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For the purpose of developing In–Ga–Zn–O (IGZO) thin-film transistors (TFTs) on a flexible substrate, low-temperature (150 °C) processed
hydrogenated IGZO (IGZO:H) TFTs with anodize alumina gate insulator (Al2O3 GI) have been developed. We found that fluorination of the Al2O3 GI
surface significantly improves field effect mobility (μFE) and positive gate bias and temperature stress (PBTS) reliability of the TFTs. μFE of 28.8 cm2

V−1 s−1 and good PBTS reliability were obtained from the IGZO:H TFTs with a 68 nm thick fluorinated Al2O3 GI. X-ray photoelectron spectroscopy
analysis revealed that fluorine in the AlOFx formed at the Al2O3 surface played an important role in improving performance and PBTS reliability of
low-temperature-processed oxide TFTs for future flexible device applications. © 2021 The Japan Society of Applied Physics

1. Introduction

Transparent metal oxide semiconductors have been exten-
sively investigated as the active channel layers of thin-film
transistors (TFTs) for next-generation flat-panel displays,1–3)

nonvolatile memories,4,5) image sensors,6,7) pH sensors,8,9)

metal-semiconductor field effect transistors,10–15) and so on.
Especially, In–Ga–Zn–O (IGZO) is a promising candidate for
the active channel of flexible TFTs since the IGZO exhibits
an electron mobility of more than 10 cm2 V−1 s−1 even when
deposited at room temperature.16,17) However, IGZO TFTs
generally require thermal annealing around 300 °C to reduce
defects formed as a result of various types of processing
damage.18–22) Our group reported that hydrogenated IGZO
film, which is deposited by Ar+O2+H2 sputtering, is very
promising for the fabrication of oxide TFTs below the
softening temperature of plastic substrates for future flexible
device applications. Defects generated in as-deposited IGZO
films can be reduced through the low-temperature (150 °C)
annealing.15,23,24) The field-effect mobility (μFE) of 13.423)

and 18.924) cm2 V−1 s−1 were achieved for a IGZO:H TFTs
with In:Ga:Zn ratios of 1:1:1 and 6:2:1 atm%, respectively,
after 150 °C annealing. However, previous results of IGZO:H
TFTs were used thermally grown SiO2 as a gate insulator
(GI).23,24) To apply IGZO:H TFTs on plastic substrates, a
maximum processing temperature of GI should be reduced
below the softening temperature of plastic substrates.
In this paper, an aluminum oxide (Al2O3) prepared by

anodization25,26) is used as a GI for IGZO:H TFTs.27–29)

Al2O3 has the advantages of high dielectric constant (∼9) and
low leakage current density, which are suitable for a GI in
low-temperature processed IGZO TFTs. Moreover, anodiza-
tion is conformal, pinhole free, self-limiting, and room
temperature processes to make it compatible with flexible
electronic devices. The fabricated IGZO621:H TFT with an
anodized Al2O3 GI exhibited field effect mobility (μFE) of
28.1 cm2 V−1 s−1, on/off current ratio of over 107, and good
positive bias temperature stress (PBTS) reliability. This is an
extended version of the 2020 International Conference on
Solid State Devices and Materials (SSDM2020) proceedings

paper.30) In the present paper, we discuss the effects of post
anodization treatment of Al2O3 GI on the performance and
reliability of the TFTs in more detail.

2. Experimental methods

Figure 1 shows fabrication processing steps and a schematic
cross-sectional view of the bottom-gate IGZO TFTs with an
anodized Al2O3 GI. A 150 nm thick Al–Nd–Ti alloy was
deposited by DC magnetron sputtering on 4 inch glass
substrate, and was patterned into a gate electrode. An Al–Nd–
Ti surface was anodized in an electrolyte (ammonium tartrate,
ethylene glycol, and DI water) to form a 68 nm thick Al2O3 for
GI. Anodization process was carried out under a constant
current density (0.37mA cm−2) at an applied voltage of 48 V.
From X-ray photoelectron spectroscopy (XPS) analysis, an
atomic ratio of O/Al in anodized Al2O3 film was 1.49,
indicating a stoichiometric film. After the anodization, two
types of post anodization treatments were applied to an Al2O3

GI. The first was a vacuum annealing at 150 °C for 1 h. The
second was plasma fluorination of the Al2O3 surface. The
plasma fluorination was carried out in an O2 plasma used
polytetrafluoroethylene (PTFE) as a fluorine source. An Al2O3

GI without treatment was used as a reference. Then, a
20 nm thick hydrogenated IGZO621 (denoted hereafter as
IGZO621:H) was deposited by RF magnetron sputtering in an
Ar+O2+H2 ambient from an IGZO target with an In:Ga:Zn
ratio of 6:2:1 mol%.24) The O2 and H2 gas flow ratios, defined
as R(O2)=O2/(Ar+O2+H2) and R(H2)= H2/(Ar+O2+H2),
respectively, were set at 10% for R(O2) and 9% for R(H2) at a
deposition pressure of 0.27 Pa. An IGZO621:H film was
patterned into an active channel of the TFT by photolithography
and wet etching. A permanent epoxy-based negative photoresist
(SU-8)31) was spin-coated on the IGZO621:H as an organic
passivation layer (OPVL) to exclude water and oxygen
molecules in ambient air which degrade long-term and/or
storage stability. After opening contact holes by an O2 plasma
etching, source and drain electrodes were formed by a stacked
film of Mo/Al/Mo which was deposited by RF magnetron
sputtering. Finally, the TFTs were subjected to annealing in air
at 150 °C for 1 h. A maximum processing temperature of the
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TFTs was 150 °C. The channel length (L) and width (W) of the
TFTs were 20 and 66μm, respectively. The electrical properties
and PBTS stability of the IGZO621:H TFTs with an Al2O3 GI
were evaluated using a semiconductor parameter analyzer in
darkness. Field effect mobility (μFE) of the TFT was extracted
from the transconductance in a linear region at a drain voltage
(VDS) of 0.1 V. Vth was defined as the value of VGS for a
normalized drain current (IDS× L/W) of 1 nA to flow. The
PBTS stability was measured at a stress temperature (TS) of
60 °C with a gate voltage of +12V up to a cumulative stress
time of 6000 s.

3. Results and discussion

3.1. XPS surface analysis of anodized Al2O3 films
without and with post anodization treatments
Figure 2 shows the XPS wide-scan spectra of the Al2O3 films
without and with post anodization treatments. Al 2p, Al 2s, C
1s, and O 1s peaks were detected from the Al2O3 surface
without post anodization treatment. After the vacuum
annealing at 150 °C, no noticeable difference was found in
the XPS spectra from the film without post anodization
treatment. In contrast, the F 1s peak was clearly observed
from the film after the plasma fluorination. Moreover, C 1s
peak intensity was not increased so much after the plasma
fluorination, suggesting no fluoropolymer deposition during
the fluorination process.
3.2. Current density–electric field (J–E) characteris-
tics of anodized Al2O3 films
Figure 3 shows the current density–electric field (J–E) char-
acteristics of 68 nm thick anodized Al2O3 films with and without
post anodization treatments. The J–E characteristics were
measured by a metal–insulator–metal (Al/Al2O3/AlNdTi-ally)
capacitor. Breakdown electric field (EBD) was defined as the

value of E for a current density of 1μA cm−2 to flow. The Al2O3

film with surface fluorination exhibited almost the same J–E
characteristics with EBD value of 6.3 MV cm−1 as the reference
film, indicating no influence of fluorine on J–E characteristics.
On the other hand, current density slightly reduced, and EBD
improved to 7.1 MV cm−1 when the film was annealed at
150 °C in vacuum. Dielectric constant, which was measured by a
capacitance–voltage (C–V ) measurement, were 9.0 for all films.
3.3. Electrical properties and PBTS reliability of
IGZO621:H TFTs with anodized Al2O3 GI.
Figure 4 shows the transfer characteristics and the gate
leakage current of the IGZO621:H TFTs with the Al2O3

GIs. Electrical properties of the TFTs are summarized in
Table I. Reference TFT without post anodization treatment of
the Al2O3 GI showed μFE value of 22.2 cm2 V−1 s−1;
however, large clockwise hysteresis (VH) of 3.2 V was
observed. The gate voltage (VGS) dependence of μFE was
also shown in Fig. 5(b). μFE of reference TFT first increased

Fig. 1. (Color online) Fabrication processing steps and schematic cross-
sectional view of the bottom-gate IGZO TFTs with an anodized Al2O3 GI.

Fig. 2. (Color online) XPS wide-scan spectra of the Al2O3 films without,
with vacuum annealing (150 °C), and with plasma fluorination.

Fig. 3. (Color online) J–E characteristics of 68 nm thick anodized Al2O3

films without, with vacuum annealing (150 °C), and with plasma fluorina-
tion.
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in the low-VGS region, then it started to decrease as VGS

exceeded ∼V. A maximum μFE value of 22.2 cm2 V−1 s−1

was obtained at VGS of ∼7 V. For the TFT with the Al2O3 GI
annealed at 150 °C in vacuum, both the μFE and the VH

values did not change from the reference TFT. The VGS

dependence of μFE in the TFT with the Al2O3 GI annealed at
150 °C in vacuum also followed a similar tendency as the
reference TFT. In contrast, μFE value increased to 28.1
cm2 V−1 s−1 and VH value significantly improved to 0.4 V
when the fluorinated Al2O3 film was used as a GI. μFE of the
TFT with the fluorinated Al2O3 GI monotonically increased
upon increasing VGS of ∼14 V, and a maximum μFE value of
28.1 cm2 V−1 s−1 was obtained.
Figure 5 shows (a) VH of the TFTs as a function of

maximum VGS upon applying transfer characteristics mea-
surements and (b) VGS dependence of the μFE of TFTs,
respectively. For the reference TFT and the TFT with the
Al2O3 GI annealed at 150 °C in vacuum, VH values in both
TFTs started to increase as VGS exceeded ∼8 V. The VGS

values at which VH started to increase are correlated well with
the VGS values at which μFE started to decrease. Since the
hysteresis is originated from an electron trapping at an
IGZO621:H/GI interface, Coulomb scattering of trapped
electrons at the IGZO/Al2O3 interface would be a main cause
for reducing μFE in high VGS region for both the reference
TFT and the TFT with the Al2O3 GI annealed at 150 °C in
vacuum. In contrast, VH values in the TFT with the
fluorinated Al2O3 GI did not increase upon applying VGS of
20 V. This result indicated that the electron trapping at the
IGZO/Al2O3 interface or in the Al2O3 GI could be sup-
pressed by the fluorination process. Thus, μFE of the TFT
with the fluorinated Al2O3 GI increased with increasing VGS,
and maximum μFE value of 28.1 cm2 V−1 s−1 was obtained
at high VGS of ∼14 V. Thanks to a high gate capacitance of
the Al2O3 GI, obtained μFE value is much larger than our
previous report (18.9 cm2 V−1 s−1) obtained from the
IGZO621:H TFTs with a 100 nm thick thermally grown
SiO2 GI.

24)

Figure 6 shows the changes in transfer characteristics of
the IGZO621:H TFTs with the Al2O3 GIs under PBTS tests.
Both the reference TFT and the TFTs with the Al2O3 GI
annealed at 150 °C in vacuum exhibited mostly the same
degradation phenomena under PBTS test. After PBTS of
100 s, transfer curves shifted in a positive VGS direction
without degradation of a subthreshold swing. When a stress
time further increased to 6000 s, transfer curves further
shifted in the positive VGS direction accompanied by the
hump phenomenon. In contrast, PBTS reliability of the TFT
markedly improved when the fluorinated Al2O3 film was
used as a GI. After PBTS of 6000 s, transfer curve shifts,
which was defined as the value of VGS for a drain current of
10 μA to flow, of the reference TFT and the TFT with the
Al2O3 GI annealed at 150 °C in vacuum were 3.4 and 3.5 V,
respectively, whereas that of the TFT with the fluorinated
Al2O3 GI improved to 0.5 V. Furthermore, the hump

Fig. 4. (Color online) Transfer characteristics of IGZO621:H TFTs with the Al2O3 GIs (a) without post anodization process, (b) with vacuum annealing
(150 °C), and (c) with plasma fluorination. Drain voltage is set at 0.1 V.

Table I. Summary of electrical properties and PBTS reliability of IGZO621:H TFTs with anodized Al2O3 GIs.

Post anodization treatment μFE (cm2 V−1 s−1) S.S. (V dec−1.) Vth (V) VH (V) PBTS 6 ks ΔVth (V)

None 22.2 0.14 −0.9 3.2 3.4
Vacuum anneal (150 °C) 22.5 0.15 −0.7 3.2 3.5
Plasma fluorination 28.1 0.17 −0.5 0.4 0.5

Fig. 5. (Color online) (a) Hysteresis and (b) μFE of IGZO621:H TFTs with
the Al2O3 GIs without post anodization process, with vacuum annealing
(150 °C), and with plasma fluorination as a function of applied gate voltage.

© 2021 The Japan Society of Applied PhysicsSBBM05-3

Jpn. J. Appl. Phys. 60, SBBM05 (2021) S. Kono et al.



phenomenon was not observed after PBTS test for the TFT
with the fluorinated Al2O3 GI.
It is worth noticing that although the Al2O3 films without

and with the fluorination process exhibited almost the same
J–E characteristics and EBD values as shown in Fig. 3, μFE
value and PBTS reliability of the TFT with the fluorinated
Al2O3 GI markedly improved from the reference TFT. By
using the fluorinated Al2O3 GI, μFE value of 28.1
cm2 V−1 s−1 and excellent PBTS reliability were achieved
for the IGZO621:H TFT fabricated at a maximum processing
temperature of 150 °C.
3.4. Mechanism for improving electrical properties
and PBTS reliability for IGZO621:H TFT with fluorinated
Al2O3 GI
To understand the effects of the fluorination process of an
anodized Al2O3 film on performance and reliability of the
TFTs, surface roughness and chemical bonding states of the
Al2O3 GI were analyzed by atomic force microscopy (AFM)
and XPS, respectively.
Figure 7 shows AFM images of the Al2O3 films (a)

without, (b) with vacuum annealing (150 °C), and (c) with
plasma fluorination. All the films showed extremely smooth
surface with root mean square roughness (Rq) values in the

range of 0.41–0.49 nm. This result indicates that the plasma
fluorination has no influence on surface roughness of the
Al2O3 film. In addition, no polymer deposition occurred
during the plasma fluorination process.
Next, the chemical bonding states at the Al2O3 GI surface

were investigated by XPS in detail. All the spectra were taken
from the Al2O3 surface without an ion etching. Figure 8
shows the narrow-scan (a)–(c) Al 2p and (d)–(f) O 1s core
spectra taken from the Al2O3 films without and with post
anodization treatments. The Al 2p spectra were well fitted by
two Gaussian–Lorentz curves attributed to the Al–oxygen
bonds (Al–O) at 75.0 eV and Al–hydroxides (Al–OH) at
75.9 eV, whereas the O 1s spectra were fitted by the metal–
oxygen bonds (M–O) at 530.9 eV and oxygen in the
hydroxides (–OH) at 532.5 eV.32–35) The full-width at half
maximum of the Al–O and M–O peaks were set at 1.61 and
2.11 eV, respectively, while those of the Al–OH and –OH
peaks were varied to reproduce the Al 2p and O 1s spectra.
The absence of Al–Al bonds at 73 eV indicates a complete
oxidation of all the Al2O3 surface by anodization. Table II
summarizes the area ratios of M–O and –OH components in
the Al 2p and O 1s peaks for the Al2O3 films with and
without post anodization treatments. For the Al2O3 film

Fig. 6. (Color online) PBTS reliability of the IGZO621:H TFTs with the Al2O3 GI (a) without post anodization process, (b) with vacuum annealing (150 °C),
and (c) with plasma fluorination process. Gate voltage stress of 12 V was applied at 60 °C for 6 ks.

Fig. 7. (Color online) AFM images of the Al2O3 films (a) without post anodization process, (b) with vacuum annealing (150 °C), and (c) with plasma
fluorination.

© 2021 The Japan Society of Applied PhysicsSBBM05-4
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without post anodization process, area ratios of Al–OH in Al
2p and –OH in O 1s were 10.4% and 15.1%, respectively. The
area ratios of Al–OH in Al 2p and –OH in O 1s did not change
significantly after vacuum annealing of the Al2O3 film at
150 °C for 1 h; however, those components clearly increased
after the plasma fluorination of anodized Al2O3 film. Higher
energy component at 75.9 eV in Al 2p increased from 10.4%
to 41.0%, while that at 532.5 eV in O 1s increased from 15.1%
to 33.4% after the plasma fluorination. The increase of those
higher energy components can not be assigned as the increase
of OH components at the Al2O3 surface because the PTFE,
which was used as fluorine source for plasma fluorination,
does not contain hydrogen. The increase of those higher
energy components in Al 2p and O 1s would be originated
from Al and O atoms in fluorinated alumina (AlOFx),
respectively. The reported peak position of Al atoms in
AlOFx is 1.3 eV higher from the Al–O peak,36) at which is
very close to Al–OH in Al 2p (75.9 eV). Based on the results
obtained from Al 2p spectra, the increased higher energy
component in O 1s spectrum after the plasma fluorination
would also be originated from oxygen in fluorinated alumina
(–OFx). The AlF3 component at 76.5 eV36) was not detected in
Al 2p spectrum even after the plasma fluorination. We also

confirmed by XPS depth analysis that F was detected within
3 nm from the Al2O3 surface. Thus, it is reasonable to
conclude that the fluorinated alumina was formed at the
Al2O3 surface by the plasma fluorination. AFM and XPS
results revealed that AlOFx bonds were formed at an anodized
Al2O3 surface without polymer deposition after the fluorina-
tion process. Since bond dissociation energy of Al–O is much
higher than those of In–O, Ga–O, and Zn–O, oxygen
vacancies would be formed at an IGZO/Al2O3 interface.
Yamazaki et al. reported that fluorine introduced at an
IGZO/fluorinated silicon nitride (SiNx:F) GI interface lead to
decrease of electron trap density and improve positive bias
stress stability.37) Moreover, an introduction of fluorine in an
IGZO suppressed not only the electron trapping at the IGZO/
GI interface but also the creation of donor-like defects in an
IGZO bulk.38–40) Thus, fluorine in the AlOFx formed at the
Al2O3 surface played an important role in improving the
performance and PBTS reliability of low-temperature-pro-
cessed oxide TFTs for future flexible device applications.

4. Conclusions

Low-temperature processed IGZO621:H TFTs with an
anodize Al2O3 GI have been demonstrated. EBD value of

Fig. 8. (Color online) Narrow-scan spectra of (a)–(c) Al 2p and (d)–(f) O 1s in anodized Al2O3 films (a) (d) without, (b), (e) with vacuum annealing at 150 °
C, and (c), (f) with plasma fluorination.

Table II. Summary of area ratios and FWHM of M–O and –OH components in the Al 2p and O 1s peaks for the Al2O3 films with and without post
anodization treatments.

Al 2p O 1s

Al–O Al–OH M–O –OH

Post anodization treat-
ment

Area ratio
(%) FWHM (eV)

Area ratio
(%) FWHM (eV)

Area ratio
(%) FWHM (eV)

Area ratio
(%) FWHM (eV)

None 89.6 1.61 10.4 1.33 84.9 2.11 15.1 1.75
Vacuum anneal 88.1 1.61 11.9 1.33 84.5 2.11 15.5 1.76
Plasma fluorination 59.0 1.61 41.0 2.60 66.6 2.11 33.4 1.79

© 2021 The Japan Society of Applied PhysicsSBBM05-5
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6.3 MV cm−1 and dielectric constant of 9.0 were obtained
from an anodized Al2O3 film. Fluorination of the anodize
Al2O3 GI surface was carried out in an O2 plasma used PTFE
as a fluorine source. AFM and XPS results revealed that
AlOFx bonds were formed at an anodized Al2O3 GI surface
without polymer deposition after the fluorination process.
Fluorination of the Al2O3 GI surface reduces electron
trapping sited at the IGZO621:H/ Al2O3-GI interface or in the
Al2O3 GI, result in improving both μFE and PBTS reliability
of the TFTs. A μFE of 28.8 cm2 V−1 s−1, a subthreshold
swing of 0.17 V dec−1., a threshold voltage of −0.54 V, and
good PBTS reliability were obtained from the IGZO621:H
TFTs with the 68 nm thick fluorinated Al2O3 GI. We found
that fluorine in the AlOFx formed at the Al2O3 surface played
an important role in improving the performance and PBTS
reliability of low-temperature-processed oxide TFTs for
future flexible device applications.
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