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ABSTRACT: We investigated the formation of ultraviolet (UV)-assisted directly patternable solution-processed oxide
semiconductor films and successfully fabricated thin-film transistors (TFTs) based on these films. An InGaZnO (IGZO) solution
that was modified chemically with benzoylacetone (BzAc), whose chelate rings decomposed via a 7—z* transition as result of UV
irradiation, was used for the direct patterning. A TFT was fabricated using the directly patterned IGZO film, and it had better
electrical characteristics than those of conventional photoresist (PR)-patterned TFTs. In addition, the nitric acid (HNO;) and
acetylacetone (AcAc) modified In,O; (NAc-In,0;) solution exhibited both strong UV absorption and high exothermic reaction.
This method not only resulted in the formation of a low-energy path because of the combustion of the chemically modified
metal-oxide solution but also allowed for photoreaction-induced direct patterning at low temperatures.
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1. INTRODUCTION

Solution-processed inorganic materials and the processes
associated with them have attracted much attention for use in
optoelectronics and display backplane technologies because of
their advantages, such as the ability to print selectively, use roll-
to-roll technologies, and control the atomic composition of the
formed films easily. These processes are also advantageous
because they involve simple processing steps.l_4 Furthermore,
a solution process does not require specialized, complicated
equipment, unlike conventional techniques such as chemical
vapor deposition (CVD), sputtering deposition, and atomic
layer deposition (ALD) processes, which require vacuum
sources and large footprint areas.

Currently, many researchers are exploring the potential of
low-temperature solution-processed inorganic devices.
Although solution-based materials and processes can be applied
widely in the fabrication of electronic devices, they still require
the use of traditional photolithography processes to form the
required pattern integration. Traditional photolithography
processes require the use of chemicals such as photoresists
(PR), developers, and removers, which can be toxic. These
processes also have a number of demerits: they involve
complicated steps and layer-by-layer processing, which have
high associated costs; and the patterned films can degrade
because of the chemical damage that takes place during the
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removal steps.® Although direct-printing methods such as inkjet
printing, slit-die coating, screen-printing, gravure printing, and
imprinting have been researched extensively, there are still
problems such as the controllability of the shape, size,
uniformity, and thickness of the films formed.” However, if
photosensitive functionalized solutions were to be used to
prepare films for device fabrication using solution processes, it
might be possible to develop a very simple, environmentally
friendly process for device fabrication because the photo-
sensitive gel film itself would behave as the photoresist.
Furthermore, irradiation with ultraviolet (UV) light could help
to decompose the organic residuals on the films rapidly and
enable phase transitions while accelerating the metal-oxide-
metal (M-O-M) condensation and formation of high-purity
oxide films.® In particular, the photosensitivity of the formed
films can be controlled by combining several photosensitive
additives with the starting material. Some approaches have
independently investigated low-temperature processes, such as
novel precursor synthesis, critical control of material
composition,” UV annealing,'’ and postannealing process
optimization.'”> However, approaches that result in the
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Scheme 1. Procedures Used for the UV-Irradiated Directly Photopatternable IGZO Solution and the Fabrication of IGZO TFTs
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formation of direct patternable films at low temperatures while
making use of photopyrolysis phenomenon have not worked
for the fabrication of metal-oxide thin-film transistors (TFTs).
Here, we report a simultaneously combustible and directly
photopatternable solution-based approach on the oxide semi-
conductor films and their TFTs at low temperatures for the
mass production of solution-processed metal-oxide-semicon-
ductor devices. First, we fabricated high-reliability- direct-
patterned InGaZnO (IGZO) TFTs using a chemically modified
photoreactive metal-oxide solution. Then, we synthesized a
combustible and photoreactive In,O5 solution, which was used
to fabricate In,O;-based TFTs at 250 °C.

2. EXPERIMENTAL PROCEDURE

2.1. Solution Synthesis of Photoreactive IGZO and In,0;. A
0.3 M reference IGZO solution was prepared by dissolving 3.0 M
indium nitrate hydrate (In(NO;);xH,0), 025 M gallium nitrate
hydrate (Ga(NO;);«H,0), and 1.0 M zinc nitrate hydrate (Zn-
(NO;),'«H,0) in 2-methoxyethanol (2ME). Then, 1.0 M mono-
ethanolamine (MEA) (C,H,NO) and 1.5 M acetic acid (CH;COOH)
were added to stabilize the sol and make it transparent and
homogeneous. After being stirred vigorously for 1 h at 60 °C, the
IGZO solution was aged for 24 h. To synthesize an IGZO solution
chemically modified by benzoylacetone, ie., a BzAc-IGZO solution,
benzoylacetone (BzAc) (C¢H;COCH,COCH;) was mixed in the
reference IGZO solution in the molar ratio: (In + Ga + Zn)/(BzAc) =
1. The solution was then stirred and aged for 24 h. To synthesize the
In,0; solution, weused indium nitrate hydrate as the starting material
and was dissolved in 2ME to give a 0.3 M solution. Then, 1.5 M nitric
acid (HNO,;) and acetylacetone (AcAc) were added to the In,O,
solution: these additives acted as an oxidizer and supported
photoreactivity, respectively, while also acting as a fuel. The In,0;
solution containing HNO; and AcAc as additives (NAc-In,0;) was
filtered through a membrane with 0.2 ym pores before being spin-
coated.

2.2. Preparation of Patterning Process. In the direct photo-
patterning process used in this study, which is shown in Scheme 1, the
BzAc-IGZO and NAc-In,O; solutions were spin coated onto
substrates and the coated substrates were soft-baked for 2 min at 90
°C. A flexible substrate was used for the NAc-In,O; solution. The
coated substrates were then irradiated using a high-pressure mercury
UV lamp (Execure 4000-D, Hoya), while contacting the channel mask
with a width of 2000 ym and length of 1000 gm (W x L) for 10 min in
air. The main peaks of the UV lamp were at 253.7, 294.7, 302.2, and
365.0 nm (the power density of the radiation was 113 mW cm™%; see
Figure S4 in the Supporting Information). After lifting off the channel
mask, the gel films were leached in ethanol (C,HO) for 1 min. The
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non-UV irradiated regions of the films dissolved in the ethanol,
whereas the insoluble irradiated regions remained.

2.3. Fabrication of IGZO and In,0; TFTs. To fabricate IGZO-
based TFTs, we used a bottom-gate and top-contact TFT structure.
To fabricate the gate electrode, a 200-nm-thick molybdenum—
tungsten (MoW) film was deposited on a glass substrate by radio
frequency (RF) sputtering. A 120-nm-thick tetraethyl orthosilicate
(TEOS) layer was deposited on the gate electrode using plasma-
enhanced chemical vapor deposition (PECVD) to form the gate
dielectric. The In,Os-based TFT was fabricated on a polyimide
substrate; its structure was follows: SiO, (thickness = 200 nm)/Mo
(thickness = 200 nm)/SiO,-SiN, (thicknesses = 200 and 200 nm,
respectively) /polyimide (PI) (thickness =20 ym). Spin-coated channel
layers were applied at 3000 rpm for 30 s under N, using the IGZO and
In,0; solutions. After each non- or pattering process of IGZO films,
they were annealed at 350 °C for 1 h in air. The patterned In,O; film
was annealed at 250 °C for 1 h in air. The Al source and drain (S/D)
electrodes (thickness = 200 nm) were deposited by RF sputtering. The
channel region was defined with a width of 1000 #m and length of 150
um (W/L). Finally, a polymethyl methacrylate, (PMMA), passivation
layer was spin-coated onto the channel layer at 1500 rpm over 30 s and
annealed at 150 °C for 15 min. For comparison, we prepared
nonpatterned and conventional PR-patterned IGZO TFTs. The
electrical characteristics of the devices were measured in a dark box
in ambient air using an Agilent 4156C precision semiconductor
parameter analyzer.

Analysis of IGZO and In,03 Films and TFTs. Positive and negative
bias stress (PBS and NBS) tests with durations of 1,000 s were
performed using Vg + 20 V at a fixed drain voltage (Vps) of 10.1V,
whereas the transfer characteristics were measured at a fixed Vg of

10.1 V to investigate variation in the performance of the TFTs under
stress. The surface roughness of the films was analyzed using an atomic
force microscopy (AFM) (XE-150, Park systems). Images of device
patterns were taken using an optical microscopy (OM) (BX-51,
Olympus) and a field emission scanning electron microscope (FE-
SEM) (JSM-6701F, JEOL). Variation in the chemical compositions of
the reference-IGZO and BzAc-IGZO films was observed using a
Fourier transform infrared spectrometry (FT-IR) (Vertex 70, Bruker
Optic). The optical absorption of the films was determined using an
UV—visible (UV—vis) spectroscopy (Optizen 2120UV, MECASYS
CO.). The actual thickness of the films after the final annealing of the
IGZO channel layers was measured using a surface profilometer
(Alpha Step 200, Tencor). Thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) of the solutions were performed
using 20—30 mg solutions using a TGA analyzer (TA-Q600, TA
Instruments) in ambient air. The heating rate during the analyses was
fixed at 10 °C min~".

dx.doi.org/10.1021/am302722h | ACS Appl. Mater. Interfaces 2013, 5, 3565—3571
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3. RESULTS AND DISCUSSION

3.1. Chemical Reactions of Photoreactive BzAc-IGZO
Films. Figure 1a shows the Fourier transform-infrared (FT-IR)
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Figure 1. (a) FT-IR spectra of the reference-IGZO and BzAc-IGZO
films as functions of the UV irradiation and annealing temperature and
(b) the variation in the photoabsorption on the BzAc-IGZO solution
with increasing UV irradiation time.

spectra of the reference-IGZO and BzAc-IGZO films as
functions of the wavelengths of the UV radiation and annealing
temperature. Curve (i) shows the spectrum of the reference-
IGZO sample that was prebaked at 90 °C. The broad peaks at

3433, 3238, and 2933 cm ™! were related to the O—H stretching
vibration, asymmetric N—H stretching vibrations of MEA, and
symmetric and asymmetric CHj; stretching vibrations, respec-
tively.">'* The peaks at 1731, 1585, and 1504 cm™' were
assigned to the C—O stretching vibrations and COO~
asymmetric vibrations of carboxylic acid and acetic acid,
respectively. The sharp peaks at 1296, 1057, and 999 cm™
were attributable to the C—O stretching vibrations of the
byproduct of the C—O—C bond."* The peak at 820 cm™ was
related to NO,~ deformation."® Curve (ii) shows the spectrum
of the BzAc-IGZO sample that was prebaked at 90 °C. peaks
appeared at 1593 and 1506 cm™' owing to the addition of
BzAc. These peaks could be assigned to the C=0 and C=C
bonds formed by the chelation of BzAc with a metal cation.'®
This BzAc chelate bond with the IGZO precursor showed
strong absorption at 343.8 nm as shown in Figure Ib.
Furthermore, the intensity of the absorption peak of the
BzAc-IGZO film decreased gradually with increasing UV-
irradiation time, indicating that the 7—7z™* transition occurred
on UV irradiation and the chelate rings (BzAc-) were
decomposed by the photoexcited electrons partially distributed
over oxygen atoms. This absorption peak represented the
photoreactivity of the BzAc-IGZO film, as shown in Figure 2
(detailed imaﬁes are shown in Figure S9 in the Supporting
Information)."” The 7z—z* transition altered the solubility of
the BzAc-IGZO film in specific chemical solvents such as 2ME,
ethanol, and methanol. Curve (jii) shows the spectrum of the
UV-irradiated BzAc-IGZO film. During the UV irradiation, the
peaks of the carbon-containing organic groups, including those
of the solvent, precursor ligands, and stabilizers, decreased
rapidly in intensity. The rapid organic volatilization and
decomposition of the BzAc-IGZO film can be explained by
the ligand-to-metal charge transfer, which was due to the
photoexcited thermally unstable molecules and their dissocia-
tion into metal-containing ligands.ls’lg Furthermore, UV
irradiation supports the formation of a high-purity oxide film
at low temperatures, regardless of the addition of BzAc. These
results are consistent with the photoreaction in the formation
of metal oxide films at low-temperatures. As a result, we
obviously found that the photopatterning phenomena of the
BzAc-IGZO film occurred because of the broad absorbance
peak (300 to 380 nm) as shown in Figure 1b and that the long-
wavelength bands of 302.2 and 365.0 nm could support the
patterning process. In the case of the short-wavelength bands of
253.7 and 294.7 nm, these could effectively decompose the
organic ligands in metal oxide precursors and promote the
oxidation of the IGZO film owing to the photochemical
reactions and the generated ozone radicals."”'® Curves (iv) and
(v) show the spectra of the reference-IGZO and UV-irradiated
BzAc-IGZO films annealed at 350 °C, respectively. The spectra
of as-annealed BzAc-IGZO films did not show the peaks
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Figure 2. Reaction mechanism for the photolysis of the gel film of IGZO chemically modified with BzAc.
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associated with organic compounds, despite the addition of
BzAc. That is, the addition of BzAc did not affect the chemical
composition or residual organics of the finalized oxide film that
had been irradiated with UV light and annealed at a relatively
low temperature (350 °C).

3.2. Analysis on the Device Performance of Directly
Photopatterned IGZO TFTs. Figure 3 shows the transfer
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Figure 3. Transfer characteristics of the (a) nonpatterned, (b) PR-
patterned, and (c) directly photopatterned IGZO TFTs. The insets
show the shapes patterned using different isolation processes.

characteristics and images of the patterns (inset) of the various
IGZO TFTs fabricated using different patterning methods
(detailed images are shown in Figure S6 in the Supporting
Information). As shown in Figure 3a, the reference IGZO TFTs
without the pattern process showed a very large gate-source
leakage current (IGS). This was attributed to the leakage
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current occurring at the overlap of the wide contact area
between the S/D and gate electrodes in the nonpatterned area.
In addition, this gate leakage current is responsible for the
increase in the electric power consumption when contact
resistance occurs between the S/D and gate electrodes (RGD
and RGS).***' In comparison, the directly photopatterned
IGZO TFTs showed very low leakage currents, which were less
than 20 pA. However, the hysteresis in the case of the PR-
patterned IGZO TFTs was much larger than that seen for the
nonpatterned and directly photopatterned IGZO TFTs.
Typically, a degraded back channel increases the trap states
that originate from chemical species or water molecules, and
hysteresis would depend on the degree of the back channel
damage. The PR stripping process degraded the back surface of
the IGZO film, and the defects in the IGZO film resulted in a
change in the carrier concentration.” The altered carrier
concentration of the back channel region affected the overall
electrical properties of the IGZO film and degraded the TFT
behavior. The surface roughness of the nonpatterned, PR-
patterned, and directly photopatterned IGZO films was 0.186,
1.818, and 0.443 nm, respectively (see Figure S1 in the
Supporting Information). These results are consistent with the
changes in the back surfaces of the IGZO films resulting from
the PR stripping process.

Figure 4 shows the output characteristics (Ipg—Vpg) of the
(a) nonpatterned and (b) directly photopatterned IGZO TFTs.
A high leakage current was clearly observed in the case of the
nonpatterned IGZO TFT, even at Vg & 0 V. In comparison,
the leakage current in the case of the directly photopatterned
TFT was effectively suppressed. This result is consistent with
the formation of pathways for the leakage current described
above. As a result, the directly photopatterned IGZO film acted
as an excellent channel layer, regardless of the addition of BzAc,
and clearly exhibited better device characteristics than those of
the nonpatterned IGZO TFT.

Figure S shows the variation in the threshold voltage (AVry)
of the differently patterned IGZO TFTs during (a) positive bias
stress (PBS) and (b) negative bias stress (NBS) tests. The value
of AV for the directly photopatterned IGZO TFT, i.e,, AVyy
= 3.06 V, was much lower than that of the PR-patterned IGZO
TFT (7.24 V) during the PBS test. In addition, the Vy; shift for
the directly photopatterned IGZO TFT of (negative) 2.47 V
was the lowest measured during the NBS tests. Notably,
although the surface roughness of the nonpatterned IGZO film
was the smallest, the directly photopatterned IGZO TFT
exhibited the highest stability during the bias stress tests.
Typically, the performance of an IGZO TFT depends on
various factors such as the morphology of the interface between
the channel and the gate insulator, the defects in the channel
bulk, and the presence of organic impurities.”* Accordingly,
these results could be attributed to the high quality of the bulk
and the interface of the directly photopatterned IGZO film
formed, which was because of the rapid volatilization of the
IGZO gel film and the M-O-M condensation it experienced
during the initial UV irradiation, as shown by its FT-IR spectra.

3.3. Combustion Processing of the Directly Photo-
patterned In,0; TFT. To confirm the formation a
simultaneously directly photopatterned, low-temperature
metal-oxide semiconductor, we fabricated a device at the low
temperature of 250 °C using a directly photopatterned In,O;
film coated on a polymer substrate, as shown in Figure Ge. As
described in the Experimental section, we used a novel chemical
route to form the directly photopatterned oxide semiconductor,

dx.doi.org/10.1021/am302722h | ACS Appl. Mater. Interfaces 2013, 5, 3565—3571
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Figure 4. (Left) Ing—Vpg curves and (right) leakage current pathway schematics of the (a) nonpatterned and (b) directly photopatterned IGZO
TFTs. The pathways formed because of the contact resistance between the S/D electrodes and channel region.
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Figure S. AVry of the nonpatterned, PR-patterned, and directly
photopatterned IGZO TFTs under (a) PBS and (b) NBS tests.

using the additives nitric acid (HNO;) and acetylacetone
(AcAc). As mentioned earlier, one route for the low-
temperature formation of a solution-processed metal oxide is
the combustion method, which makes use of an oxidizer and a
fuel.” Although the combustion method results in the formation
of a metal oxide at temperatures lower than 250 °C, it still
requires the use of photolithography to form the appropriate
patterns of the channel layers. However, our novel method
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using the In,O; solution containing HNO; as an oxidizer and
AcAc (NAc-In,O;) as a fuel and a photoreactive additive
resulted in the formation of directly photopatterned layers as
shown in Figure 6a. The HNOj; oxidizer promotes self-energy
generation and densification of the films via the weak bonding
of NO,~ and low-condensation rate.'” As a fuel additive, AcAc
causes a very strong exothermic reaction in the In,O, solution.”
This chemical reaction of the combined solution, which was
highly exothermic, resulted in the rapid decomposition of
organic compounds at low temperatures, as shown in Figure 6b
(comparison with conventional In,O; solution is shown in
Figure SSb in the Supporting Information). Surprisingly, we
observed another distinct effect of the UV absorption on the
NAc-In,O5 solution as shown in Figure 6a. In the absorption
spectrum of the NAc-In,O; solution, a new broad absorption
band was observed at wavelengths of 250—400 nm; this change
in the absorption spectrum was attributed to the z—n*
transition in the chelate ring of AcAc as shown in Figure
S11. Furthermore, the UV-irradiated NAc-In,O; film decom-
posed rapidly, as did the BzAc-IGZO film. Ultimately, In,Os,
which was made combustible by the addition of HNO; and
AcAc, could be functionalized for the directly photopatterning
process at low temperatures. As mentioned above, the ultimate
goal of the solution-based process is not only to form functional
directly photopatterned films but also to enable the fabrication
of oxide-based TFTs on flexible substrates at low temperatures.
To demonstrate this combined approach to the fabrication of
flexible devices, we formed the combustible, directly photo-
patternable NAc-In,O; precursor solution on a flexible
polyimide substrate. The resulting In,O;-based TFT (whose
detailed structure is as shown in the Experimental section) on
the flexible polyimide substrate performed well, with a field-

dx.doi.org/10.1021/am302722h | ACS Appl. Mater. Interfaces 2013, 5, 3565—3571
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Figure 6. (a) UV—vis absorbance peaks of In,O; solutions with different additives, such as no additives, HNO;, and HNOj + AcAc. (b) Results of
the TGA and DTA of the NAc-In,0; solution. (c) Ing—Vgg transfer, (d) Ing—Vps output, and (e) optical image of an In,O; TFT fabricated on a

flexible substrate.

effect mobility of 2.24 cm® V™! 57/, subthreshold voltage swing
of 0.45 V/dec., and I, /I g ratio of 1 X 10%

4. CONCLUSION

In this work, we have demonstrated the fabrication of directly
photopatternable metal-oxide-semiconductor-based thin-film
transistors. The UV-irradiated BzAc-IGZO solution showed
the 7—7* transition, and its chelate rings could be decomposed
by the photoexcited electrons surrounding oxygen atoms. This
showed that it was possible to form directly photopatterned
oxide films owing to the solubility of the IGZO gel film in
ethanol. The readily and rapidly formed directly photo-
patterned IGZO film was very pure, with a very smooth
surface, and the resulting directly photopatterned IGZO TFT
had excellent electrical performance. This was attributed to the
rapid decomposition of the organic compounds in the IGZO
gel film because of its initial pyrolysis when irradiated with UV
light. In addition, we have demonstrated for the first time, to
the best of our knowledge, a combustible, directly photo-
patternable In,O;-based TFT was fabricated successfully on a
flexible polyimide substrate at 250 °C. As a result, this work
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establishes the generalizability of the solution-based synthesis
process for the formation of directly photopatternable films at
low temperatures. This process should be useful in the high-
throughput fabrication of solution-processed, oxide-based TFT's
via a PR-free process.
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