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Ultraviolet—-ozone (UV/O3;) treatment was adopted to the fabrication of solution-processed
amorphous In-Ga—Zn-O thin-film transistors (TFTs), with metal composition of In:Ga:Zn = 1:1:1
represented by InGaZnO,. By applying UV/O5; treatment In—-Ga-Zn-O gel films, their
condensation was notably enhanced through decomposition of organic- and hydrogen-based
elements, which drastically improved the quality of the amorphous InGaZnO, films. As a result,
high TFT performance, with values of on/off ratio, 108; subthreshold swing, 150 mV/decade;
threshold voltage, 9.2V; and field-effect mobility, 5.lcm2V_1s_1, was achieved. © 2013
Author(s). All article content, except where otherwise noted, is licensed under a Creative

Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4804667]

. INTRODUCTION

Amorphous  oxide  semiconductors  such  as
In—Ga—Zn—O,H1 In—Zn—O,5 6 Zn—Sn—O,L10 In—Sn—O,11 and
In-Zn-Sn—0'*"? have attracted considerable attention as
channel materials for next-generation thin-film transistors
(TFTs). Compared with crystalline materials, amorphous ox-
ide materials have advantages because of their low process-
ing temperatures and uniformity of device characteristics. In
particular, amorphous In-Ga—Zn—O is a promising candidate
as an alternative channel material to replace amorphous sili-
con because high field-effect mobility (x> 1cm?*V~'s™h),
steep subthreshold swing (S~200mV/decade), low off-
current (I < 1 pA), and high stability can be obtained.'*

Oxide materials containing two or more metal elements
are called multicomponent oxide materials. The electrical
and material properties of multicomponent oxide materials
can be tuned by modulating the metal composition. In the
case of sputtered In-Ga—Zn—O materials, optimization of the
metal composition has been investigated by the combinato-
rial approach.” It was reported that In had strong influence
on mobility, Ga was effective to control the carrier concen-
tration and its tuning attained low off-current in TFTs, and
Zn contributed to the modulation of the shallow tail states
below the conduction band. An appropriate modulation of
the metal composition is important to achieve desirable TFT
performance. In sputtered TFTs, the composition region of
In-Ga—Zn-O which gives TFTs high performance with nor-
mally off operation is approximately In:Ga:Zn = 1:1:1 region
represented by InGaZnO,. In solution-processed TFTs, it has
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been investigated that the optimized metal composition
region of In-Ga—Zn-0O had the same tendency as that of the
sputtered counterpart.'>'®

In the case of solution-processed In—-Ga—Zn—0O, organic-
and hydrogen-based components that remain in the films
hinder the forming of the metal-oxide (M-O) bonding net-
work properly. That brings poor performance to resultant
TFTs. As many defects are generated, the film quality gener-
ally becomes lower than sputtered films. Therefore, a larger
amount of In is needed to obtain high mobility (u> 1cm?
V~'s7H.12% Indium oxide can easily generate free carrier
because of the oxygen defects so that it is difficult to achieve
normally off operation and control the threshold voltage in
the In-rich region. If the remaining components in the
solution-processed films are reduced, the improved quality
of the films would realize high performance TFTs compara-
ble with sputtered InGaZnO, ones.

In this study, we focused on the reduction of residual
content in gel films to improve the film quality and enhance
the M-O bonding network. To reduce the residual content,
ultraviolet (UV)/O5 treatment was introduced. Several papers
have reported similar treatments such as UV or plasma for
gel films.*'** However, they have not been adopted to gel
films in the composition region of amorphous InGaZnO,.
We adopted UV/O5 treatment to the solution-processed
In-Ga—Zn—O gel films and obtained high TFT performance
composed of amorphous InGaZnO,.

Il. EXPERIMENT

Alkoxide-based In-Ga—Zn—O metal precursor solution
was prepared for the fabrication of thin films. At the boiling
point of ethanol (78°C), 0.1M zinc acetate dihydrate

© Author(s) 2013
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(Zn(CH3COO0),-2(H,0)) was synthesized by reflux in etha-
nol. It was expected that ligands were exchanged from ace-
tate to ethoxide or hydroxide. We added 0.1 M indium
isopropoxide (In—(O—-C5H5);) and 0.1 M gallium isopropox-
ide (Ga—(O-Cs5H7);) in diethylaminoethanol (DEAE;
(C,Hs5),NC,H,OH), which stabilizes the solution by chelat-
ing, to the zinc solution, and the solution was refluxed at the
boiling point of DEAE (163 °C) for 1h. The mixed solution
was condensed by distillation of ethanol and DEAE after
stirring for 1h. The resultant precursor solution had a con-
centration of 0.1 M In-Ga—Zn—O. The solution was filtered
through a 0.2-um syringe filter (polytetrafluoroethylene) and
then spin-coated on the substrate after O, plasma cleaning
(SAMCO FA-1). Quartz substrates (T-4040) were used for
material evaluation.

UV/O; treatment was performed to the spin-coated
In-Ga—Zn-0O gel films by using MHU-110WB (Multiply), as
shown in Figure 1. A low-pressure mercury lamp was used
as the light source having wavelengths of 185nm and
254nm. The light energies at wavelengths of 185nm and
254 nm were 647 kJ/mol and 472 kJ/mol, respectively. These
values are larger than the bonding energy of the organic- and
hydrogen-based content such as C-H (413 kJ/mol), C-C
(348 kJ/mol), and C-O (352kJ/mol). Both the UV lights,
185nm and 254 nm, have the ability to decompose these
residual contents. Furthermore, O5 is generated by irradiation
at 185nm because of decomposition to ground state of O
atom from O, molecules and combination of O atom and O,
molecules (O, + hv (185 nm) — O + O), and radical oxygen
(O*) is generated at 254 nm because of decomposition to O*
and O, molecules from O3 (O3 + hv (254 nm) — O* + O,).

Low Pressure Mercury Lamp

D D N\ Y N B\

A

yooooo
UV light
185nm&254nm

QWO " O 0O ~ CO«’
) o* 0 O
9 \/ 0* O \’ ‘

In-Ga-Zn-O GEL

185nm 254nm
0,=0+0 05;=0,+0*
0+0,=0;

FIG. 1. UV/O; treatment schematic.
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These elements assist the removal of organic- and hydrogen-
based compounds after decomposition. Therefore, this pro-
cess was expected to enhance formation of the M-O bonding
network and lower the process temperature.

To clarify the roles of UV and Oz, UV-1 (SAMCO)
which equips with an atmosphere control system and an
ozonizer was used. The effect of UV light was evaluated by
its irradiation in N,. The effect of O; was evaluated by the
ozonizer, which generates O3 without UV irradiation. To
clarify the effect of the combination of UV and O3, UV light
was irradiated in O, atmosphere. This condition increases
the concentration of O3 generated by UV irradiation under
O, atmosphere. After UV/O; treatment, an annealing process
was conducted in O, (20%) and N, (80%) atmosphere.

To observe the thermal decomposition behavior, ther-
mogravimetric and differential thermal analysis (TG-DTA,
Seiko Instruments Inc.) were performed under O, (20%) and
N, (80%) atmosphere at a heating rate of 10°C min~!. An
amorphous or a crystal phase was determined by X-ray dif-
fraction (XRD, Rigaku Ultima III diffractometer with Cu Ko
radiation) using a fixed glancing incidence angle (0.4°)
(GI-XRD). The metal composition of films was evaluated
by X-ray fluorescence analysis (XRF, Panalytical Axios).
Fourier transform infrared spectrophotometry (FT-IR, Bruker
Alpha-T) was performed to investigate the organic bonding
states (such as C—H and C-O) of films by attenuated total
reflectance geometry. The condensation of the oxide gel films
was evaluated by thermal desorption spectroscopy (TDS).
The metal oxide bonding state was investigated by X-ray pho-
toelectron spectroscopy (XPS, Kratos AXIS-ULTRA DLD).

Bottom-gate and top-contact TFTs were fabricated using
solution-processed amorphous InGanZnOy films as a channel
layer. The structure of the fabricated TFTs is shown at Figure 2.
Heavily boron (p") doped silicon (<0.02 Qcm) wafers were
used as gate electrodes, and silicon dioxide (100 nm) formed
by thermal oxidation was used as a gate insulator. The
solution-processed amorphous InGaZnQy, films (20 nm) with
and without UV/O; treatment were adopted as a channel
layer. Molybdenum with the thickness of 100 nm was used
for source and drain electrodes. The channel length and width
were 20 and 60 um, respectively. The TFT characteristics
were measured using a semiconductor parameter analyzer
(Agilent HP 4145) at room temperature in a dark room.

lll. RESULTS AND DISCUSSION

Figure 3(a) shows the TG-DTA results for the
In-Ga—Zn—O solution. It was confirmed that the pyrolysis

S-D. Mo Channel
(100nm)  InGaZnO,(20nm)
Insulator
Thermal SiO,
(100nm)

Gate p* Si:Substrate

FIG. 2. Structure of the solution-processed amorphous InGaZnO, TFT on
Si/thermal SiO, substrate.
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FIG. 3. (a) TG-DTA characteristics of In-Ga—
Zn—O precursor solution and (b) the annealing
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temperature was approximately 400°C, and In-Ga—Zn—O
gel was converted to an InGaZnO, metal oxide solid. Figure
3(b) shows dependence of the XRD patterns on the annealing
temperature of the InGaZnO, films without UV/Oj; treat-
ment. The InGaZnO, films with annealing temperatures
below 600°C were in an amorphous state. These results
clarified that an amorphous metal oxide film could be
obtained with an annealing temperature between 400 and
600 °C. The crystalline temperature was over 700°C, and
single-phase InGaZnO4 (JCPDS No. 38-1104) appeared at a
temperature of more than 800 °C. A previous study reported
the same tendency as this for a sputtered film.> The metal
composition of the InGaZnO, film after annealing at 600 °C
was In:Ga:Zn = 1:0.98:0.95. In this metal composition region,
it is difficult to obtain high mobility (u>1cm*V~'s™') as
explained in Sec. I. It is considered that these results show an
adverse implication of the residual carbon- and hydrogen-
based content.

To decompose and remove these contents effectively,
UV/O; treatment was conducted in air atmosphere. Figure
4(a) shows the FT-IR spectral change of the In-Ga—Zn—O
gel films by UV/Oj; treatment. The broad peak around the
region from 2500cm ™' to 3700cm ' show the presence of
OH stretching vibrations (Figure 4(b)). This peak shifted to a
low wavenumber after UV/O5 treatment for 30 min. In the
region of OH stretching vibration, the high wavenumber
region was because of the free state of metal-hydroxide
(M-OH) bonding without hydrogen bonding, and the low

L ll I} 1|H||Iu 1
20 30 40 50 60
20 [deg:A=CuKa]

70 80 90

wavenumber region was because of the state of the M-OH
network with hydrogen bonding.” It is considered that the
free state of M-OH bonding was decomposed by the UV/O;
treatment.

The sharp peaks at approximately 3000 cm ' were elim-
inated by the treatment for 5 min. These peaks were related
to the stretching vibrations of CH, and CH; groups of unhy-
drolyzed alkoxides. These C—H based contents were decom-
posed and removed by the treatment for a short time.

The band at approximately 1500cm ™' in Figure 4(a)
shows a curious spectral change. It is considered that the
change was related to C—O- and C—C-based contents. The
sharp peaks at 1570 and 1415 cm ™" without UV/O5 treatment
show symmetric and asymmetric vibrations of C=0O bond-
ing. This bonding suppresses the condensation of the oxide
gel films by chelating with coordination bonding to the metal
elements.”* It is expected that the condensation was pro-
moted by decomposing this bonding. After 30 min of UV/O;
treatment, this bonding was decomposed, and two new sym-
metrical peaks are observed at 1500cm ™' and 1395cm ™',
center fitted by Gaussian peaks in Figure 4(c). As a hypothe-
sis, it is considered that these peaks are related to amorphous
carbon because they are similar to the Raman-active G
(graphite-like carbon) and D (disordered carbon) bands.*>
Therefore, ligands could be decomposed by the UV/O; treat-
ment and transformed to the state like amorphous carbon. In
order to clarify the origin of these peaks, further investiga-
tions are required.
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FIG. 4. (a) Time dependence of UV/O; treat-
ment at air atmosphere on FT-IR spectra of
In-Ga—Zn-O gel film (50nm). (b) Extracted
normalized figure in the 2000-4000 cm '
region of UV/O; treatment for 0 and 30 min.
(c) Extracted and Gaussian fitting results in
the 1300-1800cm ™' region after UV/O;
treatment for 30 min. (d) Parameter compari-
son of UV/O; treatment for In-Ga—Zn—O gel
film.

1600 14Q0 2000
Wavenumber(cm™)

T T
4000 3000 2000 1800

Wavenumber(cm 1)

1750 1500

Wavenumber(cm 1)



(d) 7 HZO(m/Z=18)

J. Appl. Phys. 113, 184509 (2013)

(e)

FIG. 5. TDS spectra of In-Ga—Zn-O gel
film (50 nm) with and without UV/Os treat-
ment. (a)—(c) Metal content (In, Ga, Zn) and
(d)—(g) carbon, hydrogen, and oxygen con-
tent (Hy, H,O, O,, CO,).
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In addition, atmosphere dependence was investigated to
clarify the roles of UV and O3. The FT-IR spectra shape was
changed by UV irradiation in N, (Figure 4(d-2)). In the case
of Oj irradiation without UV, the spectra shape was not
changed and the peak intensity was slightly reduced (Figure
4(d-3)). It was clarified that UV light was the parameter for
the decomposition of the ligands such as C=0 and C-H
bonding, and O3 was the parameter for the removal of the
decomposed contents. To investigate the combination of UV
and O3, UV light was irradiated in O, atmosphere. Figure
4(d-4) shows the change and reduction of the FT-IR spectra
at approximately 1500 cm ™. In summary, it is reasonable to
conclude that both UV and Oj irradiation are necessary to
reduce the residual contents in the gel films effectively.

TDS measurement was conducted to evaluate the con-
densation in In-Ga-Zn—O gel films with and without UV/O;
treatment. To remove the influence of self-heating during the
treatment, 120 °C process was performed for the sample with
and without UV/Oj; treatment. The treatment was performed
for 30 min at air atmosphere. Figures 5(a)-5(c) show the

X-ray diffraction intensity

250

NN iiion

10 20 30 40 50 60 70 80
20 [deg:A=CuKa]

FIG. 6. Annealing temperature dependence of GI-XRD with UV/O;
treatment.

200 400 6000 200 400 600
Temperature('C)

desorption behavior of the metal contents. The amount of
desorption of Zn was greater than those of In and Ga. Zn
tends to form unstable chemical bonds.”® The total amount
of desorption of metal content was decreased by the UV/O;
treatment. The condensation in InGaZnO, gel films was
clearly promoted by the UV/O; treatment. Figures 5(d)-5(g)
show the amount of desorption of organic- and hydrogen-
based content. The desorption of O,, H,O, and CO, was
greater for InGaZnO, gel films with UV/O; treatment than
without it. It is considered that with UV/O5 treatment, the
organic- and hydrogen-based content was easily desorbed by
the decomposition of the ligand state.

The characteristics of the annealed InGaZnO, films
were investigated by comparing the results from the treat-
ment with and without UV/O3. The UV/O;3 treatment at air
atmosphere was performed for 30 min. To confirm the amor-
phous state of the annealed InGaZnO, films with UV/O;
treatment, the annealing temperature dependence of GI-XRD
was measured (Figure 6). The InGaZnO, films with UV/O;
treatment showed an amorphous state after annealing at
600 °C. The same result was shown in the InGaZnO, films
without UV/Oj; treatment. Figure 7 shows dependence of the
binding energy of the O;; measured by XPS on the annealing
temperature. The peak intensity of M-OH bonding decreased

Without UV/O, With UV/O,
~ ~
3 3
cv <
S S
ey B
iyt iy
w0 0
=t =1
(<)) <)
-~ +
=1 =1
— L]
425°C
T T T T
536 532 528 536 532 528
Binding Energy(eV) Binding Energy(eV)

FIG. 7. Annealing temperature dependence of XPS for the Oy  region of
alkoxide-based InGaZnO, with and without UV/O; treatment.
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and the peak intensity of M-O bonding clearly increased
with the UV/O; treatment. The formation of a M-O bonding
network is closely related to device properties, and it is
expected that the TFT characteristics can be improved by
UV/O; treatment of gel films.

Figure 8 shows the annealing temperature dependence
of the transfer characteristics of Ip versus Vg at Vpg=5V
(Figure 8(a), without UV/O5 treatment; Figure 8(b), with
UV/O; treatment). The transfer characteristics were
improved with UV/Oj; treatment. The field-effect mobilities
(tuin) of the TFTs were calculated using the following equa-
tion: Ips=(W/L) thin CVps (Vg — Vrg), where Ipg is the
drain current, Vry is the threshold voltage, W and L are the
channel width and length, respectively, and C is the capaci-
tance per unit area of the gate dielectric.

For the solution-processed amorphous InGaZnO, TFT
with UV/Oj; treatment, the following results were obtained af-
ter annealed at 500 °C: on/off ratio, 108; subthreshold swing,
150 mV/decade; field-effect mobility, 51cm?V~! s_l; and
threshold voltage, 9.2 V. These results show the typical
enhancement-type operation of the normally off property.
Each parameter is comparable to the parameters of a sputter-
processed amorphous InGaZnO, TFT. The plot of mobility
versus annealing temperature is shown in Figure 9. By
using UV/Oj5 treatment, high mobility (>1 cm? V! s_l) was

101 E T T T T T
3 a——a———~8
. - with UV/O,
10 :
n 3
= .
~ 10 / .
= 7
5102 L without UV/O.
— '
=
§10"'- : d
10"

850 400 450 500 550 600
Annealing Temperature("C)

FIG. 9. Annealing temperature dependence of mobility with and without
UV/O; treatment.

achieved at a lower process temperature (425 °C). The TFT
performance was drastically improved and process tempera-
ture became lower with UV/Oj5 treatment.

IV. SUMMARY

We synthesized the alkoxide-based metal precursor so-
lution of InGaZnO, for the channel layers of TFTs. To
improve the quality of this film, UV/Oj3 treatment was intro-
duced. This treatment is effective to decompose organic- and
hydrogen-based contents and enhance the condensation in
In-Ga—Zn—O gel films. In addition, it was observed that for-
mation of the M-O bonds of an amorphous InGaZnO, film
was drastically accelerated with UV/O; treatment. By using
this process, the TFT performance was improved and process
temperature became lower. The obtained field-effect
mobility, on/off ratio, threshold voltage, and subthreshold
swing were 5.1 em? Vsl 108, 9.2V, and 150 mV/decade,
respectively. These values are applicable to high-
performance display backplanes. In addition, a high mobility
(>1cm? V' s71) was achieved at a lower process tempera-
ture (425°C). This metallic composition of InGaZnO, is
almost the same as that of the sputtered counterpart and
shows high TFT performance because of the improved qual-
ity of the solution-processed amorphous InGaZnO, films
with UV/Os treatment. Therefore, we believe that this
solution-based process and UV/Oj3 treatment are promising
candidates for use in printed electronics applications.
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