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ABSTRACT: A solution-processed boron-doped peroxo-
zirconium oxide (ZrO,:B) thin film has been found to have
multifunctional characteristics, providing both hydrophobic
surface modification and a chemical glue layer. Specifically, a
ZrO,:B thin film deposited on a hydrophobic layer becomes
superhydrophilic following ultraviolet—ozone (UVO) treat-
ment, whereas the same treatment has no effect on the
hydrophobicity of the hydrophobic layer alone. Investigation
of the ZrO,:B/hydrophobic interface layer using angle-
resolved X-ray photoelectron spectroscopy (AR XPS)
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confirmed it to be chemically bonded like glue. Using the multifunctional nature of the ZrO,:B thin film, flexible amorphous
indium oxide (In,O;) thin-film transistors (TFTs) were subsequently fabricated on a polyimide substrate along with a ZrO,:B/
poly-4-vinylphenol (PVP) dielectric. An aqueous In,O; solution was successfully coated onto the ZrO,:B/PVP dielectric, and the
surface and chemical properties of the PVP and ZrO,:B thin films were analyzed by contact angle measurement, atomic force
microscopy (AFM), Fourier transform infrared (FT-IR) spectroscopy, and X-ray photoelectron spectroscopy (XPS). The
surface-engineered PVP dielectric was found to have a lower leakage current density (Jie) of 4.38 X 107® A/cm® at 1 MV/cm,
with no breakdown behavior observed up to a bending radius of S mm. In contrast, the electrical characteristics of the flexible
amorphous In,O; TFT such as on/off current ratio (I,,/.s) and electron mobility remained similar up to 10 mm of bending
without degradation, with the device being nonactivated at a bending radius of 5 mm. These results suggest that ZrO,:B thin
films could be used for low-temperature, solution-processed surface-modified flexible devices.

KEYWORDS: bifunctional inorganic/organic interfacial glue, flexible electronics, solution processing, thin-film transistor,
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1. INTRODUCTION

Solution-processed metal-oxide thin-film transistors (TFTs)
have been intensively researched, because of their simple
processing, low cost, and large area uniformity. Channel layers
of indium gallium zinc oxide (IGZO),' indium zinc oxide
(1ZO),? zinc tin oxide (ZTO),’ and zinc oxide (ZnO)* have all
been obtained by solution processing, along with dielectric
layers of zirconium oxide (Zr0,),>® hafnium oxide (HfO,),’
and aluminum oxide (Al,O;).® The deposition of metal oxide
thin films on flexible substrates such as polyimide (PI),
polyethylene terephthalate (PET), and polyethylene sulfonate
(PES) requires annealing temperatures lower than 200 °C;
however, an annealing temperature above 350 °C is typically
needed to create a metal-oxide thin film, because of the high
pyrolysis temperature of organic compounds, as well as the high
activation energy of the dehydroxylation reaction.” Because
such temperatures are incompatible with the use of a polymer
substrate, many researchers have focused their efforts on
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reducing the annealing temperature of channel and dielectric
layers to <200 °C by means of the chemical combustion of a
fuel and oxidizer,'® in situ hydrolysis through water vapor
treatment,'" high-density deep ultraviolet (DUV) irradiation,"”
high-pressure annealin§ under an O, atmosphere,"® doping
with suitable dopants,” or the use of an aqueous precursor
solution.” However, most of these have only described the
electrical properties of metal-oxide TFTs on a vacuum-
deposited dielectric layer.

To achieve solution-processed metal-oxide TFTs, both the
channel and dielectric layers should be deposited through a
solution process. Moreover, a polymer is more desirable for the
dielectric layer than an inorganic material, as far as flexibility is
concerned, as the van der Waals bonding of polymers results in
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a low Young’s modulus. In contrast, the high Young’s modulus
created by the strong covalent or ionic bonds of a metal oxide
thin film can easily cause it to crack under even a small applied
strain. Moon et al. successfully fabricated a ZnO TFT on a PES
substrate using an organic—inorganic hybrid dielectric, resulting
in an electron mobility of 0.033 cm?/(V s)."* Similarly, Yang et
al. reported a ZnO TFT on a polyarylate substrate with a
poly(2-hydroxyethyl methacrylate) dielectric, which produced
an electron mobility of 1.1 cm?*/(V s) and an on/off current
ratio (I, o) Of 10%."> However, both examples were of
polycrystalline ZnO TFTs on a plastic substrate, with the
electrical properties measured under flat conditions.'®'®~"?

In order to achieve flexible TFT's on a polymer substrate and
evaluate their bending properties, we adopted a polymer
dielectric and an inorganic thin film that served as an interface-
engineered layer between the polymer dielectric and the
channel layer. As most organic thin films have a naturally
hydrophobic surface that makes it difficult to deposit an
aqueous precursor solution, an interface-engineered layer with a
hydrophilic surface is needed to allow spin-coating of the
channel layer from an aqueous precursor solution. The
requirements of this inorganic thin-film interface-engineered
layer were a high degree of smoothness, a high oxidation state
with a low concentration of hydroxyl groups, and a hydrophilic
surface. The smooth surface ensures reduced electron scattering
at the channel/dielectric interface,”® whereas the high oxidation
state leads to a reduction in electron trap sites,”' because of the
fact that hydroxyl groups created by imperfect dehydroxylation
are typically quite prominent electron trap sites. In the case of
SiO,, this electron trapping mechanism is believed to involve
the following reactions:

=S$i—0—Si = +H,0 < 2SiOH

=Si—OH + H,0 « SiO” + H,0"
_ _ _ 1
=Si-0 + H,0" + e~ < SiO” + H,0 + EH2

Note that hydroxyl groups encountering H,O molecules
produce a negative charge, along with protons that capture
electrons and release hydrogen gas. The high acidity of the
hydroxyl groups accelerates the forward reaction, which, in
turn, leads to electron trapping; thus, a metal oxide thin film
containing a high ratio of M—O bonds with a low number of
hydroxyl groups can reduce the number of electron trap sites.””

Several groups have previously described inorganic/organic
bilayer or hybrid gate dielectrics for flexible oxide TFTs. For
instance, Yoon et al. created a Li-ZnO TFT with YO,/
polyimide gate dielectric at 300 °C on a glass substrate,>* while
Yoo et al. achieved a ZnO TFT on an alumina/polyimide gate
dielectric at 230 °C that had a mobility of 0.11 cm?/(V s).**
Son et al. reported vacuum-deposited IZO TFT on a solution-
processed ZrO, doped PVP-co-PMMA dielectric at 250 °C.**
However, although these studies succeeded in producing metal
oxide TFTs with inorganic/organic bilayer or hybrid gate
dielectrics, they relied on using rigid substrates. Furthermore, to
date, there has been only very few studies on the bending
characteristics of flexible TFTs.**’

We have previously fabricated an organic TFT with a poly(4-
vinylphenol) (PVP)/yttrium oxide (YO,) dielectric,”® in which
the PVP thin film was used to change the YO, thin-film surface
from hydrophilic to hydrophobic, because its surface hydroxyl
groups result in an inferior channel/dielectric interface and
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poor crystalline growth of the pentacene channel. More
recently, we developed a boron-doped peroxo-zirconium
oxide (ZrO,:B) dielectric at 200 °C that consisted of a dense
film with a very smooth surface,” which was found to have a
refractive index of 1.8, a leakage current density (Jiq) of 2.2 X
107% A/cm? at 1 MV/cm, and a breakdown voltage of 3.94
MV/cm. These characteristics were attributed to the presence
of peroxo groups, the boron dopant, and the low dehydrox-
ylation temperature of boron hydroxide.

In this study, we explore the possibility of using a ZrO,:B
thin film as an inorganic glue and surface modifier for a variety
of hydrophobic layers such as cross-linked poly-4-vinylphenol
(PVP), polystyrene (PS), poly(methyl methacrylate) (PMMA),
polyimide (PI), and hexamethyldisiloxane (HMDS). Angle-
resolved X-ray photoelectron spectroscopy (AR-XPS) con-
firmed that the ZrO,:B thin film chemically bonds with the
hydrophobic thin film as an inorganic glue, while ultraviolet—
ozone (UVO) treatment was used to make the ZrO,:B-coated
hydrophobic thin film superhydrophilic. Finally, a PVP layer
was combined with the ZrO,:B thin film to produce a flexible
amorphous indium oxide (In,O;) TFT. This In,O; TFT was
successfully operated on heavily boron-doped silicon (p** Si)
and PI substrates at 200 °C, and its surface characteristics were
analyzed by contact angle measurement, FT-IR, XPS, and AFM.
The ZrO,:B thin film exhibited a J,.,;. value of 4.38 X 107% A/
cm? at 1 MV/cm, and did not show any evidence breakdown
behavior up to 100 V under convex and concave bending
conditions of 5 mm. In fact, the electrical properties of the
flexible TFT remained uniform up to a 10 mm convex and
concave bending condition, becoming inactive at the 5-mm
bending condition. This reveals that ZrO,:B is suitable for use
as a PVP surface engineering layer. In addition, an amorphous
In,O; channel layer leads to very uniform electrical character-
istics up to a 10-mm bending condition.

2. EXPERIMENTAL SECTION

2.1. Solution Preparation. The In,Oj; solution used was made by
adding 0.1 M of indium nitrate hydrate to deionized water. For the
ZrO,:B solution, zirconium oxychloride octahydrate with 9 mol %
boric acid and 6.67 M of hydrogen peroxide was mixed with 2-
methoxyethanol. The PVP precursor solution was prepared by mixing
poly(4-vinylphenol), poly(melamine-co-formaldehyde) methylated as a
cross-linker, and propylene glycol monomethyl ether acetate
(PGMEA) at a ratio of 10:1:1 by weight. Details of this experimental
method have been described previously.**® For the PS and PMMA
solutions, 20 wt% of PS and PMMA were dissolved separately in
chlorobenzene. The PI solution was provided by LG Display, and the
HMDS solution was purchased from Sigma—Aldrich. Prior to spin
coating, all solutions were stirred for 24 h, and then filtered through
0.2 pum polytetrafluoroethylene (PTFE) syringe filters.

2.2. Film Characterization. Contact angles were measured using
a contact angle analyzer (Model Phoenix200, SEO) with deionized
(DI) water, and the surface roughness was examined by atomic force
microscopy (AFM) (Model XE100, psia). The molecular vibration of
the as-deposited and cross-linked PVP was investigated by attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FT IR)
(Model Vertex 70, Bruker) in the range of 500—4000 cm™'. The
chemical state of the ZrO,:B film was measured by X-ray
photoelectron spectroscopy (XPS) (K-alpha, Thermo UK) using Al
Ka radiation (1486.6 €V), with a C 1s peak at 284.8 eV used for
calibration. The film thickness was measured by field-emission
scanning electron microscopy (FE-SEM) (Model JSM-7001F, JEOL)
and spectroscopic ellipsometry (Model SE MG-Vis 1000, Nano View).
TEM image of In,0;/ZrO,:B interface was obtained with the high-
resolution transmission electron microscopy (HRTEM) (Model JEM
ARM 200F, JEOL).
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Figure 1. (a) WCA of various hydrophobic thin films before and after UVO treatment; a summary of these values is shown in panel (b). (c) WCA of
various hydrophobic layers that were surface-modified by a ZrO,:B thin film, before and after UVO treatment; a summary of these values is shown in

panel (d).

2.3. Metal/Insulator/Metal Device Fabrication. The dielectric
properties were evaluated using metal/insulator/metal (MIM)
structures with a 0.17 mm? circular Al electrode. For this, the p™ Si
substrate was first cleaned by piranha solution (H,SO,:H,0, = 3:1)
for 15 min, then washed twice in DI water for 10 min each time. The
PI substrate was cleaned by acetone, isopropyl alcohol, and DI water
for 10 min in each solution, and then preheated at 200 °C for 1 h. The
PVP thin films were applied to each substrate by spin-coating at 3000
rpm for 50 s, following which they were annealed at 200 °C for 1 h.
Next, ZrO,:B thin films were applied by spin-coating at 3000 rpm for
20 s, which were then annealed at 200 °C for 1 h. Finally, an Al
electrode was deposited by thermal evaporation with a shadow metal
mask.

2.4. Thin-Film Transistor Device Fabrication. Interface-
engineered In,O; TFTs were fabricated on heavily boron-doped
silicon (Si**) and PI substrates, with both TFTs having a bottom-gate
top-contact structure. In the case of an In,0; TFT on a Si** substrate,
the PVP layer was spin-coated at 3000 rpm for 50 s, then annealed at
200 °C for 1 h. Next, a ZrO,:B interface-engineered layer was
deposited at 3000 rpm for 20 s and annealed at 200 °C for 1 h. To
render the ZrO,:B film superhydrophilic, UVO treatment was
conducted for 10 min. The UVO treatment did not change structural
and chemical state of ZrO,:B thin film (see Figure SI in the
Supporting Information). Finally, an In,0; film was spin-coated at
3000 rpm for 20 s and then annealed at 200 °C for 2 h to provide a
channel layer. In the case of an In,O; TFT on a PI substrate, PVP was
deposited at 3000 rpm for 50 s and then annealed at 200 °C for 1 h to
provide a planarization layer. An aluminum gate electrode with a
thickness of 30 nm was then deposited by means of a thermal
evaporator through a shadow metal mask. Following this, an In,0;/
ZrO,:B/PVP layer was deposited in the same manner as the p** Si
substrate. An Al source/drain electrode SO nm in thickness was also
deposited by a thermal evaporator through a shadow metal mask. The
resulting channel length and width were 150 and 1500 um,
respectively.

2.5. Electrical Measurements. The capacitance of the PVP and
ZrO,:B/PVP films was measured by a Model HP 4284A LCR meter
(Agilent) in a frequency range from 20 Hz to 1 MHz for both p** Si
and PI substrates. The leakage current characteristics of PVP and
ZrO,:B/PVP films on PI substrates were measured by a semi-
conductor parameter analyzer (Agilent, Model ES270) with a 50-nm-
thick circular Al electrode. This same device was used to measure the
electrical properties (in darkness) of In,0; TFTs on PVP/Si*,

4496

ZrO,:B/PVP/Si**, and ZrO,:B/PVP/Al/PVP/PI substrates at room
temperature. The bending properties were investigated using a
custom-built bending tester, with a bending radius varying from a
flat state to a deviation of S mm.

3. RESULTS AND DISCUSSION

3.1. Bifunctional Inorganic/Organic Interfacial Glue
Layer. Unlike vacuum deposition, solution processing is very
sensitive to the surface properties of the material being coated.
In particular, a hydrophobic surface can result in the aqueous
solution being readily dewetted, because of its high surface
tension, thus making it necessary to alter the surface to one that
is more hydrophilic. Having recently identified that a ZrO,:B
thin film can provide the necessary surface modification layer,
we investigated the water contact angle (WCA) created when it
is applied to commonly used hydrophobic materials such as
PVP, PS, PMMA, PI, and HMDS. All these hydrophobic
materials were spin-coated at 3000 rpm for 50 s onto silicon
substrates and then annealed at 200 °C for 1 h; their surface
characteristics are modified through UVO treatment for 40
min.

Figure 1 shows the WCA of the hydrophobic materials
before and after UVO treatment, in which we see that the PVP,
PS, and HMDS thin films all had a high WCA of >90°, whereas
the PMMA and PI thin films were both ~60°. However, with
the exception of the PI thin film, there was no notable change
in the WCA with UVO treatment that would allow an aqueous
solution to be deposited without a surface modification layer.
On the other hand, when a ZrO,:B hydrophobic layer was
applied, a relatively low WCA of <50° (Figure 1c) was observed
with all but the PS thin film; the high WCA of the ZrO,:B
coated PS most likely being caused by a rough surface
morphology (see Figure S2 in the Supporting Information).
More importantly, after UVO treatment, all of the ZrO,:B
coated hydrophobic layers became superhydrophilic, with a
WCA of 1° .The WCA values are summarized in Figure 1d,
which clearly shows the importance of the ZrO,:B thin film to
achieving a superhydrophilic surface.
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Figure 2. (a) Schematic illustration of AR-XPS measurement at a take-off angle of 60° to determine the surface state of ZrO,:B. (b—e) The O 1s
(panel (b)), Zr 3d (panel (c)), C 1s (panel (d)), and N 1s (panel (e)) spectra obtained at 60°. (f) Schematic illustration of AR-XPS measurement at
a takeoff angle of 0° to determine the ZrO,:B/PVP interface state. (g—j) The O 1s (panel (g)), Zr 3d (panel (h)), C 1s (panel (i)), and N 1s (panel

(j)) spectra obtained at a take-off angle of 0°.

In addition to changing the surface properties, it is also
important that the surface modification layer form a strong
chemical bond with the hydrophobic film. To identify the
nature of the bond at the ZrO,:B/hydrophobic layer interface,
we used a conventional PVP layer as the hydrophobic gate
insulator and created a thin ZrO,:B film by diluting the ZrO,:B
solution four times and coating at 6000 rpm for 20 s. Through
spectroscopic ellipsometry, the thickness of this film was
measured as 2 nm, and the results of its subsequent analysis by
AR XPS at a take-off angle of 60° are shown in Figure 2. The
binding energy and corresponding phases are summarized in
Table S1 in the Supporting Information. These data reveal that
the ZrO,:B was well-formed, with a high ratio of Zr—O to Zr—
OH. Water and CO, adsorption are evidenced by the O 1s
peak (533 eV) and the C 1s peak (288.5 eV), respectively, but
only very small Zr—C and C—C peaks are observed due to the
thinness of the ZrO,:B film. Furthermore, no N 1s peaks
associated with the PVP cross-linker can be observed. In order
to identify the bonding type present in the ZrO,:B/PVP
interface, XPS data were also acquired at a take-off angle of 0°
(Figure 2d). This analysis found well-defined peaks for Zr—O—
C, Zr—C, and Zr—N that all directly indicate a chemical bond
between ZrO,:B and PVP at the interface. Therefore, it is
concluded that the ZrO,:B thin film has bifunctional properties,
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providing both an inorganic hydrophobic surface modification
layer and a gluelike chemical bonding layer.

3.2. Characterization of ZrO,:B/PVP Thin Film. For the
purposes of this study, a PVP layer was chosen as the flexible
gate dielectric on the basis that this material is already
commonly used in organic TFTs; however, the hydrophobic
surface created by its vinyl functional group requires that a
hydrophilic surface be applied prior to depositing aqueous
In,0; solutions for the channel layer. Typically, UVO
treatment has been used to form hydroxyl groups on the film
surface and render it hydrophilic, but this can damage the
surface and change the polymer structure. Therefore, we used
optical microscopy (OM) and SEM images of the PVP layer
before and after UVO treatment (Figure S3 in the Supporting
Information) to determine the extent of any damage caused. A
comparison between the contact angle of PVP and a UVO-
treated PVP thin film is shown in Figures 1la and 1c, with the
fact that both films have almost the same contact angle of 96°
confirming that UVO treatment does not, in fact, produce
hydroxyl groups on the PVP thin film surface. In the case of a
ZrO,:B/PVP thin film, on the other hand, the contact angle
changes from 45° to 1° after UVO treatment (Figure 1c). This
indicates that (i) the ZrO,:B thin film was well-deposited on
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Figure 3. (a) Capacitance and dissipation factors of PVP and ZrO,:B/PVP dielectrics on a p™* Si substrate across the entire frequency range. (b)
Transfer curves of an In,O; TFT on a p** Si substrate with a PVP dielectric. (c) Transfer curve, (d) output curve, and (e) 10 consecutive sweep
operations for a In,O; TFT on a p** Si substrate with a ZrO,:B/PVP dielectric.
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(e) Bending cycle test of ZrO,:B/PVP thin film under 10 mm and S mm convex bending radius up to 10 000 times.

the PVP layer (see Figure S1 in the Supporting Information),
and (ii) sufficient hydroxyl groups were generated.
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The chemical state of the PVP thin film was investigated by
FT-IR, with Figure S4a in the Supporting Information showing

DOI: 10.1021/acsami.5b00036
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the FT-IR spectra of as-deposited and cross-linked PVP thin
films. It is apparent from this that the as-deposited PVP film
contains a large amount of unreacted hydroxyl groups, as
evidenced by the 3000—3500 cm™ vibration;**  whereas,
because of a cross-linking reaction, the 200 °C annealed PVP
thin film had very few hydroxyl groups. This confirms that an
annealing temperature of 200 °C is sufficient to form a PVP
thin film without any significant degradation.

The chemical state of the ZrO,:B thin film was analyzed by
XPS, and its individual peaks are shown in Figure S4b in the
Supporting Information. The Zr 3d signal was divided into two
peaks, centered at 182.4 and 184.8 eV, which correspond to the
Zr 3ds,, and Zr 3d,,, states, respectively.”® The Zr 3d;), state
indicates complete oxidation of Zr*', while Zr 3d,,, represents
spin—orbit splitting. Meanwhile, the O 1s can be deconvoluted
into two peaks centered at 530.28 and 531.8 eV, which are
equivalent to the fully oxidized state of Zr—O and the
chemisorbed hydroxyl groups of Zr—OH, respectively.’' The
ratios of Zr—O and Zr—OH in the O 1s peaks were 0.852 and
0.148, respectively, which means that the ZrO,:B thin film
consisted mostly of Zr—O, with only a small amount of
hydroxyl groups. The high ratio of Zr—O in the ZrO,:B thin
film originated from peroxo-groups and the low dehydrox-
ylation temperature of the boron dopant.’ In addition, the
presence of both the boron dopant (centered at 192.2 eV) and
residual chlorine (centered at 197.8 eV) were also con-
firmed.***> No carbon peak was detected, however, indicating
that the solvent was completely pyrolyzed at 200 °C. On the
basis of these results, it can be concluded that the ZrO,:B thin
film forms Zr—O bonds at 200 °C, and that this is a sufficient
temperature to ensure that the interface-engineered layer and
PVP thin film are sufficiently cross-linked without degradation.

3.3. In,0; TFT with ZrO,:B/PVP Dielectric on a Si
Substrate. By using ZrO,:B as a surface modifying inorganic
glue layer, a In,O; TFT was fabricated on a Si substrate; the
dielectric characteristics of the ZrO,:B/PVP thin film having
first been measured on a p** Si substrate. Figure 3a shows the
capacitance—frequency curves of the PVP and ZrO,:B/PVP
dielectric in the 20—1 MHz range, in which all capacitance
values were measured at zero bias across the entire frequency
range. The capacitance values of the PVP and ZrO,:B/PVP at
20 Hz were 16.03 + 0.78 and 15.36 + 0.12, respectively, with
both films exhibiting a low dissipation factor of <0.1 across all
frequencies. The dielectric constants of the PVP and the
ZrO,:B/PVP films were 4.6 and 8.5, respectively.

Figure 3b shows a transfer curve for an In,O; TFT on a p**
Si substrate with a PVP dielectric at a drain voltage (V) of 40
V. Note that this does not show semiconductor characteristics,
because the In,O; thin film was derived from an aqueous In,0,
solution that could not be formed on a hydrophobic PVP thin
film. Thus, in order to obtain an In,O; TFT on a PVP
dielectric, the surface of the PVP thin film must be changed
from hydrophobic to hydrophilic. Figure 3c shows the transfer
curve of an In,O; TFT on a p** Si substrate with a surface-
modified PVP dielectric, which was formed by inserting a
ZrO,:B thin film. This TFT has an electron mobility (p,) of
0.44 cm®/(V s), a threshold voltage (V) of 1.7 V, an on/off
current ratio (I, o) of 5.07 X 10° and a hysteresis of 0.61 V.
The output curve for this TFT is shown in Figure 3d, revealing
a maximum saturation current of 32.8 yA. Figure 3e shows the
transfer curves obtained from 10 consecutive sweeps, which
demonstrates that this In,O; TFT also has good operating
stability.
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3.4. Dielectric Characteristics of ZrO,/PVP on a PI
Substrate. To evaluate the flexible PVP and ZrO,:B/PVP
dielectrics, we fabricated a MIM structure on a PI substrate.
The capacitance—frequency data in Figure 4a shows that the
capacitance of the PVP and ZrO,:B/PVP dielectrics at 20 Hz
were 152 + 0.18 and 14.8 + 0.12 nF/cm? respectively.
Furthermore, both thin films have a low dissipation factor of
<0.2 across the entire frequency range tested (20 Hz to 1
MHz). The bending properties of the ZrO,:B/PVP dielectric
were subsequently measured under convex and concave
conditions, with a bending radius of 5 mm (Figure 4b). In
the case of convex bending, the capacitance was slightly
increased from 14.8 nF/cm” to 15.8 nF/cm? whereas under
concave bending, the capacitance decreased slightly from 14.8
nF/cm? to 13.8 nF/cm?. This tendency can be explained by the
change in film thickness that is created by the Poisson effect;
i.e, since the permittivity is only negligibly changed up until a
strain of 2%, the deformation factor of the device is determined
solely by its thickness. The variation in film thickness with
bending can be determined from the capacitance (C), which is
defined by the equation

€A
d

where ¢ is the permittivity, A the area, and d the film thickness.
In the case of convex bending, the film thickness decreases from
285 nm to 268 nm, whereas concave bending experiences an
increase in film thickness from 285 nm to 302 nm.

The most important dielectric factor is the Jj ., value, which
should be lower than 107 A/cm?* at 1 MV/cm if the film is to
be used as a gate dielectric. Figure 4c gives Ji., values for PVP
and ZrO,:B/PVP thin films on a PI substrate, from which it can
be seen that, although conventional PVP films greater than 300
nm in thickness successfully restrict the value of i,y to <107
A/em? at 1 MV/cm, a 260-nm-thick film has a relatively high
Jieare value of 2.4 x 1075 A/cm? at 1 MV/cm. In contrast, a
ZrO,:B/PVP thin film effectively limits ], to a value of 4.2 X
107 A/cm? at 1 MV/cm, with no evidence of breakdown
behavior, even at voltages up to 100 V. This low Ji, value may
result from the high oxidation state and low number of defect
sites within the ZrO,:B thin film. Previous analysis of ZrO,:B
thin films with various tools® has found that its peroxo-groups
produce low defect levels, while a boron dopant helps to form a
dense film. Moreover, residual chlorine in the ZrO,:B thin film
(Figure S4b in the Supporting Information) may reduce defect
sites by reducing charge trapping, decreasing fixed charge, and
passivating oxygen vacancy, which is the main conduction path.
Thus, as the CI ion bonds with uncoordinated Zr ions, the
oxygen vacancy may decrease bring about low J.,, values. We
can therefore conclude that the ZrO,:B thin film plays a dual-
function role in providing both a surface-engineered and Jj,-
enhancing layer.

To evaluate the ZrO,:B/PVP thin film’s potential as a flexible
dielectrig, its ., value was measured under bending conditions
with a radius of 5 mm, the results of which are shown in Figure
4d. This reveals that not only does the ZrO,:B/PVP thin film
fail to exhibit any breakdown phenomenon with a bending
radius of S mm, but it also has a lower Jj,, value than a flat PVP
thin film at 1 MV/cm. The Ji, values of the ZrO,:B/PVP thin
film under S mm convex and concave bending conditions are
3.47 X 1077 and 4.59 X 1077 A/cm” at 1 MV/cm, respectively.
The cyclic bending test was performed up to 10000 times
under 5 and 10 mm concave bending conditions, and the result

C
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Figure S. (a) Schematic illustration of a surface-modified flexible In,O; TFT and its (b) transfer, (c) hysteresis, and (d) output curves. Transfer
curves of a flexible In,O; TFT under (e) convex and (f) concave bending conditions, as a function of the bending radius. Also shown are the (g) on/
off current and (h) electron mobility and threshold voltage under various bending conditions.

is shown in Figure 4e. Ji,; at 1 MV/cm exhibited a value of
<107 A/cm? in all cases. It is therefore clear that a ZrO,:B/
PVP dielectric can be used as a flexible TFT under bending
conditions of up to S mm.

3.5. Flexible In,0; TFT with ZrO,/PVP on the PI
Substrate. Finally, we fabricated a flexible TFT and evaluated
its electrical properties under various bending conditions. A
schematic illustration of the surface-engineered flexible
amorphous In,O; TFT in question is shown in Figure Sa, in
which the thicknesses of the PVP, ZrO,:B, and In,0j; layers are
270, 15, and 10 nm, respectively; while the thicknesses of the Al
gate and source/drain electrodes are 30 and S50 nm,
respectively. Examination of the surface roughness of the
deposited layer by AFM found the cleaned PI substrate to have
a very rough surface, with a root-mean-square (rms) value of
3.560 nm (see Figure SSa in the Supporting Information).
Following spin coating of the PVP thin film, the surface became
much smoother, with an rms surface roughness of 0.293 nm
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(see Figure SSb in the Supporting Information). As the process
progressed, the surface roughness continued to decrease from
0.281 nm to 0.141 nm (see Figures SSc—e in the Supporting
Information). The smooth In,0;/ZrO,:B interface was also
verified by HRTEM (see Figure S6 in the Supporting
Information). This confirms that the PVP thin film can also
provide a planarization layer, and that the ZrO,:B surface-
modification layer was well-formed with a smooth surface.

A flexible In,O; TFT was subsequently fabricated on a PI
substrate with a ZrO,:B/PVP dielectric at 200 °C. The transfer
curves of this flexible TFT at V, = 40 V are shown in Figure Sb,
revealing it to have values of yi., = 0.42 cm*/(V's), Vy, = 8.07 V,
and I, /o = 3.69 X 10°, which are all indicative of a reasonable
electron mobility and switching ability. Figure Sc shows the
hysteresis of the flexible TFT, with a value of 1.02 V obtained
with a clockwise hysteresis direction. This indicates that the
ZrO,:B/PVP layer did not contain mobile ions, which cause a
counterclockwise direction,®>**% which can be attributed to the
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fact that the ZrO,:B has a high oxidation state and the PVP
layer is well cross-linked. The output curves shown in Figure 5d
also indicate a hard saturation current, which reaches a
maximum of 29.6 uA. The bending properties were investigated
using a custom-built tester with various radii of curvature from
20 mm to 5 mm; Figures 5d and Se show the transfer curves of
a flexible TFT, as a function of convex bending radius, while
Figure Sf shows the transfer curves with various concave
bending radii. The electrical parameters are summarized in
Table 1 and show little change up to a bending radius of 10

Table 1. Electrical Properties of a Flexible In,0; TFT under
Various Bending Conditions

bending strain mobility

type radius (mm) (%) (em?/(V's))  Vy (V) Ton/off

convex S +1 inactive inactive inactive
10 +0.5 0.405 8.44 5.11 x 10°
15 +0.33 0.416 8.27 479 x 10°
20 +0.25 0.418 8.11 4.53 x 10°
flat infinite 0 0.419 8.07 3.69 X 10°
concave 20 —-0.25 0.418 8.03 411 x 10°
15 —-0.33 0.414 7.67 4.79 x 10°
10 -0.5 0.397 7.43 491 x 10°

S -1 inactive inactive inactive

mm. No semiconductor characteristics were observed at a
bending radius of 5 mm due to crack formation, and to
investigate the origin of this cracking, the surface of the
ZrO,:B/PVP and In,0;/ZrO,:B/PVP layers were observed by
SEM. From the results shown in Figure S7 in the Supporting
Information, it is evident that the crack is not formed in the
ZrO,:B/PVP layer, but rather in the In,0;/ZrO,:B/PVP layer.
This 20-nm-wide crack was also observed by AFM (see Figure
S7c in the Supporting Information), from which it is evident
that the deterioration of the flexible TFT under 5 mm of
bending is the result of cracking of the channel lager. The strain
(e) was calculated using the following formula:*

d
£=—
2R
where d is the substrate thickness and R is the bending radius.
Thus, bending radii of 20, 15, 10, and 5 mm correspond to &
values of 0.25%, 0.33%, 0.5%, and 1%, respectively. The related
I Iog mobility, and Vy, values are all summarized in Figures Sg

and Sh. Note that the I, ¢ values of the flexible TFTs were all
approximately the same, at 4.5 X 10°, up to a bending radius of

10 mm, but as the bending radius was decreased under convex
bending conditions, the mobility was slightly increased and the
Vi, value was slightly reduced. An opposite trend was observed
under concave conditions, with a change in variation of only
4.1%, likely resulting from the amorphous In,O; channel layer
being less sensitive to bending conditions. The dependence of
Vi, on strain can be explained by variations in the interatomic
distance within the In,O; layer. For instance, in the case of
tensile bending, the distance between atoms increases, which
leads to a decrease in the splitting of energy levels and,
therefore, a narrowing of the band gap.36 When the band gap is
reduced, electrons are more easily excited to the conduction
band for the given thermal equilibrium condition. These
additional electrons increase the channel conductivity, leading
to a negative shift in Vi,. With compressive bending, on the
other hand, a decrease in the interatomic distance causes band-
gap widening. This consequently leads to a reduction in
channel conductivity and a positive shift in V. The reversibility
of the flexible TFT was also measured after bending to a radius
of 10 mm up to 10000 times (Figure 6), from which it is
apparent that the electrical properties remain essentially the
same, within an error of 1.3%. On the basis of these results, the
operation of a flexible In,O; TFT is considered to be very
stable. Nevertheless, its mechanical properties could potentially
be improved by adopting strain relief methods such as locating
channel materials in a neutral plane by overcoating, or by using
an ultrathin substrate.

4. CONCLUSIONS

This study has demonstrated that a solution-processed ZrO,:B
thin film can be applied as both a hydrophobic surface
modification layer and inorganic glue in flexible TFTs. Applying
this ZrO,:B layer to a PVP dielectric changes it from
hydrophilic to hydrophobic, thus allowing for the deposition
of an aqueous In,0; solution and the creation of an integrated
and flexible amorphous In,O; TFT. This surface-engineered
PVP dielectric exhibits a lower [, value, while the final
ZrO,:B/PVP dielectric shows experiences no breakdown
behavior under a S-mm bending condition in either the convex
or concave direction. Furthermore, the electrical properties of a
flexible amorphous In,O; TFT are retained up to a 10-mm
bending condition. Therefore, the use of a ZrO,:B thin film as a
surface-modifying inorganic glue layer presents a promising
approach to producing flexible TFT's based on a hydrophobic
dielectric surface.
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Figure 6. (a) Transfer curves of a flexible In,O; TFT and (b) the change in its mobility values as a function of the number of times bent to a radius

of 10 mm.
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