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ABSTRACT: We developed a solution-processed indium oxide (In,O5) thin-film transistor (TFT) with a boron-doped peroxo-
zirconium (ZrO,:B) dielectric on silicon as well as polyimide substrate at 200 °C, using water as the solvent for the In,O;
precursor. The formation of In,O; and ZrO,:B films were intensively studied by thermogravimetric differential thermal analysis
(TG-DTA), attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FT IR), high-resolution X-ray diffraction
(HR-XRD), and X-ray photoelectron spectroscopy (XPS). Boron was selected as a dopant to make a denser ZrO, film. The
ZrO,:B film effectively blocked the leakage current at 200 °C with high breakdown strength. To evaluate the ZrO,:B film as a
gate dielectric, we fabricated In,O; TFTs on the ZrO,:B dielectrics with silicon substrates and annealed the resulting samples at
200 and 250 °C. The resulting mobilities were 1.25 and 39.3 cm?/(V s), respectively. Finally, we realized a flexible In,0; TFT
with the ZrO,:B dielectric on a polyimide substrate at 200 °C, and it successfully operated a switching device with a mobility of
4.01 cm®/(V s). Our results suggest that aqueous solution-processed In,O; TFTs on ZrO,:B dielectrics could potentially be used
for low-cost, low-temperature, and high-performance flexible devices.

KEYWORDS: aqueous solution process, boron-doped peroxo-zirconium, thin-film transistor, hydrogen peroxide, indium oxide

1. INTRODUCTION

Metal oxides are fascinating materials because of their versatile
characteristics such as piezoelectricity, superconductivity, semi-
conductivity, and ferroelectricity.'~* Thus, they are used in
various applications such as nanogenerators, solar cells,
batteries, and thin-film transistors (TFTs).>™® In particular,
TFTs using a metal oxide semiconductor such as zinc tin oxide
(ZTO), indium zinc oxide (IZO), indium gallium zinc oxide
(IGZO), gallium indium oxide (GIO), and indium oxide
(In,05) as the channel layer are an emerging area of research in
the flat panel display industry because of their high mobility
even in an amorphous phase, high transparency, high stability,
and large-area uniformity.”~"> Among the various deposition
methods such as radio frequency sputtering, chemical vapor
deposition (CVD), atomic layer deposition (ALD), inkjet
printing, and spin-coating, solution processing is becoming a
useful deposition technique because of its simplicity, low cost,
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easy controllability of chemical stoichiometry, and mass
productivity. Thus, enormous efforts have been made to
fabricate metal oxide films via solution processing. However,
fabricating metal oxide films using solution processing requires
a high annealing temperature of above 450 °C because of the
high pyrolysis and dehydroxylation temperatures of typical
precursors, which restrict substrate selectivity. To resolve this
problem, researchers have explored a variety of methods.
However, most of these studies evaluated the electrical
properties of the metal oxide TFT on thermally grown SiO,
or on a vacuum-deposited metal oxide dielectric."*™"” To
realize a full solution process, both the channel and the
dielectric layer should be formed by solution processing. Thus,
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solution-processed dielectric materials formed at low temper-
ature have also been investigated. However, it is difficult to
fabricate a metal oxide dielectric with low leakage current
density and high breakdown strength at low annealing
temperatures. Several groups have developed solution-pro-
cessed dielectrics at low temperatures of approximately 350 °C
and evaluated the resulting TFT properties. For example, Kim
et al. reported an IGZO TFT with an AIPO, dielectric that had
a low leakage current with high breakdown strength and a
mobility of 4.5 cm?/(V s) at 350 °C."® Avis et al. demonstrated
a solution-processed ZTO TFT on a solution-processed
hafnium oxide dielectric.'” The resulting TFT had a smooth
surface and a dielectric constant of 14 at a maximum
temperature of 300 °C with a mobility of 1.05 cm?/Vs. Kim
et al. introduced high-pressure annealing for dense zirconium
oxide and showed an IZO TFT on a ZrO, dielectric with a
mobility of 0.1 cm?/(V s) at 350 °C.*° In addition, we recently
demonstrated a solution-processed IZO TFT with a highly
dense peroxo-ZrQ, dielectric.'® This TFT had a smooth
surface, low leakage current, a high dielectric constant of 14.8,
and a mobility of 7.21 cm?/(V s) at 350 °C. Moreover, we
realized completely solution-processed IZO TFTs on ITO:F-
coated glass substrates by combining a stacked ZrO,/AL,O;/
ZrO, (ZAZ) gate dielectric with spray-coated single-walled
carbon nanotube (SWCNT) source and drain electrodes at 350
°C.*' The stacked ZAZ dielectric effectively blocked the leakage
current and showed a high breakdown strength. The integrated
TFT showed a mobility of 045 cm?/(V s) with an optical
transparency of 76.5%.

The 350 °C annealing temperature, which is conventionally
used in the flat panel display industry, limits development to
the use of glass or silicon substrates. To realize the fabrication
of a solution-processed TFT on a flexible polymer substrate
such as polyethersulfone (PES) and polyimide (PI), the
annealing temperature should be reduced to below 200 °C.
Some researchers have reported forming a dielectric material
using a solution process at 150 °C on a silicon substrate with a
conventionally used ZnO channel layer derived from a
Zn(OH)x(NH3)y(2_x)+ precursor.”>~*

In this study, we fabricated a solution-processed In,0; TFT
with a boron-doped peroxo-zirconium oxide dielectric at a
maximum temperature of 200 °C on a silicon substrate without
any post-treatment. Moreover, we realized an In,O; TFT with a
boron-doped peroxo-zirconium oxide dielectric on a flexible PI
substrate. The saturation mobilities of the In,0; TFTs with
boron-doped peroxo-zirconium oxide dielectrics on silicon
substrates annealed at 200 and 250 °C were 1.25 and 39.3 cm?/
(V s), respectively. The flexible TFT had a mobility of 4.01
cm?/(V s), a threshold voltage (V;,) of 0.28 V, and an on/off
current ratio (I,,/g) of 1.68 X 10°. The In,O; and boron-
doped peroxo-zirconium oxide materials used in this study were
analyzed with various tools, and their properties and electrical
characteristics were studied.

To accomplish a solution-processed TFT at 200 °C, we
performed material design and developed two strategies. First,
we adopted water as the solvent for channel layer precursor
instead of the conventionally used 2-methoxyethnaol in order
to exclude carbonyl groups, which decompose at approximately
300 °C. In addition, water molecules directly solvate metal ions
and perform a hydrolysis reaction, thus producing a metal
hydroxide. These metal hydroxides react with adjacent metal
hydroxides and develop a metal—oxygen—metal frame, which
results in the formation of a metal oxide at low temperature.
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Second, we selected boron as a dopant for the peroxo-
zirconium oxide gate dielectric because of its small ion radius
and high B—O bonding energy. This boron dopant increased
the density of the peroxo-zirconium oxide and -effectively
blocked the leakage current at low temperature. Finally, we
integrated In,O; TFTs on ZrO,:B dielectrics on silicon and PI
substrates at 200 °C.

2. EXPERIMENTAL SECTION

2.1. Synthesis of In,0; and Boron-Doped ZrO, solutions. For
the In,O; solution, 0.1 M indium nitrate hydrate [In(NO;);-«H,0]
was dissolved in deionized water. For the boron-doped ZrO, solution,
0.2 M zirconium oxychloride octahydrate (ZrOCl,-8H,0) and various
mole concentrations (0, 4.7, 9, 16, 33, and 50 mol %) of boric acid
(H;BO;) were mixed with 2-methoxyethanol. H,0, (6.67 M) was
subsequently added. The In,O; and boron-doped ZrO, solutions were
stirred vigorously for 24 h under ambient conditions and filtered
through 0.2 and 0.45 um polytetrafluoroethylene (PTFE) syringe
filters, respectively, before spin-coating. The 9 mol %-boron-doped
ZrO, film is denoted herein as ZrO,:B.

2.2. Film Characterization. Thermogravimetric differential
thermal analysis (TG-DTA, Seiko Exstar 6000, Seiko) was used to
measure the thermal behavior of the In,O; and ZrO,:B powders,
which were dried at 110 °C for 12 h at a heating rate of 8 °C/min
from room temperature to 600 °C under ambient conditions. The
structures of the In,O; and boron-doped ZrO, films, each with a
thickness of 100 nm, were measured by high-resolution X-ray
diffraction (HR-XRD, Ultima IV, Rigaku) with Cu Ka radiation.
The chemical characteristics of the In,O; and ZrO,:B films were
investigated by attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FT IR, Vertex 70, Bruker). The chemical
structures of In,O3 and ZrO,:B were examined by X-ray photoelectron
spectroscopy (XPS, K-alpha, Thermo UK) using Al Ka radiation
(1486.6 eV). A carbon 1s peak at 284.8 eV was used for calibration.
The refractive index was measured by spectroscopic ellipsometry (SE
MG-Vis 1000, Nano View). Data were collected at an incident angle of
69.7° in the range 350—850 nm. The thickness of the ZrO,:B/Al/
PVP/PI substrate (where PVP is polyvinylphenol) was measured by
field-emission scanning electron microscopy (FE-SEM, JSM-7001F,
JEOL). The surface morphology of the ZrO,:B film was investigated
by atomic force microscopy (AFM, MFP-3D-SA, Asylum Research).

2.3. Metal—Insulator—Metal Device Fabrication. To measure
the electrical characteristics of the ZrO,:B film, we fabricated metal—
insulator—metal (MIM) structures consisting of Al/ZrO,:B/heavily
boron-doped silicon (Si**) substrates. The ZrO,:B solution was spin-
coated onto the Si** substrates at 3000 rpm for 20 s and soft-baked at
150 °C for S min. The spin-coating process was repeated five times,
after which the samples were hard-baked at either 200 or 250 °C for 2
h under ambient conditions. The thicknesses of the annealed ZrO,:B
films were measured by FE-SEM and spectroscopic ellipsometry and
were found to be 165 and 120 nm, respectively. The circular aluminum
electrode with 50 nm thickness was deposited by thermal evaporator
through shadow metal mask. The area of the circular aluminum
electrode was 0.17 mm?.

2.4. Thin-Film Transistor Device Fabrication. We selected a
bottom-gate top-contact structure for the In,O; TFTs on the ZrO,:B
dielectric. The In,O; TFTs on the Si*" substrate with thermally grown
200-nm-thick SiO, (In,05/SiO, TFT) was fabricated by spin-coating
the In,O; solution on the substrates at 3000 rpm for 20 s and
annealing at various temperatures (200, 230, 250, 300, and 350 °C).
The In,O; TFT on Si** substrate with 200 °C- and 250 °C-annealed
ZrO,:B film (In,0,/ZrO,:B TFT) was deposited via spin-coating at
3000 rpm for 20 s and annealed at 200 and 250 °C, respectively. In the
case of the flexible TFT, its structure was Al/In,0;/ZrO,:B/Al/PVP/
PL The PVP solution was a mixture of PVP and glycol monomethyl
ether acetate (PGMEA), and 10 wt % poly(melamine-co-form-
aldehyde) was added to this solution. The PVP layer was deposited
on the PI substrate via spin-coating at 3000 rpm for 50 s and annealed
at 200 °C for 1 h. This PVP layer was formed for planarizing the PI
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Figure 1. (a) TG-DTA, (b) XRD spectra, (c) FT-IR, and (d) XPS N 1s peak of In,O; with various annealing temperatures.

substrate. The ZrO,:B was spin-coated on the Al/PVP/PI substrate
five times at 3000 rpm for 20 s and annealed at 200 °C for 2 h. The
thicknesses of the ZrO,:B, Al, and PVP layers were 32.5, 67.5, and 240
nm, respectively (see Figure SI in the Supporting Information). The
In,0; film on the ZrO,:B/Al/PVP/PI substrate was deposited via
spin-coating at 3000 rpm for 20 s and annealed at 200 °C for 1 h. The
aluminum source/drain electrodes (S0 nm thick) were deposited by a
thermal evaporator [pressure ~1 X 107° Torr (1.33 mPa)] through a
shadow mask. The channel width and length were 1000 and 150 pm,
respectively. All the chemical compounds were purchased from Sigma-
Aldrich.

2.5. Electrical Measurements. The capacitance—frequency of the
ZrO,:B film was measured by an HP 4284A LCR meter in the range
100 Hz—1 MHz. The leakage current density (Jj..)—applied field (E)
characteristics of the ZrO,:B film were measured by a semiconductor
parameter analyzer (Agilent ES270). The electrical properties of In,O,
TFTs on the SiO,/Si**, ZrO,:B/Si**, and ZrO,:B/Al/PVP/PI
substrates were also measured by a semiconductor parameter analyzer
(Agilent ES270) at room temperature in the dark.

3. RESULTS AND DISCUSSION

3.1. Indium Oxide Film. We choose indium oxide (In,05)
for the channel layer because of the high mobility that results
from its large S s orbital, which overlaps even in the amorphous
phase, its high transparency in the visible region, and from the
fact that it is an n-type semiconductor. Moreover, in this study,
we used water as a solvent, and film formation was investigated
through various analytical tools because formation of aqueous-
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medium In,O; has rarely been examined in combination with
its electrical properties.

To understand the formation of the In,O; film, TG-DTA
measurements were performed and the results are shown in
Figure la. Gradual weight loss was observed up to 330 °C and
four endothermic peaks were found. In general, the hydrolysis
reaction occurred in the range 100—150 °C. However, in our
case, there were no hydrolysis-related peaks because of the
In,O; powder preparation temperature of 110 °C; hence, the
In,O; powder was already hydrolyzed. The first endothermic
peak at 172.5 °C indicates the dehydroxylation behavior of the
hydrolyzed indium hydroxide, which reacts with adjacent
indium hydroxide molecules and forms an indium oxide lattice.
A second peak at 243.7 °C reveals crystallization of the In,O;
film, and the other peaks at 280.3 and 318.4 °C may be related
to the decomposition of residual nitrate. To verify the above-
mentioned chemical reactions, we performed XRD, FT-IR, and
XPS measurements.

To clarify the crystalline phase of the In,O; film, XRD
measurements were taken as a function of annealing temper-
ature and the results are shown in Figure 1b. The In,O; film
shows an amorphous phase up to 230 °C and a crystalline
phase was observed at annealing temperatures above 250 °C.
The cubic In,O; phase (JCPDS, No. 65—3170) has (200),
(222), (400), and (440) peaks at 21.5, 30.6, 35.5, and 50.94°,
respectively. This result shows that the aqueous precursor-

dx.doi.org/10.1021/am402153g | ACS Appl. Mater. Interfaces 2013, 5, 8067—8075
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Figure 2. (a) Thermal behavior of 9 mol % boron-doped ZrO, powder in ambient air. (b) Refractive index—wavelength curves of 250 °C-annealed
ZrO, film with various boron concentrations and (c) summarized refractive index values at a wavelength of 550 nm. The 9 mol % boron-doped ZrO,
film shows the highest refractive index value of 1.851. (d) XRD spectra of ZrO,:B films with various annealing temperatures. The amorphous ZrO,:B

phase was stabilized up to 550 °C.

derived In,0O; thin film crystallized at 250 °C and the DTA
peak at 243.7 °C reveals a crystallization endothermic peak.

To better understand the formation of the In,O; film, FT-IR
measurements were carried out under various annealing
conditions. The O—H stretching vibration shows a broad
peak in the range 3000—3500 cm™~'.** Peaks in the 700—1600
cm™" range indicate hydroxyl groups and a NO; deformation
vibration.”® In—Q vibration peaks were identified at 597.8,
562.8, and 5364 cm " In the case of 80 °C annealed
condition, the In—O bond was not formed and a large number
of hydroxyl and nitrate groups remained. The In—O bond was
configured at 200 °C and the hydroxyl and nitrate groups
gradually decomposed at temperatures up to 300 °C. At
annealing temperatures greater than 350 °C, only In—O
vibration peaks were observed. Through FT-IR measurement,
we found that nitrate groups easily pyrolyzed and In—O bonds
formed at 200 °C.

From the TGA and FT-IR results, we found that the gradual
weight loss originated from the decomposition of the nitrate
and hydroxyl groups. Thus, to confirm the pyrolysis behavior of
these groups, we investigated the O 1s and N 1s peaks via XPS.
The results are shown in Figure S1 in the Supporting
Information and Figure 1d, respectively. A large number of
nitrogen peaks were observed in the 80 °C-annealed In,O; film,
whereas nitrogen could not be detected in the 350 °C-annealed
In,O; film. Three peaks at 399.7, 403.7, and 407 eV were
assigned to nitrogen located in the interstitial sites, NO,, and
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NO;, respectively.”® There was a large amount of nitrogen in
the 80 °C-annealed In,O; film, and NOj-related peaks were
undetectable from 230 °C. The NO,-related peak decreased
from 403.7 to 403.4 eV as the annealing temperature increased.
This result means that progressive oxidization of the In,O; film
with pyrolysis of NO, occurred with annealing. Moreover, the
peak at 399.7 eV, related to nitrogen located in the interstitial
sites, gradually decreased until the annealing temperature
reached 300 °C and it could not be detected at 350 °C. This
result is comparable to the TGA results, which show a weight
loss at temperatures up to 330 °C. The O 1s peak can be
divided into three peaks that are centered at 529.8, 531.3, and
532.4 eV, whereas the peaks centered at 529.8 and 531.3 eV can
be assigned to oxygen in oxide lattices without oxygen
vacancies (O,) and with oxygen vacancies (O,), respectively.”’
The peak at 532.4 eV can be assigned to the oxygen in the
hydroxide group (Ogy). The summarized ratios of O,/
(0s+V,+O00n), Vo/(0g+Vo+Ooy), and O/ (0,+Ve+Oop)
are shown in Figure S2 in the Supporting Information. As the
annealing temperature increased, the ratio of Ogy/
(O4+V,+O0p) gradually decreased. This result is similar to
the FT-IR results, which show a decrease in the number of
hydroxyl groups up to 300 °C.

3.2. Boron-Doped Peroxo-Zirconium Oxide. Previously,
we reported the fabrication of high-quality peroxo-zirconium
oxide (ZrO,) and we characterized its electrical properties as a
gate dielectric.'® However, its use as a dielectric is restricted to

dx.doi.org/10.1021/am402153g | ACS Appl. Mater. Interfaces 2013, 5, 8067—8075
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Figure 3. (a) Capacitance—frequency curves of ZrO,:B films annealed at 200 and 250 °C. Inset indicates dielectric constant of ZrO,:B film
corresponding to its capacitance. (b) Ji.u-applied field curves of ZrO, film annealed at 200 and 250 °C. The figure shows the breakdown voltages of
3.90 and 3.94 MV/cm corresponding to applied voltages of 63.8 and 48.3 V, respectively.

annealing temperatures above 300 °C. Its leakage current
densities were 3.5 X 107> and 7.3 X 10™* A/cm” at 2 MV/cm at
annealing temperatures of 240 and 300 °C, respectively. The
essential characteristics of gate dielectrics are a smooth surface
that is dense and pinhole-free and has a low-leakage current, a
high breakdown voltage, and preferably a high dielectric
constant. To realize solution-processed inorganic gate dielec-
trics on polymer substrates, the annealing temperature should
be lower than 200 °C while also satisfying the indispensable
characteristics of a gate dielectric. However, forming an
inorganic gate dielectric by solution processing is not easy at
temperatures below 200 °C and it is rarely reported. To resolve
this matter, we made a denser ZrO, film by adding boron. The
bonding energy of boron to oxygen (B—O) (192.7 kcal/mol) is
higher than the bondin§ energy of zirconium to oxygen (Zr—
0) (180.6 kcal/mol).>>*" Moreover, boric acid acting as a
boron dopant source begins to convert to boron oxide at 162
°C.3? This makes the ZrO, film dense, enabling the fabrication
of a ZrO, film dielectric at low temperature.

The thermal characteristics of the ZrO,:B powder were
investigated and the results are shown in Figure 2a. A gradual
weight loss up to 600 °C and two broad exothermic peaks were
observed. The first peak in the range 194.1—-378.1 °C indicates
the dehydroxylation behavior of ZrO,:B, and the second peak
in the range 419.1—564.0 °C indicates crystallization of ZrO,:B.
By adding boron to ZrO,, the dehydroxylation temperature was
slightly decreased and the crystallization temperature was
increased as compared with ZrO,. This means that the boron
dopant lowered the dehydroxylation temperature and inhibited
the crystallization behavior of the ZrO,:B film.

To verify these behaviors, we examined the densification and
crystallization characteristics of the ZrO,:B film by using
spectroscopic ellipsometry and XRD analysis. Figure 2b shows
the refractive index—wavelength curves of the ZrO, film with
various boron concentrations at 250 °C. As the boron
concentration increased up to 9 mol %, the refractive index
at a wavelength of 550 nm increased from 1.859 to 1.871. At
boron concentrations above 9 mol %, the refractive index of the
boron-doped ZrO, film decreased from 1.871 to 1.788. This
means that boron increases the density of the ZrO, film
because the ion radius of boron is smaller (ry = 41 pm) than
that of zirconium (r, = 86 pm) and the dehydroxylation
temperature of boron hydroxide is lower than that of zirconium
hydroxide. As a result, a high ratio of metal—oxygen—metal
frame is formed in ZrO,:B, resulting in a dense film. This
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behavior is also observed at an annealing temperature of 200 °C
(see Figure S3 in the Supporting Information). The 9 mol
%-boron-added ZrO, film shows the highest refractive index of
1.8 at an annealing temperature of 200 °C. To be used as an
insulator for the ZrO,:B film, the amorphous state is more
suitable than the crystalline phase because of its smooth surface
and low leakage current density. Grain boundaries in crystalline
phases result in leakage paths, such that the device shows high
leakage current density.”> The surface roughness of the 9 mol
%-boron-added ZrO, film was examined by AFM at various
annealing temperatures and the results are shown in Figure S4
in the Supporting Information. The root-mean-square (rms) of
the surface roughness for the ZrO,:B films annealed at 200,
250, 300, and 350 °C were 0.157, 0.145, 0.152, and 0.162 nm,
respectively. All of the ZrO,:B films were very uniform, without
a segregation phase, and had a smooth surface with an average
surface roughness rms of 0.154 nm.

To investigate the crystallization characteristics of the ZrO,:B
films, we measured the XRD spectra as a function of annealing
temperature. The ZrO,:B films showed an amorphous phase up
to 550 °C and crystallization behavior was observed at 600 °C.
The crystallized phases of the ZrO,:B films at 28.2°, 30.1°,
31.2°, 35.2° 40.66°, and S50.5° indicates m(111), t(101),
m(111), m(002), m(112), and m(221), respectively [m,
monoclinic phase (JCPDS #37-1484); t, trigonal phase
(JCPDS #79—1769)]. All peaks were well-matched with the
ZrO, phase and no secondary phase such as B,0; was
observed. From these results, we confirmed that the exothermic
peaks in the range 419.1—564.0 °C indicates crystallization of
the ZrO,:B film. Moreover, boron and peroxo groups stabilized
the amorphous ZrO, phase until 550 °C. From the results of
the thermal and structural measurements, we know that the
ZrO,:B films are dense, smooth, pinhole-free, and amorphous,
which satisfies the requirements for gate dielectrics.

The electrical properties of the ZrO,:B films were measured
by using an MIM structure at 200 and 250 °C annealing
conditions. The capacitance—frequency curves are shown in
figure 3a in the range 100 Hz—1 MHz. The capacitance values
of the 200 °C- and 250 °C-annealed ZrO,:B films are 45.58 +
0.58 nF/cm? and 89.54 + 1.98 nF/cm?, respectively. Both films
had almost constant capacitance with only a small standard
deviation. This means that the ZrO,:B films contain few
hydroxyl groups, which results in high capacitance at low
frequency. In general, hydroxyl groups easily adsorb water
molecules by electrostatic force. As the number of hydroxyl
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groups in the film increases, more water molecules are
adsorbed, resulting in high capacitance because of the high
dielectric constant of water molecules (¢ = 80.1 at 20 °C).**
Because the ZrO,:B films have constant capacitance across all
frequency ranges, we assume that the ZrO,:B films were highly
oxidized with few hydroxyl groups, even at relatively low
annealing temperatures. To verify the presence of hydroxyl
groups in the ZrO,:B film, FT-IR measurements were carried
out and the results are shown in Figure SS in the Supporting
Information. The vibration peaks in range 3000—3500 cm ™
indicate hydroxyl groups.”® The peaks at 2944, 2890, and 2831
cm™" indicate C—H stretching vibrations.*® The range 1300—
1500 cm™" represents the asymmetrical stretching vibration of
B—0.%® The solvent-related peaks in the range 1000—1200
cm™" correspond to the stretching vibration mode of the C—O
bond. The peroxo group peak corresponding to —O—O—
bonds in the ZrO, film was assigned at 900 ecm ™% The Zr—0
bonds were observed at 682, 545, and 470 cm™'.>® The 80 °C-
annealed ZrO,:B film contained a large number of hydroxyl
groups and residual solvent. In the case of the 200 °C-annealed
ZrO,:B film, the number of hydroxyl groups and carbon-related
peaks were significantly reduced, and only the ZrO,:B-related
peaks were detected. Through the FT-IR data, we confirmed
that the 200 °C-annealed ZrO,:B film rarely contained hydroxyl
groups. The dielectric constants of the ZrO,:B films annealed at
200 and 250 °C are shown in the inset of Figure 3a. The
dielectric constants of the 200 °C- and 250 °C-annealed
ZrO,:B films were 8.48 + 0.1 and 12.1 & 0.2, respectively, in all
frequency ranges. To utilize the ZrO,:B film as a gate dielectric,
a low leakage current density (Jiei) of less than 1 X 1076 A/cm?
at 1 MV/cm should be acquired. The Jj.,-applied field curves of
the ZrO,:B films are shown in Figure 3b. The 200 °C- and 250
°C-annealed ZrO,:B films show ., values of 2.2 X 107 and
2.1 X 1077 A/cm® at 1IMV/cm, respectively, and breakdown
voltages of 3.90 and 3.94 MV/cm, respectively, corresponding
to applied voltages of 63.8 and 48.3 V. The Ji, values of the
ZrO,:B films are reasonable and the breakdown voltages of the
applied field are greater than the operating voltage of TFTs.
This relative low ., and high breakdown voltage may originate
from the smooth surface, relatively dense film, and high
oxidation states with low numbers of hydroxyl groups in the
films. In addition, residual chlorine in the ZrO,:B film also
contributes this phenomenon. Actually, 2.1 at % chloride ions
remained in the 200 °C annealed ZrO,:B film. We think that
the residual chlorine may passivated defect site in the ZrO,:B
film. In general, halogenated high-k materials exhibit low ., by
decreasing fixed charge, reducing charge trapping, and
passivating oxygen vacancy. The oxygen vacancies in the
high-k materials are main defect site and it leads to conduction
path. Thus, reducing oxygen vacancy is important and the
residual chlorine in the ZrO,:B film may passivate the defect
sites by accepting nonbonding electrons from undercoordi-
nated Zr ions.*® ™ Therefore, residual chlorine in the ZrO,:B
film results in low Jj., at low temperature. These results reveal
that the ZrO,:B films annealed at 200 and 250 °C are suitable
for use as gate dielectrics.

3.3. In,05 Thin-Film Transistor on SiO,/Si** Substrate.
Before integrating an In,O; thin-film transistor combined with
a ZrO,:B dielectric, we investigated the electrical characteristics
of In,O; TFTs on thermally grown silicon substrates with 200-
nm-thick SiO,. The gate voltage (Vg)—drain current (Ip)
curves of the In,O; TFTs at various annealing temperatures at a
drain voltage (Vp) of 40 V are shown in figure 4a. The electrical
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Figure 4. (a) Transfer curves of In,O; TFT on silicon substrate with
thermally grown 200-nm-thick SiO, at Vp = 40 V as a function of
annealing temperature. Hysteresis direction of all transfer curves was
clockwise. (b) The output curves of In,O; TFT on SiO,/Si at Vg = 40
V with a various annealed conditions. (c) Summarized mobility of
In,O; TFT on SiO,/Si substrate. It has a mobility of 0.44 + 0.15 and
15.95 + 0.67 cm?/(V s) at 200 and 250 °C annealing, respectively.

properties of the In,O; TFTs as a function of annealing
temperature are summarized in Table 1. All the In,O; TFTs
show n-type semiconductor characteristics and clockwise
hysteresis directions. The output curves are shown in figure
S6 and the summarized output curves at V; = 40 V are depicted
in Figure 4b. The output curve of the saturated drain current
for the 300 °C-annealed In,O; TFT with V; = 40 V was as high
as 1.59 mA. The summarized saturation mobility () is shown
in figure 4c and the inset of Figure 4c indicates the structure of
the In,O; TFT on the silicon substrate with 200-nm-thick SiO,.
The p, values of the In,O; TFTs annealed at 200, 230, 300,
and 350 °C were 0.44 + 0.15, 4.21 + 0.67, 15.95 + 0.67, and
23.04 + 1.82 cm?/V's, respectively. The abrupt increase in
between 230 and 250 °C originated from the crystallization of
the In,O; film, as shown in Figure 1b. The crystallized In,O;
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Table 1. Electrical Properties of In,O; TFT on SiO, Dielectric with Various Annealing Conditions

T (°C) mobility (cm?/(V s) threshold voltage (V) on/off current ratio subthreshold slope (V/dec) hysteresis (V)
200 0.44 + 0.15 22.16 495 x 10° 0.645 1.22
230 421 + 0.67 8.1 2.14 x 10° 0.829 1.00
250 15.95 + 0.67 7.9 5.03 x 10° 1.022 0.71
300 23.03 + 1.82 72 7.76 x 10° 2.364 0.17
350 conductive
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Figure S. (a) 10X multisweep transfer curves of In,0;/ZrO,:B TFT with V, = § V at 200 °C. Inset indicates output curve of In,0;/ZrO,:B TFT.
(b) Transfer curve of In,0,/ZrO,:B TFT with V = 5 V at 250 °C. Inset shows the scheme of In,05/ZrO,:B TFT structure.

film reduces carrier scattering and it may lead to high mobility.
The In,O; TFTs showed semiconducting behavior until 300
°C, whereas the 350 °C-annealed In,O; TFT showed
conductive characteristics. This feature resulted from the large
amount of nitrogen residue in the In,O; film, which suppressed
the carrier concentration, leading to low y,, because nitrogen
acted as acceptors in the In,O; film.* From the results of the
FT-IR and XPS measurement shown in Figure 1c, d, the 200
°C-annealed In,O; film contained large amounts of nitrogen in
the film; the amount of nitrogen decreased gradually with
increasing annealing temperature. In case of the 350 °C-
annealed In,O; film, nitrogen-related peaks were not observed.
Thus, the gradual enhancement of y, of the In,O; TFTs could
be explained by the thermal removal of nitrogen. Moreover, the
In,O; precursor derived by the aqueous medium forms In,O4
films at low temperature because the water molecules directly
participate in the hydrolysis and dehydroxylation reactions. The
solution-processed metal oxide synthesized in an organic
solvent suffered from the contamination by residual carbon
and the presence of carbonyl groups at low annealing
temperatures. However, the aqueous In,O; precursor prepared
in this study contained only In**, NO;~, and H,O. The In*" ion
is solvated by H,O and hydrolyzed by forming In(OH),.
In(OH); reacts with adjacent In(OH); molecules, forming an
In—O—In frame. If carbon compounds are used for solvents or
additives, the hydrolysis reaction is hindered because of the
presence of carbonyl groups, which disturbs the formation of a
metal—oxygen—metal frame at low temperatures. On the basis
of the results of the In,O; TFTs at various annealing
temperatures, it can be deduced that the formation of a metal
oxide film by using water as the solvent is promising for low-
temperature processes.

3.4. In,05/Zr0,:B Thin-Film Transistor on Si** Sub-
strate. To demonstrate the feasibility of using ZrO,:B film as a
gate dielectric, we fabricated a bottom-gate structure with a top-

contact device on a silicon substrate. Figure Sa shows the 10X
swept transfer curves of an amorphous In,0;/ZrO,:B TFT
with Vi, = § V at 200 °C. It has a pig, of 125 cm?/(V's), a Vy, of
3.89 V, an I, /o of 1.3 X 10°, and a subthreshold slope (S.S) of
0.313 V/dec The In,0;/ZrO,:B TFT at 200 °C shows good
multisweep operating stability and reasonable mobility with
good switching characteristics. The inset of Figure 5a shows the
output curve of the In,05/ZrO,:B TFT at 200 °C, and it has
clear pinch-off characteristics.

To evaluate the electrical stability of the In,05/ZrO,:B TFTs
at 200 °C, we examined positive gate bias stress for 1000 s at
Vs = 5 V. The results are shown in Figure S7 in the Supporting
Information. A positive shift of only 0.8 V was observed
without changing the S.S values. These results mean that an
electron trapping/detrapping mechanism was adopted and trap
sites were not generated during stress conditions.** An
improved dielectric/channel interface trapping site may lead
to smaller voltage shifts.

Moreover, we fabricated crystalline-In,0,;/ZrO,:B TFTs at
250 °C, and the transfer curves at V, = S V are shown in Figure
Sb. The inset of Figure Sb shows the output curves. It has a i,
of 39.3 cm?/(V's), a Vi, of 246 V, an I, o of 9.81 X 10%, and
an 8. of 0.263 V/dec A significant enhancement in mobility
was observed. The In,0;/ZrO,:B TFTs annealed at 200 and
250 °C showed mobility enhanced 2—3 times as compared with
In,05/SiO, TFTs. The origin of the performance enhancement
may originate from the enhanced dielectric/channel interface,
smooth surface, or high capacitance of the ZrO,:B film.*~*

We have thus successfully demonstrated solution-processed
In,0;/ZrO,:B TFT at 200 °C without using complex or
expensive equipment. In order to realize solution-processed
metal oxide TFTs at low temperatures, most researchers have
used a Zn(OH)x(NH3)y(2_’C)+ precursor for the active layer, an
organic gate insulator, and post-tr<eatr1r1ent.48_50 However, in
this study, we suggest a metal oxide derived from an aqueous
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Figure 6. (a) Transfer curves of In,0;/ZrO,:B TFT on PI substrate with V, = § V at 200 °C. (b) Transfer curves of In,0;/ZrO,:B TFT on PI
substrate under negative gate bias stress with V; = 5 V for 1000 s. A shift of only 0.14 V was observed and the inset shows a photograph of the

In,0;/Zr0O,:B TFT on PI substrate.

medium precursor for the active layer and ZrO,:B for the
dielectric. This method is very simple and reproducible.

3.5. In,03/ZrO,:B Thin-Film Transistor on Flexible
Substrate. Achieving a high-performance oxide device on a
flexible substrate is the final goal of the solution process.
However, realizing an oxide TFT on a flexible substrate via a
solution process has rarely been investigated. The In,O; and
ZrO,:B films researched in this study can be formed at 200 °C
and we integrated an In,0;/ZrO,:B TFT on a flexible
substrate. The structure of the flexible TFT was Al/In,O;/
ZrO,:B/Al on a PVP/PI substrate. The transfer curve of the
In,05/ZrO,:B TFT on PI substrate at V = 5 V is shown in
figure 6a. The device shows a pig, of 4.01 cm?/(V s), a Vy, of
0.28 V, an I,/ of 1.68 X 10° and an S.S of 0.388 V/dec
Furthermore, we investigated the electrical stability of the
negative gate bias stress (NBS) for 1000 s at Vg = —5 V. The
results are shown in Figure 6b. The electrical stability showed a
negative shift of only 0.14 V without changing the S.S value.
Through the results of an In,O; TFT with a ZrO,:B dielectric
on a PI substrate, we propose that an aqueous medium
precursor-derived metal oxide channel and ZrO,:B dielectric
materials are promising for fabricating flexible TFTs.

4. CONCLUSIONS

To realize solution-processed metal oxide TFTs on flexible
substrates, we executed material design and analysis using
various tools such as TG-DTA, XRD, FT-IR, XPS, and
spectroscopic ellipsometry. An aqueous-medium In,O; pre-
cursor for the channel material formed In,O5 at 200 °C and
started to crystallize at 250 °C. To make dense dielectric films,
we used a boron dopant in peroxo-zirconium with a 9 mol %
concentration. The ZrO,:B film was highly oxidized at 200 °C
and formed a denser film as compared with intrinsic ZrO, films.
The boron dopant stabilized the amorphous ZrO, phase until
550 °C. These dense ZrO,:B films had uniform dielectric
constant values of 848 and 12.1 at 200 and 250 °C,
respectively, in all frequency ranges, and they effectively
blocked Jj.;. The 200 °C- and 250 °C-annealed ZrO,:B films
showed Jj.,;. values of 2.2 X 107 and 2.1 X 1077 A/cm” and
breakdown voltages of 3.90 and 3.94 MV/cm. The activation
temperature of the In,0;/SiO, TFT was 200 °C and it had g,
values of 0.44 and 15.95 cm?/(V s) at 200 and 250 °C,
respectively. To evaluate ZrO,:B as a dielectric, we fabricated
an In,0;/ZrO, TFT on a Si** substrate. The TFT performed

8074

successfully with high yu,,, values of 1.25 and 39.3 cm*/(V s) at
200 and 250 °C, respectively, and it had good multisweep
stability. Finally, we demonstrated the In,O;/ZrO,:B TFT on a
PI substrate, and it had a y,, value of 4.01 cm?/(V s) at 200 °C.
Moreover, it showed high NBS stability, with a Vy, shift of only
0.14 V. The channel layer derived from the aqueous medium
precursor and the ZrO,:B thin film for the dielectric are
promising materials for fabricating low-temperature, high-
performance, and flexible TFTs.
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