calcium oxide, etc, as metal oxide capping layers to modify
the active layer.[?-3% Typically, the metal oxide modification
layer is placed above the active layer. This method not only
prevents the active layer from contacting environmental wa-
ter vapor, enhancing device environmental stability, but also
increases carrier concentration within the active layer, signifi-
cantly improving device electrical performance.

In this paper, we report on the impact of an ultra-thin
hafnium dioxide (HfO;) modification layer on the perfor-
mance of IGZO TFTs. We deposited HfO, thin films of differ-
ent thicknesses on the active layer of TFTs as a modification
layer. We then analyzed the effect of the thickness of the mod-
ification layer on the performance of TFTs. The experimental
results show that while HfO, can enhance device performance,
an excessively thick modification layer is detrimental. We ex-
plained this experimental phenomenon by a combination of
test analysis and technology computer-aided design (TCAD)
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simulation. On the one hand, the HfO, modification layer
can make the surface of the active layer smoother, improving
the carrier transport efficiency. On the other hand, a suitably
thick HfO, modification layer increases the carrier concentra-
tion within the active layer. However, an overly thick modi-
fication layer introduces too many acceptor defect states and
increases the difficulty of current tunneling between the active
layer and the electrode. This work provides a new theoretical
basis and experimental approach for the realization of high-
performance TFTs. We also fabricated the optimized TFTs
into a single-device inverter, demonstrating their potential for
application in logic circuits.

2. Experiment details

All TFT devices were fabricated using a bottom-gate and
top-contact structure, and the fabrication process is shown in
Fig. 1. We used heavily doped n-type thermal oxide silicon
as the substrate, as shown in Fig. 1(a), where polysilicon was
used as the gate electrode and silicon dioxide with a thickness
of 100 nm was used as the dielectric layer. The cleaned sub-
strate was placed into a vacuum chamber and sputtered using a
shadow mask, as shown in Fig. 1(b). A 20 nm thick IGZO film
was sputtered as the active layer, with a sputtering power of
50 W and a flow rate of argon and oxygen of 40 sccm:5 sccm.
The base vacuum was set at 5 x 10~* Pa and the sputtering vac-
uum was set at 0.8 Pa. The metal element ratio in IGZO target
materials is In:Ga:Zn = 1:1:1. After sputtering the IGZO film,
the target source was switched, and HfO, films with thick-
nesses of 0 nm, 1 nm, 3 nm, 5 nm and 7 nm were sputtered
as the modification layers, with a sputtering power of 45 W
and a flow rate of argon and oxygen of 40 sccm:20 sccm. The
base vacuum was set at 5 x 10~* Pa and the sputtering vacuum
was set at 0.8 Pa. The sputtered samples were then annealed
in a furnace at 300 °C for 1 hour, as shown in Fig. 1(c). Af-
ter the samples cooled down, we used thermal evaporation to
deposit aluminum metal with a thickness of 100 nm as the
source electrode and drain electrode. During evaporation, we
used a shadow mask to pattern the electrodes, resulting in a
channel length of 100 um and a width of 1000 wm, as shown
in Fig. 1(d).

(a) (b) (e)

Annealing

(@) Si (Gate electrode)
' ‘ IGZO (Active layer)

I Al (Source electrode and drain electrode)

SiO, (Dielectric layer)

HfO, (Modification layer)

Fig. 1. Fabrication process of IGZO TFTs. (a) Substrate. (b) Sputtering
of IGZO film and HfO, film. (c) Thermal annealing. (d) Evaporation of
source electrode and drain electrode.

The electrical performance of the devices was tested us-
ing a Keithley 2636B in a room-temperature dark environ-

ment. The surface morphology of the active layer was ob-
served using an atomic force microscope (AFM, Bruker Di-
mension ICON) to study the quality of the film. The chemical
state of the films was analyzed using x-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-Alpha). The changes in
the carrier concentration within the active layer were analyzed
using TCAD simulation.

3. Results and discussion

We first conducted atomic force microscopy (AFM) mea-
surements on the sample surface within a 2 pm x 2 um scan
area, and the results are presented in Figs. 2(a)-2(e). The nu-
merical values labeled in the figures correspond to the HfO,
film thicknesses, and this labeling convention is maintained
throughout subsequent figures. Based on the AFM images of
the samples, we were able to calculate the root mean square
(RMS) value of the surface roughness of the samples, as
shown in Fig. 2(f). As can be clearly seen from Fig. 2(f), the
active layer modified with HfO, has a lower surface rough-
ness. We propose that during HfO; sputtering, the plasma
generated in the vacuum chamber may effectively repair the
IGZO surface defects. Consequently, compared with unmodi-
fied films, the RMS value of the active layer with 1 nm HfO,
deposition decreases significantly. Moreover, as the thickness
of HfO, increased, the continuity of the HfO; film was en-
hanced, further smoothing the sample surface. After plasma
modification, the smooth interlayer interface helps to reduce
the interface trapping effect and promote charge injection and
transport, 31321 which is beneficial to improve the electrical
performance of the devices.

We fabricated all samples into TFT devices and evalu-
ated their output characteristics, and the results are shown in
Figs. 3(a)-3(e). All samples demonstrated n-type TFT per-
formance with clear pinch-off voltages. At low source—drain
voltage (Vps), the source—drain current (Ipg) rose linearly with
Vbs, indicating good ohmic contact between the electrodes and
the active layer.33351 At high Vps, Ips showed a significant
saturation phenomenon. The output characteristic curves of all
samples at a gate voltage (Vgs) of 40 V are shown in Fig. 3(f),
and we extracted the linear part of the curves. We compared
the Ipg values of the samples when Vps was 10 V. We found
that the Ipg value of the sample was the highest when the thick-
ness of HfO, was 3 nm; when the thicknesses of HfO, were
5 nm and 7 nm, the Ipg values of the samples decreased sig-
nificantly.

We further evaluated the transfer characteristics of the de-
vices at a fixed Vpg of 10V, as depicted in Fig. 4. According
to the transfer characteristic curves, all the samples exhib-
ited switching characteristics, with a switching ratio greater
than 10°. Notably, at Vgs = 40 V, the Ipg variation trend
aligned with that in Fig. 3(f). Based on the transfer character-
istic curves, we were able to calculate the electrical parameters
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Fig. 2. (a)—(e) AFM images of IGZO with HfO, thickness ranging from 0 nm to 7 nm. (f) Root mean square (RMS) surface roughness of the samples.
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Fig. 3. (a)—(e) Output characteristic curves of IGZO TFTs with HfO, thickness ranging from 0 nm to 7 nm. (f) Output characteristic curves at

Ves =40V for all samples.

Table 1. The electrical parameters of TFTs.

Thickness of HfO, UFE Vru SS
2 =1 —1 Ion/’off
(nm) (ecm=-V~ s (V) (V/dec)
0 14.9 090 0.63 7.54x107
1 17.2 233 0.69 6.24x107
3 29.6 295 073 9.23x10’
5 21.6 575 1.09 4.29x107
7 12.0 6.68 1.22 9.95x10°

of the devices such as the field-effect mobility (Ugg), thresh-
old voltage (V}), subthreshold swing (SS) and switching ratio
(Ion/ILogr)- The electrical parameters of the samples are shown
in Table 1.

As shown in Table 1, the mobility of the samples first
rose with the increase in HfO, thickness. However, when the

thickness of HfO, exceeded 3 nm, the mobility of the samples
decreased with the increase in HfO, thickness. We attribute
this to HfO, altering the oxygen vacancy concentration in the
IGZO film, as depicted in Fig. 5. The Hf-O bond strength
(802 kJ/mol) far exceeds that of the In-O (346 kJ/mol), Ga—
O (374 kJ/mol) and Zn-O (284 kJ/mol) bonds.**-3#! During
annealing, some weak metal-oxygen bonds in the IGZO film
broke, creating oxygen vacancies, while the released oxygen
combined with hafnium to form stable Hf~O bonds. As the
thickness of HfO; increased, the oxygen vacancy concentra-
tion in the IGZO film continuously increased. The increase
in oxygen vacancy concentration increases the electron con-
centration in the channel.?®3° According to the percolation
model, the mobility of amorphous oxide semiconductors will
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increase with the increase in carrier concentration.*%#! This
explains why the mobility of the devices increased with the in-
crease in HfO, thickness when the thickness of HfO, was less
than or equal to 3 nm. However, as the oxygen vacancy con-
centration further increased, more band tail states were intro-
duced in the active layer.[*?! These defect states act as scatter-
ing centers, increasing carrier scattering during transport and
capturing carriers, thus reducing mobility. The subthreshold
swing increase with HfO, thickness also indicates rising de-
fect state concentration. The difficulty of electron tunneling
between the active layer and the electrode also increased with
the increase in HfO, thickness, and the increase in threshold
voltage with the increase in HfO, thickness confirmed this
point. In other words, the HfO, film exhibited increasingly
stronger insulating properties as its thickness increased. This
also had a negative impact on the mobility of the device. When
the thickness of HfO, was 7 nm, the threshold voltage had al-
ready reached 6.68 V and the switching ratio was only in the
order of 10°.

To verify the above analysis, all samples were tested by
x-ray photoelectron spectroscopy (XPS). The O 1s spectra of
all samples are shown in Figs. 6(a)-6(e). By deconvoluting
the O 1s spectra with a Gaussian function, three sub-peaks
with binding energies at 530.3 £0.1 eV, 531.94+0.1 eV and
532.8+0.1 eV were obtained. These three sub-peaks corre-
spond to oxygen bonded to metal (M—O-M), oxygen vacan-
cies (M=Vo) and hydroxyl groups (M—OH).[*! The variation
trend of the area ratios of the three sub-peaks is shown in
Fig. 6(f). When the thickness of HfO, was less than or equal
to 3 nm, the oxygen vacancy content increased stepwise. This

trend was consistent with the previous analysis, indicating
that the deposited HfO, introduced extra oxygen vacancies
into IGZO. However, when the thickness of HfO, exceeded
3 nm, the concentration of oxygen vacancies did not increase
significantly but rather showed a downward trend, which was

107 3¢ —

Vg =10 V

1074

Ins (A)

10710;

10~k

1
—20-10 0 10 20 30 40
Vas (V)

Fig. 4. The transfer characteristic curves for all samples.

Metal (In,Ga,Zn) Hafnium

("} Oxygen vacancy

o o 00

= = __ T _ 4

Fig. 5. Schematic cross-section of IGZO TFTs and mechanism of oxygen
vacancy formation in the active layer.
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inconsistent with the previous analysis trend. This is because
XPS tests the surface of the samples. The information col-
lected by the O s spectrum is approximately a 10 nm thick
film. Since Hf has a higher affinity for oxygen, although the
concentration of oxygen vacancies in the IGZO film increases,
Hf also combines with oxygen from the air to form metal-
oxygen bonds. That is, when the thickness of HfO, exceeds
3 nm, although the concentration of oxygen vacancies in the
IGZO film increases stepwise, the concentration of oxygen va-
cancies in HfO, is relatively low due to the higher proportion
of metal-oxygen bonds in HfO;. As a result, statistically, the
concentration of oxygen vacancies appears to decrease rather
than increase. This can be proved by the increasing content of
metal-oxygen bonds.

To verify the effect of HfO, thickness on the electron
concentration in the active layer, we conducted TCAD sim-
ulations, as shown in Fig. 7. Figure 7(a) shows the simulated
cross-sectional view of the IGZO TFTs. The active layer pa-
rameters were set based on Fung et al.’s work, ! including
the effective density-of-states (DOS) in the conduction and va-
lence bands, electron affinity, etc. The specific parameters are
given in Table 2. Figure 7(b) shows the local enlargement of
the active layer and the modifying layer, where the thickness
of HfO, was set at O nm, 1 nm, 3 nm, 5 nm and 7 nm, re-
spectively. Figure 7(c) illustrates the device structure mesh
division. The electrode region has a relatively sparse mesh
for rougher calculations, while the active and modifying lay-
ers have a denser mesh for more detailed calculations. Fig-
ure 7(d) shows the electron concentration distribution map in
the device after setting Vg at 40 V and Vpg at 10 V and run-

v
(a) s fom g0t

e
(c) oo fom g0t

ning the calculation.

The electron concentration distribution maps allow quan-
titative analysis of how electron concentration varies with film
depth, as depicted in Figs. 8(a)-8(e). By integrating these data,
the electron concentration of different samples can be quanti-
tatively determined, as shown in Fig. 8(f). Figure 8(f) reveals
that the electron concentration in IGZO peaks at a HfO, thick-
ness of 3 nm is consistent with prior analysis. This proves
that when the thickness of HfO; is less than or equal to 3 nm,
HfO, will enhance the carrier concentration in the active layer,
thereby increasing the mobility of the device. However, when
the thickness of HfO, exceeds 3 nm, not only will the addi-
tional oxygen vacancies capture carriers, leading to a decrease
in electron concentration, but the overly thick HfO, film also
reduces the injection efficiency of source charge due to its
strong insulating properties.

Table 2. Partial simulation parameters of the device.*!]

Symbol Value Unit Description
N 5% 10'8 cm 3 effective conduction band DOS
Ny 5x10'8 cm3 effective valence band DOS

8ta 1.55x10%° cm3.eV~! density of tail states at E = E,

ga  1.55x10% cm3.eV-!  density of tail states at E = E,

E, 13 meV conduction-band-tail slope

Eq 120 meV valence-band-tail slope

Eg 3.05 eV band gap

X 4.16 eV electronic affinity

€ 1 permittivity

Un 15 em?.V—lg1 band mobility (electron)

K 0.1 em?.Vlg™! band mobility (hole)

me 0.34 me conduction band effective mass
(b) s

B
(d) r s

Fig. 7. (a) Simulated structure of IGZO TFT and (b) local magnified image. (c) Grid division. (d) Electronic concentration distribution.
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Fig. 9. (a) Single device inverter structure. (b) Voltage input—output char-
acteristic curves. (c) Inverter gain characteristics. (d) Inverter switching
characteristics under 1 Hz square wave.

In summary, when the thickness of HfO; is 3 nm, the
overall performance of the device is optimal. We fabricated a
single-device inverter using the sample with a modifying layer
thickness of 3 nm to test its feasibility for application in logic
circuits.

As shown in Fig. 9(a), we fabricated an inverter using the
IGZO TFT with an HfO; thickness of 3 nm. Vj, is the input
voltage terminal, Vi is the output voltage terminal and Vpp
is the operating voltage. We tested its voltage transfer char-
acteristics by setting Vpp at 1 V and 5 V, respectively, and
the results are shown in Fig. 9(b). When Vj, is 0 V, V is

approximately equal to Vpp, and Vg is at a high logic level;
when Vj, is equal to Vpp, Vou is approximately equal to 0 V,
and Vo is at a low logic level. Thus, the device meets the in-
verter’s logic output requirements. The gain can be obtained
by differentiating the voltage transfer characteristic curve. As
shown in Fig. 9(c), the gain of the device is much greater than
1, indicating its potential to drive complex logic circuits. 43!
We also assessed the inverter’s dynamic response, as shown
in Fig. 9(d), and it exhibited a good dynamic response under a
1 Hz AC square wave. In summary, the HfO,-optimized IGZO

TFT has great potential for application in logic circuits.

4. Conclusion

In this paper, we introduced a method to modify the active
layer of IGZO TFTs using ultra-thin HfO, films. We found
that the comprehensive performance of IGZO TFTs was opti-
mal when the thickness of the HfO, film was 3 nm. Compared
with the unmodified control samples, the mobility of the TFTs
modified by the HfO, film was doubled (14.9 cm?-V~!.s~1 —
29.6 cm?-V~!.s71). This improvement can be attributed to
two factors. First, the dense oxide film can heal the active
layer’s surface morphology, reducing roughness and enhanc-
ing carrier transport efficiency. Second, the strong Hf—O bonds
can introduce more oxygen vacancies into the active layer.
An appropriate concentration of oxygen vacancies increases
the carrier concentration within the active layer, thereby en-
hancing device mobility. In addition, we fabricated the op-
timized device into a single-device inverter, which exhibited
good performance and demonstrated the application potential
of TFTs in logic circuits. This paper provides a new exper-

076101-6
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imental idea and theoretical foundation for the fabrication of

high-performance TFTs.

Acknowledgments

Project supported by the National Natural Science Foun-

dation of China (Grant No. 62441407), the Natural Science
Basic Research Program of Shaanxi (Grant No. 2024JC-
YBQN-0631), the Natural Science Foundation of Shaanxi
Provincial Department of Education (Grant No. 23JK0482),
and the Shaanxi Province Key R & D Program General Project
- Industrial Field (Grant No. 2024GX-YBXM-085).

References

(1]

[2]

[3]
[4]
(3]

[6]

(7]
(8]
[9]

[10]

[11]

[12]

[13]
[14]

[15]

Saha J K, Billah M M and Jang J 2021 ACS Appl. Mater. Interfaces 13
37350

Zhang S, Weng L, Liu B, Kuang D, Liu X W, Jiang B Q, Zhang G C,
Bao Z C, Yuan G C, Guo J, Ning C, Shi D W and Yu Z N 2023 Vacuum
215 112225

Seul HJ, Kim M J, Yang HJ, Cho M H, Song W B and Jeong J K 2020
ACS Appl. Mater. Interfaces 12 33887

Nomura K, Ohta H, Takagi A, Kamiya T, Hirano M and Hosono H
2004 Nature 432 488

Xu X, He G, Wang L, Wang W, Jiang S and Fang Z 2023 J. Mater. Sci.
Technol. 141 100

Park J, Go S, Chae W, Ryoo C I, Kim C, Noh H, Kim S, Du A B, Cho
IT, Yun P S, Bae J U, Park Y S, Kim S and Kim D H 2024 Sci. Rep.
14 10067

Xiong W, Huo J Y, Wu X H, Liu W J, Zhang D W and Ding S J 2023
Chin. Phys. B 32 018503

Song S, Liang H L, Huo W X, Zhang G, Zhang Y H, Wang J W and
Mei Z X 2024 Chin. Phys. Lett. 41 068501

Yang G, Song W, Yu Z, Huang T, Cao J, Xu Y, Sun H, Sun W and Wu
W 2024 IEEE Trans. Electron Devices 71 2990

Weng L, Zhang S, Kuang D, Liu B, Liu X W, Jiang B Q, Zhang G C,
Bao Z C, Ning C, Shi D W, Guo J, Yuan G C and Yu Z N 2023 /EEE
Trans. Electron Devices 70 4186

Um J G, Jeong D Y, Jung Y, Moon J K, Jung Y H, Kim S, Kim S H,
Lee J S and Jang J 2018 Adv. Electron. Mater. 5 1800617

Huang W C, Li Y, Chang N H, Hong W J, Wu S Y, Liao S Y, Hsueh
W J, Wang C M and Huang C Y 2024 Sens. Actuators B: Chem. 417
136175

Kim M Y, Kim H W, Oh C, Park S H and Kim B S 2023 ACS Appl.
Mater. Interfaces 6 435

Lee SH, Lee S, Jang S C, On N, Kim H S and Jeong J K 2021 J. Alloys
Compd. 862 158009

Kwon J Y and Jeong J K 2015 Semicond. Sci. Technol. 30 024002

[16]

[17]
(18]

[19]

[20]
(21]

[22]
[23]
[24]

[25]
[26]

[27]
[28]

[29]

(30]
(31]
(32]
[33]
[34]
[35]

[36]
(371

[38]
[39]
[40]

[41]
[42]

[43]

076101-7

He F, Wang Y, Yuan H, Lin Z, Su J, Zhang J, Chang J and Hao Y 2021
Ceram. Int. 47 35029

Han Z, Han J and Abliz A 2024 Appl. Surf. Sci. 648 158995
WulJL,LinHY,SuBY,ChenY C, ChuS Y, Liu S Y, Chang C C and
Wu CJ 2014 J. Alloys Compd. 592 35

Lee H, Lee S, Kim Y, Siddik A B, Billah M M, Lee J and Jang J 2020
IEEE Electron Device Lett. 41 1520

Park J C and Lee H N 2012 IEEE Electron Device Lett. 33 818

Bae S D, Kwon S H, Jeong H S and Kwon H I 2017 Semicond. Sci.
Technol. 32 075006

Shan F, Lee J Y, KimH S, Sun H Z, Choi S G, Heo K J, Koh J H and
Kim S J 2021 Electron. Mater. Lett. 17 222

Cheng J, Yu Z, Li X, Guo J, Yan W, Xue J and Xue W 2018 /EEE
Trans. Electron Devices 65 136

Hu M, Xu L, Zhang X, Song Z and Luo S 2022 Appl. Surf. Sci. 604
154621

Kim J W and Lee S Y 2024 J. Korean Ceram. Soc. 61 941

Nguyen A H T, Nguyen M C, Nguyen A D, Park N H, Jeon S J, Kwon
D and Choi R 2023 [EEE Trans. Electron Devices 70 1085

Zhou X, Han D, Dong J, Li H, Yi Z, Zhang X and Wang Y 2020 /EEE
Electron Device Lett. 41 569

Park J M, Kim H D, Jang S C, Kim M J, Chung K B, Kim Y J and Kim
H S 2020 IEEE Trans. Electron Devices 67 4924

Zhang S, Liu B, Zhang X, Wen C Y, Sun HR, Liu X W, Yao Q, Zi X
R,Bao Z C, Xiao Z R, Zhang Y S, Yuan G C, Guo J, Ning C, ShiD W,
Wang F and Yu Z N 2024 Mater. Sci. Semicond. Process 173 108093
Kim J, Park J B, Zheng D, Kim J S, Cheng Y, Park S K, Huang W,
Marks T J and Facchetti A 2022 Adv. Mater. 34 2205871

Zhang Q, Xia G, Li H, Sun Q, Gong H and Wang S 2024 Nanotechnol-
ogy 35 125202

Liu A, Liu G, Zhu H, Shin B, Fortunato E, Martins R and Shan F 2016
J. Mater. Chem. C 4 4478

Kai Y, Zhao Y, Wang J, Lu C, Shan Y, Guo Z, Jiang C and Li L 2022
IEEE Electron Device Lett. 43 1681

Chen Y, Duan X, Ma X, Yuan P, Jiao Z, Shen Y, Chai L, Luan Q, Xiang
J, Geng D, Wang G and Zhao C 2024 J. Semicond. 45 072301

Xiao N, Yuvaraja S, Chettri D, Liu Z, Lu Y, Liao C, Tang X and Li X
2023 J. Phys. D: Appl. Phys. 56 425102

Xiao B, Yu X and Watanabe S 2019 ACS Appl. Electron. Mater. 1 585
You B C, Wang S J, Ko R M, Wu J H and Lin C E 2020 Jpn. J. Appl.
Phys. 59 SGGJO03

Lee KM, Kim N, Lee J K, Lee HJ, Kim S Y and Kim T G 2025 Appl.
Surf. Sci. 686 162102

Socratous J, Banger K K, Vaynzof Y, Sadhanala A, Brown A D, Sepe
A, Steiner U and Sirringhaus H 2015 Adv. Funct. Mater. 25 1873
Nomura K, Kamiya T, Ohta H, Ueda K, Hirano M and Hosono H 2004
Appl. Phys. Lett. 85 1993

Kamiya T, Nomura K and Hosono H 2009 J. Disp. Technol. 5 462
Kim D G, Lee W B, Lee S, Koh J, Kuh B and Park J S 2023 ACS Appl.
Mater. Interfaces 15 36550

Zhang T, Wei Y F, Zhang C S, He G, Li T J and Lin D 2024 ACS Appl.
Mater. Interfaces 16 36577


http://dx.doi.org/10.1021/acsami.1c07478
http://dx.doi.org/10.1021/acsami.1c07478
http://dx.doi.org/10.1016/j.vacuum.2023.112225
http://dx.doi.org/10.1016/j.vacuum.2023.112225
http://dx.doi.org/10.1021/acsami.0c06382
http://dx.doi.org/10.1021/acsami.0c06382
http://dx.doi.org/10.1038/nature03090
http://dx.doi.org/10.1016/j.jmst.2022.09.016
http://dx.doi.org/10.1016/j.jmst.2022.09.016
http://dx.doi.org/10.1038/s41598-024-60288-z
http://dx.doi.org/10.1038/s41598-024-60288-z
http://dx.doi.org/10.1088/1674-1056/ac6dbf
http://dx.doi.org/10.1088/1674-1056/ac6dbf
http://dx.doi.org/10.1088/0256-307X/41/6/068501
http://dx.doi.org/10.1109/TED.2024.3371943
http://dx.doi.org/10.1109/TED.2023.3282558
http://dx.doi.org/10.1109/TED.2023.3282558
http://dx.doi.org/10.1002/aelm.v5.3
http://dx.doi.org/10.1016/j.snb.2024.136175
http://dx.doi.org/10.1016/j.snb.2024.136175
http://dx.doi.org/10.1016/j.jallcom.2020.158009
http://dx.doi.org/10.1016/j.jallcom.2020.158009
http://dx.doi.org/10.1088/0268-1242/30/2/024002
http://dx.doi.org/10.1016/j.ceramint.2021.09.044
http://dx.doi.org/10.1016/j.ceramint.2021.09.044
http://dx.doi.org/10.1016/j.apsusc.2023.158995
http://dx.doi.org/10.1016/j.jallcom.2013.12.115
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.2012.2190036
http://dx.doi.org/10.1088/1361-6641/aa72b8
http://dx.doi.org/10.1088/1361-6641/aa72b8
http://dx.doi.org/10.1007/s13391-021-00274-z
http://dx.doi.org/10.1109/TED.2017.2775637
http://dx.doi.org/10.1109/TED.2017.2775637
http://dx.doi.org/10.1016/j.apsusc.2022.154621
http://dx.doi.org/10.1016/j.apsusc.2022.154621
http://dx.doi.org/10.1007/s43207-024-00409-6
http://dx.doi.org/10.1109/TED.2023.3241119
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/TED.16
http://dx.doi.org/10.1016/j.mssp.2023.108093
http://dx.doi.org/10.1002/adma.v34.45
http://dx.doi.org/10.1088/1361-6528/ad14b5
http://dx.doi.org/10.1088/1361-6528/ad14b5
http://dx.doi.org/10.1039/C6TC00474A
http://dx.doi.org/10.1039/C6TC00474A
http://dx.doi.org/10.1109/LED.2022.3199024
http://dx.doi.org/10.1109/LED.2022.3199024
http://dx.doi.org/10.1088/1674-4926/24010032
http://dx.doi.org/10.1088/1361-6463/ace6b8
http://dx.doi.org/10.1021/acsaelm.9b00049
http://dx.doi.org/10.7567/1347-4065/ab6590
http://dx.doi.org/10.7567/1347-4065/ab6590
http://dx.doi.org/10.1016/j.apsusc.2024.162102
http://dx.doi.org/10.1016/j.apsusc.2024.162102
http://dx.doi.org/10.1002/adfm.v25.12
http://dx.doi.org/10.1063/1.1788897
http://dx.doi.org/10.1063/1.1788897
http://dx.doi.org/10.1109/JDT.2009.2022064
http://dx.doi.org/10.1021/acsami.3c06517
http://dx.doi.org/10.1021/acsami.3c06517
http://dx.doi.org/10.1021/acsami.4c05059
http://dx.doi.org/10.1021/acsami.4c05059

	1. Introduction
	2. Experiment details
	3. Results and discussion
	4. Conclusion
	References

