
Nomoto et al. NPG Asia Materials (2022) 14:76
https://doi.org/10.1038/s41427-022-00421-4 NPG Asia Materials

ART ICLE Open Ac ce s s

Over 130 cm2/Vs Hall mobility of flexible
transparent conductive In2O3 films by
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Abstract
Flexible transparent electrodes on flexible plastic sheets are in significant demand for use in flexible perovskite solar
cells (f-PSCs). However, the combination of the broadband high optical transparency and low electrical resistivity
required for the tandemization of f-PSCs sets a stringent requirement on flexible transparent electrodes that are based
on traditional Sn-doped In2O3 (ITO) films, owing to the high free-carrier concentration needed to reduce the electrical
resistivity. Herein, we used excimer laser irradiation to achieve a Ce and H codoped In2O3 (ICO:H) film on flexible
polyethylene terephthalate (PET) that had ultrahigh electron mobility of 133 cm2/Vs, which is the highest among those
reported for flexible transparent electrodes, and low sheet resistance of 14.2Ω/□, which is approximately three times
lower than the 40Ω/□ sheet resistance of commercially available ITO/PET. Furthermore, compared to ITO, this ICO:H
film had higher infrared transparency. These nontrivial performances were achieved by an optimized excimer-laser
solid-phase crystallization process guided by the correlation between laser pulse counts and the volume fractions of
the amorphous and crystalline phases in the films. These high performances resolved the problems faced by ITO films,
thus facilitating the performance of flexible solar cells and optoelectronic devices.

Introduction
Transparent conducting oxide (TCO) films have been

widely used as transparent electrodes in optoelectronic
applications, such as displays, light-emitting diodes, solar
cells, and other optoelectronic devices1–4. In recent years,
flexible transparent electrodes on flexible plastics, such as
polyethylene terephthalate (PET), polyethylene naphtha-
late (PEN), and polyimide, have been in significant
demand for use in flexible perovskite solar cells (f-
PSCs)5–9. Among all solar cells, f-PSCs produce the most
competitive power-per-weight and thus are specifically

attractive for applications in wearable, portable electronic
devices, building-integrated photovoltaics, and drones.
State-of-the-art f-PSCs can reach an efficiency of
19.51%10. A promising method for further increasing f-
PSC efficiency is to construct tandem structures11. For
example, the integration of a wide-bandgap (near-infrared
(NIR)-transparent) perovskite front cell and a narrow-
bandgap perovskite or Cu(In,Ga)Se2 (CIGS) rear cell
allowed a more efficient utilization of solar light with
different photon energies12–15.
Historically, magnetron-sputtered Sn-doped In2O3

(ITO) has been widely used as a TCO material1–4,9.
However, using ITO films as transparent electrodes in f-
PSCs with tandem structures limits the device perfor-
mance. Due to the difficulty in achieving high carrier
mobility (μ) by Sn doping, a high carrier concentration
(N) by heavy Sn doping is necessary to reduce electrical
resistivity (ρ)9. However, such doping usually results in
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high optical losses in the NIR wavelength region due to
reflectance and/or absorption attributed to free-carrier
electrons16,17. This optical loss induces a total photo-
current loss of several mA/cm2 for perovskite tandem
structures18. Therefore, the successful fabrication of f-
PSCs with tandem structures requires high-μ TCO films
(because a high μ results in a low ρ at a low N) to thus
provide high transparency with alleviated parasitic optical
losses in the visible and NIR regions.
Conventional polycrystalline ITO films exhibit a low μ

of 40 cm2/Vs19, whereas In2O3-ZnO (IZO) films with
amorphous structures exhibit a μ of 60 cm2/Vs20,21. In
contrast, solid-phase crystallized H-doped In2O3 (spc-
IO:H) thin films22,23 and spc-Ce and H codoped In2O3

(spc-ICO:H)24,25 thin films achieve very high μ values of
over 100 cm2/Vs and suitable low-N values ranging from
1 × 1020 to 2 × 1020 cm-3, leading to low optical losses over
a wide optical range22–25. These excellent optoelectronic
properties have been demonstrated in high-efficiency
rigid solar cells, such as silicon heterojunctions22,26–28,
CIGS29–31, and perovskite-based tandem solar cells32–37.
However, these attractive films (spc-IO:H and spc-ICO:H)
have never been adopted in flexible solar cells because
they have a fabrication-temperature issue, namely, a high-
temperature annealing process for solid-phase crystal-
lization is necessary to obtain the high μ that is an
attractive feature of H and/or Ce dopants. Both spc-IO:H
and spc-ICO:H films are fabricated by a two-step process.
In the first step, amorphous precursor films are deposited
on a substrate without intentional heating or at low
temperature (100 °C) via ion plating with direct current
arc discharge24,25 (i.e., reactive plasma deposition
(RPD)38), magnetron sputtering22,23, or atomic layer
deposition31,39. During deposition, water is introduced
into the deposition chamber to induce the formation of an
amorphous structure. In the second step, either thermal
annealing at a temperature higher than 150–200 °C or
flash lamp annealing40 is performed to induce spc (solid-
phase crystallization) and to achieve a high μ. Such a high
processing temperature, however, limits the formation
and adoption of these films on heat-sensitive flexible
substrates such as PET, whose process temperature is less
than 70–110 °C7.
To resolve this temperature issue, we used an excimer

laser irradiation (ELI) technique. Excimer lasers have
high photon energies. For example, KrF (wavelength
λ= 248 nm) excimer lasers can achieve photon energy of
5 eV, which should be sufficient to induce a photo-
thermal reaction for crystallization41–43. Photothermal
effects are achieved when the maximum temperature
inside the film exceeds 400 °C; the temperature then
decays over several hundreds of nanoseconds44,45. The
temperature inside the film exceeds the crystallization
temperature, but only during a very short irradiation

time, and therefore thermal damage to the underlayer
can be avoided. As a result, because high temperature is
no longer a requirement for the fabrication of spc-ICO:H
films, these films can be adopted in flexible solar cells,
with the expectation of a significant improvement in
conversion efficiency. As a proof of concept (Fig. 1), we
fabricated an spc-ICO:H film on a flexible PET sheet by
using ELI. In this work, we successfully obtained the
highest μ of 133 cm2/Vs among reported flexible
TCO films and obtained a low sheet resistance (Rs) of
14.2Ω/□ (ρ= 2.13 × 10−4Ωcm) with a high average
optical transmittance (Tav) of 83.7% in the visible to NIR
region (λ= 400–2100 nm). This successful Rs value is
much lower than that of commercially available flexible
150-nm-thick ITO/PET sheets (Rs of 40Ω/□, and Tav of
74.3%). The demonstrated high performance of a flexible
spc-ICO:H film and its low fabrication-temperature
process have resolved the problems encountered by
conventional flexible ITO films. Flexible spc-ICO:H films
are therefore potential components for flexible optoe-
lectronics, thus facilitating the performance of flexible
solar cells and optoelectronic devices.

Results
Texture evolution
First, the relationship between the crystallization tem-

perature of ICO:H films and the heat resistance of a PET
sheet needs to be addressed. The as-deposited ICO:H film
that formed on a glass substrate under the same deposi-
tion conditions as on the PET sheet started crystallization
at approximately 190 °C, which was confirmed by in situ
X-ray diffraction measurements. At that temperature, the
film on the PET sheet was significantly deformed. This
demonstrates the difficulty in achieving the crystallization
of an ICO:H/PET sheet without heat damage to the PET
sheet by conventional heat treatment.
The main result of our study is the crystallization pro-

cess under ELI. Figure 2a shows plan-view SIM (scanning
ion microscope) images of ICO:H under various laser
pulse counts (PC) for ELI. Due to the purely amorphous-
phase formation, the nonlaser-irradiated (as-deposited)
ICO:H film exhibited featureless structures with smooth
surfaces. This observation is consistent with the absence
of crystalline peaks in the X-ray diffraction patterns of the
films (not shown here). At PC= 2500 shots, crystal
nucleation occurred, and numerous small grains (300 nm)
were observed on the ICO:H film surface. At
PC= 5000 shots, the film had a structure with embedded
larger crystalline grains (870 nm) together with small
grains (300 nm) in the amorphous matrix. At
PC > 5000 shots, grain growth proceeded. The grain
density for a film with PC= 12,500 shots was much higher
than that with PC= 10,000 shots. At PC= 15,000 shots,
the crystallization of the film was complete, and the film
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exhibited a surface covered with large grains (>2 μm). At
PC > 15,000 shots, crystallization did not continue, and
the texture at PC= 30,000 shots was similar to that at
15,000 shots.
To obtain a better understanding of the crystallization

process under ELI, we quantitatively determined the
texture evolution by using electron backscatter diffraction
(EBSD) measurements. Figure 2b shows inverse pole fig-
ure (IPF) maps along the normal direction for ICO:H
films with PC= 2500, 5000, 10,000, and 15,000 shots.
These IPF maps reveal that with increasing PC, the black
area corresponding to the amorphous phase decreased
due to the increase in the crystalized area. Figure 2c shows
the grain size distribution, namely, the number of grains
as a function of the grain size diameter. Figure 2d, e
summarize the total number and area of grains, respec-
tively, as a function of PC. At PC= 2500 shots, the grain
size was small (0.1 to 0.6 μm in diameter), and the number
of grains was low (157 grains); thus, the ratio of grains
occupying the evaluation area (i.e., crystallized area) was
~5.1%. Taking into account that the adhesion of water
molecules at growing surfaces suppresses the growth of
crystallites23, crystallite nuclei might have been created at
the film surface due to the desorption of water molecules
caused by a rapid rise in the temperature at the film
surface region during the early stages of irradiation, i.e.,
when PC ≤2500 shots. At 5000 shots, the number of

grains rapidly increased to 1035 grains, and the grain size
increased to a maximum diameter of 1.5 μm. Therefore,
the crystallized area was ~74%. These changes might be
due to nucleation and grain growth. With a further
increase in PC to 15,000 shots, the maximum grain size
increased from 1.5 to 2.4 μm. Furthermore, the number of
small grains (0.1–0.6 μm) decreased, whereas that of large
grains (>1.2 μm) increased. Note that with this increase in
PC, the total number of grains decreased to 593 grains,
whereas the crystallized area increased to 99.7%. These
data reveal that the grain growth during the increase in
PC from 5000 to 15,000 shots was mainly caused by
coalescence among grains. If two grains coalesce, they
should form a grain boundary because the two grains
typically have different orientations. However, no grain
boundaries were identified within a single domain in the
IPF maps in our study (Fig. 2b). This means that the
orientation of the captured grains was transformed to that
of the capturing grains. Figure 2f shows the pole figures
(PFs) of the 111 reflections obtained from the IPF maps
(Fig. 2b). In these PFs, the distribution of the poles for the
111 reflections appears as a spot in the center of the figure
together with a ring. These results are evidence that most
of the grains in the ICO:H film had a texture with a slight
orientation in the <111> direction normal to the surface.
This slight orientation might be caused by the (111)
surface energy being the lowest among the low-indexed

Fig. 1 Three-dimensional schematic diagram of carrier transport for the ICO:H films before (amorphous) and after (polycrystalline)
excimer laser irradiation (ELI). Here, the carrier mobility μ depends on the relaxation time (τ) and electron effective mass (m) as μ= τ/m. The spc-
ICO:H films exhibited an m similar to that of conventional polycrystalline ITO films, indicating that high μ is achieved via a larger τ rather than a
smaller m23,25. Two origins are responsible for the large τ (= high μ) obtained for the spc-ICO:H films. One is that the Ce dopant can be suppressed to
promote the formation of oxygen vacancies. These vacancies act as doubly charged donors, VO

•• (i.e., ionized impurity scattering centers), because Ce
has larger binding energy with oxygen than does the In atom with Sn dopant (case of ITO). Another origin is that hydrogen can be passivated for the
grain boundary states, thus leading to lower trap densities, which would consequently decrease the potential barriers at grain boundaries for electron
transport23,25.
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surfaces in In2O3, including the (100), (110), and (111)
surfaces46.

Electrical and optical properties
In particular, this anomalous grain growth is very

effective for enhancing the carrier transport properties.
Figure 3a and Table 1 summarize the electrical proper-
ties of the ICO:H film under various PCs with ELI.
Commercially available magnetron-sputtered 150-nm-
thick ITO/PET sheets were used for comparison. At
PC= 2500 shots, the ICO:H film showed a decrease in N
from 2.72 × 1020 to 2.12 × 1020 cm−3 while showing a
slight increase in Hall mobility (μH) from 43.3 to
45.6 cm2/Vs. At PC > 5000 shots, the ICO:H film showed
a large increase in μH (decreases in Rs and ρ) with
increasing PC. This change in μH was mainly caused by
the texture change from the amorphous phase to the
polycrystalline phase (discussed in the Texture evolution
section above). N remained relatively constant, suggest-
ing that the changes in Rs and ρ after ELI were governed
by μH. At PC= 30,000 shots, the fully crystalized ICO:H
film, therefore, achieved a high μH of 126 cm2/Vs, and
thereby achieved a low Rs (ρ) of 17.2Ω/□

(2.59 × 10−4Ωcm). Furthermore, the ICO:H film under
thermal-assisted ELI (i.e., low-temperature heating at
100 °C) achieved an ultrahigh μH of 133 cm2/Vs, and
thereby a very low Rs (ρ) of 14.2Ω/□ (2.13 × 10−4Ωcm).
To the best of our knowledge, these successful μH values
are the highest among those reported for TCO/PET
flexible sheets, as summarized in Table 2. This successful
Rs value of 14.2Ω/□ is much lower than that of com-
mercially available 150-nm-thick ITO/PET sheets
(~40Ω/□).
Figure 3b compares the optical transmittance (T) and

reflectance (R) spectra of a nonlaser-irradiated ICO:H
film (hereafter denoted as an a-ICO:H film) and a fully
crystalized ICO:H film with PC= 15,000 shots (here-
after denoted as an ELI-spc-ICO:H film). Additionally,
the T and R spectra of ITO film with the same layer
structure as the ICO:H film are shown. High transpar-
ency was measured across the visible and NIR range for
the ELI-spc-ICO:H/SiO2/PET and then compared with
that for the ITO/SiO2/PET. The average T (Tav) in the λ
range from 400 to 2100 nm for the ELI-spc-ICO:H/
SiO2/PET was 83.7%, whereas that for the ITO/SiO2/
PET was 74.3%. This higher Tav was mainly caused by

Fig. 2 Texture evolution of ICO:H films under ELI. a Plan-view SIM images of ICO:H films with various laser pulse counts (PCs). EBSD analysis data:
b IPF maps along the normal direction of ICO:H films with PC= 2500, 5000, 10,000, and 15,000 shots; c Number of grains as a function of grain size
(diameter); d Total number of grains; and e Total area of grains as a function of PC. f PFs of the 111 reflections.
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the fact that the ICO:H film had a higher NIR trans-
parency compared to that of the ITO film. This
increased Tav in the NIR wavelength region was due to a
lower R caused by the suitably low N of the ELI-spc-
ICO:H film compared to that of ITO film16,17. For the
ELI-spc-ICO:H film, the Tav in the absorption edge
region slightly increased compared with that for the a-
ICO:H and ITO films. This slight increase in Tav was
due to the expansion of the optical bandgap. The dif-
ference in the positions of the absorption edges can also
be attributed to the difference in N, namely, the blue-
shift due to the Burstein–Moss effect47. However, this is
contrary to the Burstein–Moss shift for the ELI-spc-

ICO:H film because the ITO film had the highest N and
should therefore have the largest optical bandgap. A
possible explanation for this is that the as-deposited
ICO:H and ITO films were amorphous. Due to the
disorder in the amorphous phase, optical transitions
that usually do not occur due to both the top of the
valence band and bottom of the conduction band being
in parity with cubic bixbyite In2O3 structure could
occur and thus lead to an optical bandgap similar to the
fundamental gap48–51. Confirmation of such reduced
disorder can be obtained by determining the electronic
structure of the films by photoelectron spectroscopy
(PES) measurements (discussed next).

Fig. 3 Electrical and optical performance of ICO:H films. a ELI pulse count (PC) effect on the carrier concentration (N) and Hall mobility (μH) of
ICO:H films. b Optical transmittance (T) and reflectance (R) spectra of the a-ICO:H film (nonlaser-irradiated) and fully crystalized ELI-spc-ICO:H film
(PC= 15,000 shots).

Table 1 Electrical performance of ICO:H films.

Pulse count (PC)

[shots]

Assisted

temperature

Sheet resistance (Rs)

[Ω/□]

Electrical resistivity

(ρ) [Ωcm]

Carrier concentration (N)

[cm−3]

Hall mobility (μH)

[cm2/Vs]

0 (non-irradiated) Unheated 35.4 5.31 × 10−4 2.72 × 1020 43.3

2500 42.9 6.44 × 10−4 2.12 × 1020 45.6

5000 41.0 6.15 × 10−4 2.04 × 1020 49.6

10,000 23.2 3.49 × 10−4 2.03 × 1020 88.2

12,500 19.0 2.84 × 10−4 1.99 × 1020 110

15,000 Unheated 17.5 2.63 × 10−4 1.91 × 1020 124

100 °C 14.5 2.18 × 10−4 2.16 × 1020 133

30,000 Unheated 17.2 2.59 × 10−4 1.92 × 1020 126

100 °C 14.2 2.13 × 10−4 2.20 × 1020 133

Sheet resistance (Rs), electrical resistivity (ρ), carrier concentration (N), and Hall mobility (μH) of our ICO:H films on PET sheet.
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Electronic structure
The electronic states of the a-ICO:H and ELI-spc-

ICO:H films were investigated by using bulk-sensitive
PES, i.e., hard-X-ray photoelectron spectroscopy
(HAXPES) measurements. Figure 4a shows the valence
band (VB) spectra of these films. The spectral intensity is
normalized to each respective value at a binding energy of
6 eV. Note that the tail state at the valence band max-
imum (VBM) and the sharpness of the 9-eV peak in the
VB spectra were affected by ELI. The VBM of the ELI-spc-
ICO:H films was 2.88 eV (determined by linear extra-
polation), and that of the a-ICO:H films was 2.66 eV.

These features might be due to the laser irradiation-
induced52 enhancement in the crystallization of the films.
Based on these results, we conclude that the increased T
in the absorption edge by ELI (Fig. 3b) was driven by an
increase in symmetry of the bixbyite structure due to the
enhanced crystallization.
A weak peak near the Fermi energy (EF of 0 eV in Fig.

4a) was also affected by ELI. The intensity of this effect
was enhanced for the a-ICO:H films with a high N of
2.72 × 1020 cm−3 compared with the ELI-spc-ICO:H films
with a low N of 1.91 × 1020 cm−3. This peak is associated
with occupied conduction-band states, and the intensity

Table 2 Survey of characteristics of In2O3 based TCO on PET sheet.

Dopant Deposition

technique (1)

Deposition (Annealing)

temperature

Electrical resistivity

(ρ) [Ωcm]

Carrier concentration

(N) [cm−3]

Hall mobility

(μH) [cm
2/Vs]

Ref.

Ce RPD Unheated (ELI) 2.59 × 10−4 1.92 × 1020 126 This work

Unheated (ELI+ 100 °C) 2.13 × 10−4 2.20 × 1020 133 This work

W RPD Unheated 3.714 × 10−4 2.72 × 1020 61.7 57

DC-MS Unheated 4.41 × 10−4 7.44 × 1020 19.05 58

DC-MS Unheated (2) 4.46 × 10−4 8.79 × 1020 16.01 58

Sn DC-MS Unheated 6.0 × 10−4 3.9 × 1020 26.7 Commercially

Available

RPD Unheated 1.58 × 10−4 1.193 × 1021 61.7 59

DC-MS (3) Unheated 4.6 × 10−4 7.5 × 1020 18.1 60

DC-MS (4) 150 °C 5.4 × 10−4 5.4 × 1020 21.4 61

DC-MS (4) Unheated (5) 4.4 × 10−4 3.3 × 1020 43.5 61

Si DC-MS Unheated 1.588 × 10−3 4.413 × 1020 8.92 62

IZO DC-MS (4) 150 °C 3.3 × 10−4 4.0 × 1020 47.1 61

non-doped PLD Unheated 4.1 × 10−4 2.8 × 1020 47 63

(1) Reactive plasma deposition (RPD), direct current magnetron sputtering (DC-MS), and pulse laser deposition (PLD), (2) Ar ion beam treated PET, (3) Thermionic
emission (TE) enhanced DC-MS, (4) Reactive DC-MS, (5) Radio frequency (RF) bias to PET.

Fig. 4 Electronic structure of ICO:H films. a Valence band (VB) and b Ce 3d core spectra of the a-ICO:H film (nonlaser-irradiated) and fully
crystalized ELI-spc-ICO:H film (PC= 15,000 shots).
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of this peak depends on the N of the film53,54. The phe-
nomenon of N reduction upon crystallization of the a-
ICO:H film was observed not only in laser crystallization
but also in conventional heat-treatment crystal-
lization23,25. For the IO:H films, Koida et al. explained that
this phenomenon is due to the doubly charged donors
(oxygen vacancies; VO

••) being exchanged by singly
charged donors (interstitial H (Hi

•) and/or to H being
substituted for O (HO

•)) during the crystallization process
that results in an approximately twofold reduction of N23.
However, in the ICO:H films, possible carrier generation
from Ce atoms must also be considered. Ce ions are well
known to take on several electropositive charged states,
such as Ce2+, Ce3+, and Ce4+, in compounds. Note that in
the +4 oxidation state (Ce4+ ion), Ce can act as an In-
substituted (In3+) dopant as a singly charged donor
(CeIn

•). However, in the +3 oxidation state (Ce3+ ion), Ce
can act as a neutral defect. Figure 4b shows the Ce 3d core
spectra of the a-ICO:H and ELI-spc-ICO:H films. The Ce
3d spectra were fitted by 10 Voigt components after
subtracting the background. All 10 features were observed
in both films, indicating a mixture of the two oxidation
states (+3 and +4). The observed peaks are attributed to
Ce3+ and Ce4+. These series of peaks are labeled “u” and
“v”, which are due to 3d3/2 and 3d5/2 spin–orbit states,
respectively55. The four peaks labeled v0, v′, u0, and u′
(gray-shaded areas) are characteristic peaks of Ce3+,
whereas the peaks labeled v, v″, v″′, u, u″, and u″′ (yellow-
shaded areas) are characteristic peaks of Ce4+55. The ratio
of the area intensities of the features attributed to Ce3+

(gray) and Ce4+ (yellow) was 27:73 for the ELI-spc-ICO:H
films and 74:26 for the a-ICO:H films. This inversion ratio
reveals that Ce4+ was formed preferentially after ELI
application; thus, Ce atoms might be involved in the
carrier generation in the polycrystalline phase rather than
in the amorphous phase. However, the value of N raises
doubt about the contribution of carriers from Ce donors.
Further research that involves studying the effects of the
precursor formation conditions, such as the H2O pressure
and O2 gas flow rates, on the properties of ELI-spc-ICO:H
films will provide further elucidation.

Conclusion
In summary, we systematically investigated the effect of

the PC of the ELI technique on the solid-phase crystal-
lization (spc) of a 150-nm-thick ICO:H film on a flexible
PET sheet. With increasing PC, the film showed a large
increase in μΗ from 42 to 126 cm2/Vs with a large decrease
in ρ (Rs) from 5.31 × 10−4 to 2.59 × 10−4Ωcm (35.4 to
17.2Ω/□). This change in μΗ was strongly correlated with
the volume fractions of the amorphous and crystalline
phases in the films. In the early stages of laser irradiation
(PC < 2500 shots), crystallite nuclei were created by a rapid
rise in the temperature. With increasing PC, these

crystallites grew in addition to the nucleation of new crys-
tallites. Grain growth by coalescence then progressed until
the entire film was completely crystallized. At
PC > 15,000 shots, the film was completely crystallized and
consisted of slightly (111) oriented grains that had a max-
imum size of 2.4 μm. We also found that heat-assisted ELI
was more effective for enhancing μΗ, and successfully
obtained an ultrahigh μH of 133 cm2/Vs compared with that
of reported flexible TCO films and a low ρ (Rs) of
2.13 × 10−4Ωcm (14.2 Ω/□) with exceptionally low
absorptance in the near-UV-to-NIR part of the spectrum.
This successful Rs value is much lower than that of com-
mercially available 150-nm-thick ITO/PET sheets (Rs of
40 Ω/□). This study provides an exciting method for
addressing the major challenge faced by existing flexible ITO
films and replacing traditional ITO films, thus facilitating
high-performance flexible optoelectronic devices.

Methods
Film deposition and crystallization
Reactive plasma deposition (RPD; Sumitomo Heavy

Industries) without intentional heating was used to
deposit 150-nm-thick a-ICO:H films onto 188-μm-
thick PET sheets that had a 150-nm-thick a-SiO2

coating. Here, the critical role of the a-SiO2 layer was to
adjust the thermal expansion between the ICO:H layer
and the PET sheet and thus suppress the formation of
cracks on the ICO:H films during laser irradiation56.
We used ceramic tablets (Sumitomo Metal Mining)
with In2O3 with a CeO2 content of 2 wt.%. The
deposition gases were Ar, O2, and H2O at a total
pressure of 0.4 Pa. The flow ratio of O2 to Ar was fixed
at 31%, whereas the pressure of H2O was ~1 × 10-4 Pa
before deposition25. After deposition, the a-ICO:H
films were irradiated with PCs of 2500, 5000, 10,000,
12,500, 15,000, and 30,000 shots by a KrF excimer laser
(COMPex, Coherent Inc.) in an air atmosphere at room
temperature or at 100 °C controlled by a hot plate. The
two irradiation parameters, namely, the energy density
and the frequency of the laser, were set at 40 mJ/cm2

and 50 Hz, respectively52.

Characterization
The microscopic morphology of the ICO:H film sam-

ples was evaluated using SIM (Hitachi FB-2100), and the
crystallographic texture was characterized based on EBSD
(JEOL JSM-7100F with EDAX Velocity Super). The N, μH,
and ρ were determined by Hall effect measurements
(Toyo Corporation, Resi Test 8300) at room temperature
using the van der Pauw method. The optical properties
were measured using a spectrophotometer (Hitachi, U-
4000). The optical transmittance (T) and reflectance (R)
spectra of the films in the wavelength range of
250–2500 nm were obtained using a spectrophotometer
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with an incident angle of 12°. The electronic states were
estimated by using synchrotron HAXPES at beamline
BL46XU at SPring-8 (photon energy, hν= 7.939 keV).
The Ce charge state was determined using a laboratory
HAXPES system, which consisted of monochromatized
Cr Kα (hν= 5.4 keV). The EF of the sample referred to
that of the gold plate on the sample holder.
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