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Postannealing Process for Low Temperature Processed Sol-Gel
Zinc Tin Oxide Thin Film Transistors
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We fabricated zinc tin oxide (ZTO) thin film transistors (TFTs) using a stable ZTO sol-gel solution at a low annealing temperature
of 300°C. To enhance transistor performance, the ZTO films were postannealed under vacuum and wet air consecutively. The
vacuum and wet air postannealed ZTO TFTs exhibited high saturation mobilities (5.5 cm?/V s), low subthreshold swing (0.38
Vl/dec), and high on—off current ratio (8 X 108). We analyzed the ZTO films before and after postannealing by X-ray photoelec-
tron spectroscopy to explain the origin of the enhanced performance.
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Recently, transparent oxide semiconductors (TOSs) have at-
tracted a great deal of attention as the channel layer for transparent
thin film transistors (TFTs) due to their high mobility, good environ-
mental stability, low cost, high transparency, and low temperature
processibility.l’2 Among TOSs, oxides based on heavy metal cations
with (n — 1)d'® ns® (n = 5) electronic configurations that have a
large spatial spreading of the s-orbital for a considerable overlap
between neighboring orbitals are promising candidates for high mo-
bility channel materials, even in an amorphous state. Zinc tin oxide
(ZTO),” indium zinc oxide,’ zinc indium tin oxide,” and indium
gallium zinc oxide (IGZO)® are representative amorphous oxide
semiconductors. These amorphous oxide-based TFTs showed high
mobilities of up to 40 cm?/V s.

Most amorphous oxide semiconductors are generally prepared by
vacuum processes such as radio-frequency magnetron sputtering and
pulsed laser deposition. These processes, however, require costly
equipment and present difficulties for the economical fabrication of
large area devices even at room temperature. Compared to vacuum
processes, a solution process is a simple and low cost pathway and
enables large area coating with high throughput. Some researchers
have reported solution-processed oxide TFTs with high mobilities
(>10 cm?/V s) and inkjet printability.T9 Recently, we have re-
ported on a ZTO TFT using a precursor solution of zinc(IT) acetate
and tin(IT) chloride that presented high mobility and a high on—off
current ratio.~ However, a high temperature (=500°C) annealing
process is essential to achieve high performance in solution-
processed TFTs. This high annealing temperature restricts the use of
typical soda lime glass or plastic substrates for low cost electronics
and is not applicable to the fabrication of large size devices. Thus, in
efforts to decrease the annealing temperature of the solution-
processed TFTs, several approaches such as chemical bath
deposition” and the use of nanoparticle suspensions12 and low tem-
perature decomposable precursorsl have been investigated. How-
ever, most solution-processed oxide TFTs annealed below 300°C
have shown low mobility, poor subthreshold swing, and low on—off
current ratios. In vacuum-processed TFTs, transistor performance
could be enhanced using various postplasma treatment and postan-
nealing processes.m’15 In particular, it has been reported that the
postannealing atmosphere affects electrical properties through con-
trol of the concentration of oxygen vacancies and electron trap
sites.' Therefore, it is anticipated that a postannealing process for
the solution-processed oxide TFTs can lower the annealing tempera-
ture.

In this article, we report on sol-gel ZTO TFTs fabricated with
annealing at low temperature down to 300°C. The additional post-
annealing process under vacuum and wet air environments improves
the transistor characteristics, yielding a high mobility of
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5.5 ¢cm?/V s and a high on—off current ratio of 8 X 10%. Also, the
mechanism underlying the enhanced performance by postannealing
is discussed.

A sol-gel solution for fabricating the ZTO thin films was pre-
pared using zinc acetate [Zn(CH;COO),, Aldrich] and tin chloride
(SnCl,, Aldrich) as metal precursors and 2-methoxyethanol as a sol-
vent. The details of the synthesis process can be found in a previous
article. ~ Metal precursors in a 0.3 M concentration were dissolved
in 2-methoxyethanol with an atomic ratio of Zn:Sn = 1:1. For the
fabrication of bottom gate/top contact structured ZTO TFTs, the
resulting solution was deposited on heavily boron (p+)-doped sili-
con wafers covered with a thermally grown 100 nm SiO, layer as a
gate dielectric by spin coating at 5000 rpm for 30 s. The ZTO thin
films were then annealed at 300°C for 1 h in ambient air. After the
main annealing step, the samples were annealed under vacuum
(<107! Torr) and wet air (humidity of ~80%) atmospheres at
300°C for 1 h using a rapid thermal annealing system. Aluminum
source and drain electrodes of 100 nm thick were deposited on top
of the ZTO layer by E-beam evaporation via a shadow mask. The
channel length and width were 100 and 1000 pwm, respectively.

The structural properties of the ZTO thin films were investigated
by transmission electron microscopy (TEM), X-ray diffraction
(XRD) using a fixed glancing incidence angle (2°), and atomic force
microscopy (AFM). The transfer characteristics of the ZTO TFTs
were measured with an HP 4155A semiconductor parameter ana-
lyzer at room temperature in a dark room. To investigate the change
in chemical structures of the ZTO films during postannealing, X-ray
photoelectron spectroscopy (XPS) was employed.

The XRD patterns before and after the postannealing process, as
shown in Fig. la, exhibit a weak and broad peak at 260 = 34°. The
cross-sectional TEM image and the diffraction pattern of the post-
annealed ZTO thin film, presented in Fig. 1b, also show no ordered
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Figure 1. (Color online) (a) XRD patterns of ZTO thin films before and after
postannealing, (b) cross-sectional TEM image and electron diffraction pat-
tern (inset), and (c) AFM image of a vacuum and wet air postannealed ZTO
thin film.
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Figure 2. (Color online) Transfer characteristics (/: solid dot) and gate
leakage current (I5: hollow dot) at Vg = 40 'V for the ZTO TFTs before and
after postannealing.

structure with uniform thickness of 15 nm. The AFM image, as
shown in Fig. Ic, reveals that the postannealed ZTO film has a
pinhole-free and smooth surface with a root-mean-square roughness
of 0.24 nm and shows no crystal grains. These results confirm that
the amorphous phase is maintained during postannealing under
vacuum and wet air atmospheres.

Figure 2 shows the n-channel transfer characteristics of the drain
current (Ip) vs gate voltage (Vi) and the gate leakage current be-
havior at a drain-to-source voltage (Vpg) of 40 V for the solution-
processed ZTO TFTs before and after postannealing. All the TFTs
show a low leakage current (~107!" A) originating from thermally
grown SiO, dielectric. Due to the low annealing temperature of
300°C, the TFT with the as-deposited ZTO thin film shows a low
performance  with a saturation mobility (p) of 5.5
X 1073 ¢cm?/V s, a subthreshold swing (S) of 1.01 V/dec, and an
on—off current ratio of ~1 X 10* The TFT annealed for 3 h at
300°C did not show any improvement in its characteristics (results
not shown in this article) despite the longer annealing time for de-
composition of the precursors. However, the TFTs with a postan-
nealed ZTO film exhibited an enhanced performance. After vacuum
postannealing, the entire /p including the on and off current in-
creases and the turn-on voltage (V,,), that is, the gate voltage at the
onset of an initial sharp increase in current in the transfer curve, is
negatively shifted with an increased saturation mobility of
3.17 ¢cm?/V s and an enhanced subthreshold swing of 1.92 V/dec.
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This can be explained by an increase in the carrier concentration due
to the generation of oxygen vacancies, each of which donates two
electrons, during the vacuum postannealing. Recently, according to
first-principle calculation, it is suggested that oxygen vacancies in a
multicomponent oxide such as IGZO can make deep levels as well
as shallow levels, depending on its local structure.' Therefore, the
oxygen vacancies generated during the vacuum postannealing can
increase the carrier concentration. Higher carrier concentration re-
sults in conductive characteristics with increased drain current and
higher saturation mobility of the ZTO TFT. However, a large num-
ber of oxygen vacancies can also act as electron trap sites in deep
states,'® and thus, the subthreshold swing is degraded after vacuum
annealing. To reduce the oxygen vacancies in the vacuum-annealed
TFT, we carried out wet air annealing, which provided strong oxi-
dation conditions for amorphous oxide semiconductors.'>!” Con-
secutive postannealing under a wet air atmosphere enhanced the
electrical performance of the TFT, resulting in a saturation mobility
of 5.5 cm?/V s, a subthreshold swing of 0.38 V/dec, and an on—off
current ratio of 8 X 103. The excess oxygen vacancies generated by
vacuum annealing can be suppressed during wet air annealing, and it
is expected that the decrease in the amount of oxygen vacancies,
which act as sources of free carriers and defect sites, can reduce the
off current and enhance the subthreshold swing. Additionally, the
linear mobilities (Vpg = 4 V) of the as-deposited, vacuum postan-
nealed, and vacuum-wet air postannealed ZTO TFTs are 2.34
X 1073 ecm?/V s, 1.44 cm?/V s, and 4.06 cm?/V s, respectively.
These are lower than the saturation mobilities; however, the con-
secutive vacuum and wet air postannealed TFT shows a comparable
linear mobility, which indicates the reduction of the trap states.
For further investigation of the chemical and structural changes
after postannealing, the ZTO thin films were analyzed using XPS.
From the XPS spectra of the Zn 2p;,, and Sn 3ds,, (Fig. 3a and b),
the position of the binding energy peaks and the compositional ratio
of Zn and Sn atoms (Zn:Sn = 1:1) were maintained after the post-
annealing. However, as shown in Fig. 3c-f, the O 1s and Cl 2p peaks
present remarkable changes. The O 1s peaks (Fig. 3d-f) are fitted by
three nearly Gaussian curves centered at 530.1, 531.2, and 532.4 eV.
The low and dominant peak of the O 1s spectrum at 530.1 eV (O,,)
is associated with the oxygen atoms in the fully oxidized
surroundings.18 The medium component at 531.2 eV (O,) corre-
sponds to oxygen ions in oxygen deficient regions. The peak with
the high binding energy component at 532.4 eV (O,) is typically
attributed to the presence of loosely bound oxygen on the surface,
such as in H,O and OH groups integrated into the materials. After
the vacuum annealing step, the area ratio of O,/(Oy + O,) in-
creased from 0.19 to 0.34, which indicates that the vacuum anneal-
ing generates oxygen vacancies in the atomic structure. In addition,
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the Cl 2p spectra (Fig. 3c) show a significant reduction of the con-
centration of Cl ions from 2 to 0.4 atom %, a level that is almost
undetectable after vacuum annealing. We could also confirm the
reduction of the relative concentration of the Cl ions using
secondary-ion mass spectrometry analysis (results not shown here).
These results indicate that the drastic increase in drain current by
vacuum annealing originates from high carrier concentration gener-
ated by a large amount of oxygen vacancies and a decrease in the
number of defect sites from residual Cl ions. Compared with the
vacuum-annealed ZTO film, the consecutive wet-air-annealed film
presents a lower O,/(O,, + O,) of 0.2 with an extremely low Cl ion
content. The oxygen vacancies in the ZTO film can be reduced due
to the strong oxidization power of the wet air annealing process.
Thus, it is confirmed that the low off current of the TFT fabricated
with vacuum and wet air annealing was mainly due to a decrease in
the amount of oxygen vacancies in the ZTO films.

In the solution-processed ZTO TFTs fabricated at low tempera-
ture (300°C), the overlap of the s-orbitals of heavy metal ions is
insufficient despite their large radii due to a large number of impu-
rities incorporated in the loosely structured ZTO films. The conduc-
tion band minimum (CBM), which acts as an electron pathway, is
formed by the overlap of the s-orbitals. ' Thus, the electron conduc-
tion of the ZTO film with vacuum postannealing is inevitably lim-
ited due to structural disorder, in spite of a high concentration of
oxygen vacancies. However, during the wet air postannealing,
metal-oxide formation and structural relaxation, which reduce the
density of the shallow localized state beneath the CBM, occur due to
a substantial oxidation power of the wet air atmosphere.ls’l7 There-
fore, the mobility can increase despite a decrease in shallow donor®
and the subthreshold swing can be enhanced due to the decrease in
trap sites.'®*! From these postannealing effects, we suggest a plau-
sible mechanism of the structural change during the postannealing
processes. Due to the low annealing temperature, the as-deposited
ZTO thin film has a large number of Cl ions and OH groups. During
the vacuum postannealing, these impurities can be decomposed by
the vaporization of HCI or H,O and can eventually generate excess
oxygen vacancies, which lead to a high drain current. After wet air
postannealing, the oxygen vacancies are reduced and the closer
metal-oxide bond formation by densification results in the enhance-
ment of the connectivity of the s-orbital.>>** These changes can
cause a high mobility and a low off current simultaneously in the
sol-gel ZTO TFTs.

In summary, we fabricated the solution-processed ZTO TFTs at
an annealing temperature of 300°C with additional postannealing
under vacuum and wet air atmospheres. The vacuum postannealing
step enhances the mobility by the removal of impurity ions and the
generation of oxygen vacancies. The following wet air postanneal-
ing step further enhances the mobility (5.5 ¢cm?/V s) with a high
on—off current ratio (8 X 10%) due to the metal-oxide formation and
structural relaxation, despite of a decrease in the amount of the

oxygen vacancies. Therefore, the postannealing process is very help-
ful in that it allows a reduction of the annealing temperature for the
solution-processed oxide TFTs to be applicable in display manufac-
turing.
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