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This study presents the growth of ZITO film by co-sputtering system. By adjusting the chemical composition and electrical properties of
ZITO, an amorphous ZITO (a-ZITO) matrix with a semiconducting character was used to apply in active layer for thin-film transistors (TFTs)
device. The proposed a-ZITO channel layer with SiN, dielectric layer exhibited depletion mode operation. The device exhibited a subthreshold
swing (SS) of 1.65V/dec, a field-effect mobility (upg) of 2.57cm?V~'s~!, and an on/off current ratio (Ion/Zosr) of 10*. The small SS and an

acceptable pupg were associated with a smaller roughness and stable composition of ZITO channel layer.
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1. Introduction

Recently, the various quaternary materials have been
extensively researched for requiring a better performance of
optoelectronic devices, such as Zn-In-Sn-O (ZITO),"? In—
Ga—Zn-0 (IGZ0),” Cu-In-Ga-S (CIGS)» and Cu-Zn-Sn—
Se (CZTSe).? Particularly, the ZITO material simultaneously
possesses ZnO and ITO characteristics that can be applied in
many fields of optoelectronics.>® The present study uses
multi-compound ZITO material and applies in channel layer
of thin-film transistors (TFTs).

Many different ZnO-based TFTs became emerging devices
and strongly expected to replace conventional silicon TFTs
because of their good device performance, and potential for
transparent and flexible active circuits.>!? However, the
composition of ZnO-based crystallization is not stable
enough that can affect the performance of TFTs. According
to our previous report,'? the additional indium and tin doping
promoted a more stable equilibrium the ZITO matrix that
can help the performance of the optoelectronics devices
improvement.

The growth of the proposed ZITO film use the co-
sputtering system and its properties for TFTs is adjusted
by adjusting ZnO content in ZITO matrix and O? gas
concentrations.®’ The structural and electrical of ZITO film
was examined. The TFTs device use amorphous and
semiconducting ZITO to serve as channel layer, and clarifies
its electrical characteristics.

2. Experimental Procedures

Zn—In-Sn-0 (ZITO) thin films were deposited onto a silica
glass substrate by ZnO target (99.99%, ®2”) and ITO target
(99.99%, ®2") using co-sputtering system (ULVAC, Model
ACS-4000-C3). The distance between target and substrate
was maintained at 150 mm, and this depositing process was
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performed under a pressure of 1.9 x 107! Pa. The RF power
supplied to ZnO target was fixed at 80 W while the DC
power supplied to ITO target was varied from 10 to 40 W,
respectively. Due to the In,O3 phases mainly dominated the
ITO structure; therefore the tin atomic concentration was out
of consideration. As a result, the ZITO films were referred
to the ratio of zinc atomic concentration to total atomic
concentration of zinc and indium [Zn/(Zn + In) at%]. To
achieve the semiconductor characteristic ZITO film, an
amorphous ZITO (a-ZITO) was selected to adjust under the
different oxygen partial pressures.

The compositions of ZITO films were measured using an
attached energy dispersive X-ray (EDX) spectroscope of
high-resolution thermal field emission scanning electron
microscope (FE-SEM, JEOL/JSM-7001). The crystalline
phase of ZITO films was examined by multipurpose X-ray
thin film diffraction (XRD, Rigaku). The optical trans-
mittance and the current—voltage (/-V) characteristics were
measured by an UV-visible spectroscopy and a Semicon-
ductor Parameter Analyzer (Agilent/4155-B), respectively.

3. Results and Discussions

3.1 Structural and electrical characteristics of ZITO
film

Figure 1(a) shows X-ray diffraction patterns of ZITO films
with different zinc atomic concentration ratio (58-89 at%). In
the 89at% Zn sample, the film presented a polycrystalline
structure and ZnO phase (002) dominated the ZITO structure.
As the Zn atomic concentration ratio decreased (76 at%),
the intensity of In,O; related diffraction peak increased and
the Zn,In,O5 phase appeared. Following, the polycrystalline
structure was transformed into an amorphous-like structure
when the Zn atomic concentration ratio reached 69%. This
result may associate with the formation of Zn3In,Oq
structures resulted in the transformation of the ZITO
crystallization. Notably, the intensity of this amorphous-like
structure was not strong enough to reveal its crystallization
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Table 1 Resistivity and the average transmittance in visible range of ZITO film with various oxygen gas concentration.
Conductor Semiconductor
0,/(0; + Ar) (%) 0 2.0 3.8 5.7 7.4 8.2
Resistivity (Q*cm) 9.2 x 1074 2.8 x 10* 6.1 x 10° 7.0 x 10° 1.0 x 10° 3.9 x 10°
Transmittance (%)
390-800nm 89.7 80.5 81.0 81.5 80.4 81.0
(a) —
002) Zn/(Zn+In) at. %
—_— . ZnO A II'IZ()3
= A A
&. (431) (622) 89 %
~ o
=
& = (100)
o pu(
2 \n )((%6) o (6?2)
211
5 ( ( 3 ) 76 %
~
= ‘ 69 %
o) A N
321
(32D 43p) 58 %
20 30 40 50 60 70 80
Degree, 26/rad
(b)
In O
23 Zn/(Zn+In) at.%
(321)
-
=
5]
~—"
b 58 at. % Fig. 2 Low magnification image and select area electron diffraction pattern
.gj : of ZITO film (69% of Zn atomic content ratio) with oxygen concentration
Zn,In,0, of 7.4%.
8 Zn,In,0,7 3 276 0, InO,
= (006) (0015) 3 3
ol 431 (2149
69 at.% . , . ,
X : 2.8 x 10" Q%cm. This result indicated that the existence of

20 30 40 50 60 70 80
Degree, 26/rad

Fig. 1 X-ray diffraction patterns of ZITO films deposited with different
zinc atomic content ratios. (a) 58-89% and (b) magnified pattern of 69%
film.

phase. Therefore, the XRD pattern of 69 at% Zn sample was
singly appeared in Fig. 1(b). In fact, the crystallization of this
ZITO film (69 at%) was dominated by In,O3 phase, Zn;In,05
phase and Zn;3In,O¢ phase. This ZITO crystallization was
similar to an amorphous structure of previous literature that
may be applied in transistors.'?)

Although this ZITO crystallization possessed an amor-
phous characteristic, but its electrical properties was not
suitable for active layer of transistors (Table 1). To achieve
the semiconductor characteristic, the ZITO film contained
69at% of Zn (RF power: 80 W, DC power: 30 W) was
selected to adjust the resistivity under the different oxygen
concentrations. Table 1 presents the resistivity and optical
transmittance in visible range (390-800nm) of ZITO film
(69 at% Zn) under the different oxygen concentrations (0—
8.2%). As oxygen gas injected (O, concentration: 2.0%),
the film resistivity rapidly increased from 9.2 x 10™* to

more oxygen interstitials resulted in the increment of
electron-trapping centers.'>!'¥) With increasing the oxygen
gas concentration the film resistivity gradually raised and
then tended towards stability. As the oxygen gas concen-
tration was more than 3.8%, the ZITO film possessed a
semiconductor characteristic (>6.1 x 10° Q*cm) that could
be applied in active layer of TFT devices.'> Additionally, the
optical transmittance of ZITO film as a function of different
oxygen gas concentration was shown in Table 1. It clearly
showed that the average transmittance in the visible range
(390-800 nm) of film reduced when the atmosphere changed
from pure argon to an oxygen concentration of 2%. This
result implied that the film roughness rose resulted in the
increment of optical scattering.'® With increasing the oxygen
concentration (2.0 to 8.2%), the average transmittances in the
visible range of all films were approximately 81% which
implied that the influence of oxygen concentration on optical
transmittance of ZITO films was not obvious.

3.2 Fabrication of Zn-In-Sn-O thin film transistors
(TFTs)

Further check the crystallization characteristic of ZITO
active layer, the bright filed image and select area electron
diffraction (SAED) pattern were carried out by a high
resolution thermal filed emission transmission electron
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Fig. 3 The photograph of ZITO thin-film transistor.

microscopy (TEM), as shown in Fig. 2. This image shows
a SiN, dielectric layer and an 80nm ZITO layer [O,/
(O; 4+ Ar) = 7.4%], and has no cracks in the interface. The
SAED pattern confirmed that the ZITO layer was an
amorphous crystallization (inset of Fig. 2). According to
above results (Table 1 and Fig. 2), the ZITO film under
an atmosphere contained 7.4% oxygen was suitable for
candidate of TFTs active layer.

The 100nm aluminum (Al) and 100nm gold (Au) with
shadow mask was deposited by a thermal evaporator to serve
as the electrode for the bottom gate and top contact (source/
drain electrode), respectively. 200 nm SiN, was deposited by
plasma enhanced chemical vapor deposition (PECVD,
Oxford Plasmalab System 100). Then, a-ZITO channel layer
[02/(0O3 4+ Ar) = 7.4%] of 50nm was grown upon SiN,
dielectric layer by the co-sputtering system. The channel
length and width was 0.5 and 6.0 mm, respectively. The
photograph of typical bottom gate ZITO TFT device structure
was shown in Fig. 3.

The electrical properties of ZITO TFTs were performed
within the dark box using a semiconductor parameter
analyzer (Agilent/4155-B). Figure 4(a) shows drain cur-
rent—drain voltage (/p—Vps) output characteristics of ZITO
TFTs. The Ip—Vp curves exhibited typical transistor charac-
teristics. The channel conductivity increased with increasing
the positive gate bias which indicated that the ZITO TFTs
device was attributed to n-channel device.!” Figure 4(b)
shows transfer characteristics of the drain current (Ip) as a
function of gate voltage (V) under the drain voltage (Vp) of
2V for ZITO TFTs. This device clearly showed a drain
current on-to-off ratio (I,n/losr) of approximately 10* By
fitting the data of the square root of Ip—Vg in the saturation,
the threshold voltage (V1) was estimated to be about —4.4V
which meant that this TFTs device operated in depletion
mode. The filed-effect mobility (upp) can be calculated in
linear region by the following equation,'®)
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Fig. 4 (a) In—Vps output characteristics of ZITO TFT device (b) v/ Ip—Vs
transfer characteristics under drain voltage of 2V for ZITO TFT.

Table 2 Comparison of thin-film transistors with ZITO and ZnO active
layer.

ZITO

(present work) Zn0*® Zno?b
wpg (cm?V-ls™h) 2.57 1.70 1.13
Vr (V) —4.4 2.5 0.8
SS (V/dec) 1.65 3.82 1.65
Ion/Iose 10* 10° 10°

where Cy is gate oxide capacitance per unit area; L and W are
channel length and width, respectively; and gm((%)VGzconst.)
is the transconductance. This device exhibited an acceptable
wrg of 2.57ecm?>V~'s7! that was satisfactory for liquid
crystal display (LCD) pixel transistors.!” The subthreshold
swing (SS) is also a particular parameter to display the control
ability of device turn-on and off, and it can be defined as:

dVg

85 = d(loglp) @

From the transfer characteristics shown in Fig. 4(b), the SS
was determined to be 1.65V/dec.

Table 2 shows a comparison of the major characteristics of
TFTs with ZITO and ZnO channel materials. Comparing with
ZnO-based TFTs, the present TFTs devices has a higher
mobility. This result associated with the smaller roughness of
the interfaces between the SiN, dielectric layer and ZITO
channel layer.!>?? Additionally, a few amount of In,O; and
SnO, crystal integrated with ZnO that can promote the
stability of ZITO crystallization.
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4. Conclusions

This work uses the co-sputtering system to grow the multi-
compound ZITO, and control the ZnO and O gas
concentration to adjust the crystallization and electrical
characteristics. The transformation of the ZITO matrix from
polycrystalline to amorphous associated with the formation
of Zn3In,O¢ structures. As the zinc atomic content ratio of in
ZITO matrix got to be 69% and O? gas partial pressure got to
be over 2%, the ZITO matrix possessed amorphous and
semiconducting properties that can applied in channel layer
for TFTs device. The present ZITO TFTs exhibited a
depletion mode operation with upg of 2.57cm?V~'s7! a
small SS of 1.65V/dec, and an average I,/ of 10%. A
smaller SS value and acceptable upg attributed to a smaller
surface roughness and stable equilibrium the ZITO channel
layer. These results reveal that ZITO is a promising active
layer material for TFTs.
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