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In this research, we investigated transparent zinc-indium-oxide (ZIO)-based thin-film transistors
(TFTs) using an organic gate dielectric layer on a glass substrate. The channel layer was deposited
at room temperature by using an rf magnetron sputtering system with a ZIO target and Ar/O2 as a
sputtering gas. The electrical properties of the TFTs varied with the O2 partial pressure when the
channel layer deposition was carried out. With a bottom contact-type TFT geometry, using Au as
the source-drain electrode, the ZIO-based TFT showed a field-effect mobility of up to 0.5 cm2 /Vs
and on/off ratio of more than 105 .
PACS numbers: 73.61.Jc, 73.61.Ph
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II. EXPERIMENTAL DETAILS

I. INTRODUCTION

Transparent oxide-based thin-film transistors (TFTs)
are now widely investigated as new switching devices
for transparent electronics, including active-matrix displays [1–8]. Especially, for a transparent channel material, amorphous oxides are widely studied because they
can be deposited at room temperature without damaging temperature-sensitive substrates, such as plastic
films. The amorphous oxides composed of heavy-metal
cations with (n-1)d10 ns0 (n ≥ 4) electronic configurations
constitute an interesting class of transparent conductors
because they possess relatively high electron mobilities
despite their amorphous character [1]. Recently, pulselaser-deposited amorphous InGaO3 (ZnO)5 -based TFTs,
which exhibited a field-effect mobility up to 9 cm2 /Vs,
were reported [3], and other oxide materials, such as zinc
oxide (ZnO), zinc tin oxide (ZTO), and zinc indium oxide
(ZIO), were also employed as transparent channel layers.
The maximum field-effect mobilities obtained with those
materials were 2.5, 50 and 55 cm2 /Vs, respectively.
The purpose of this work is to demonstrate ZIO-based
TFTs using an organic material as a gate dielectric layer
for flexible display applications and to investigate the effect of O2 partial pressure (pO2 ) on the electrical properties of the transistors. Here, the maximum process temperature for TFT fabrication was set to 200 ◦ C, because
typically used plastic substrates, such as polycarbonate,
polyethersulfone and polyarylate, can only endure temperature up to 200 ∼ 320 ◦ C.
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On a routinely cleaned glass substrate, a 100-nm-thick
AlNd gate electrode was deposited by dc magnetron
sputtering at room temperature and then patterned. On
top of the gate electrode, poly (4-vinylphenol) (PVP),
which is a commonly used gate dielectric material for organic thin-film transistors, was spin coated with a thickness of 600 nm (Ci = 6.64 nF). A PVP solution was
made by dissolving 10 wt % of PVP powder and 5 wt
% of poly (melamine-co-formaldehyde) as a cross-linker
into a propylene glycol methyl ether acetate solvent. The
PVP layer was thermally cured in an convection oven
at 200 ◦ C. As a source/drain electrode, electron-beamdeposited Cr (5 nm) with a thermally evaporated Au (50
nm) layer was used. After the source and the drain electrodes had been defined by using standard photolithography and a wet-etching process, a ZIO channel layer
was deposited by using a radio-frequency (rf) magnetron
sputtering system with a ZIO target (ZnO : In2 O3 molar
ratio of 1 : 1) and with Ar and O2 as sputtering gas.
The O2 partial pressure (pO2 ) was changed from 0 % to
26 % by controlling the O2 gas flow rate. The channel
width and the length of the TFT device were 2400 µm
and 15 µm, respectively. In Fig. 1, an optical image of
the fabricated TFT device and a schematic diagram are
shown.

III. RESULTS AND DISCUSSION
The ZIO film deposited with Ar gas (pO2 of 0 %) resulted in a film that was electrically conductive with a
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Fig. 1. Optical and schematic images of a bottom-contacttype ZIO TFT.
Fig. 3. ID − VGS curve of a ZIO TFT in which the channel
layer was deposited with a pO2 of 26 % (the drain-to-source
voltage (VDS ) was set at 10 V). The TFT shows a typical ntype semiconductor behavior, and the mobility and the on/off
ratio were 0.57 cm2 /Vs and 105 , respectively.

Fig. 2. Optical transmittance of a 100-nm-thick ZIO thin
film (with pO2 of 20 %).
Fig. 4. ID − VGS curves of ZIO TFTs with channel layers
deposited with O2 partial pressure of 20, 23, and 26 %.

sheet resistance ranging from 90 Ω/ to 150 Ω/ (a typical transparent conductive oxide). However, when O2
gas was introduced during sputtering process, a typical
n-type semiconductor behavior was observed.
The optical transmittance of a single ZIO thin film is
displayed in Fig. 2. The ZIO thin film exhibits a high
optical transmittance of over 90 % in the visible range,
and at a wavelength of 500 nm, the transmittance was
93 %.
ZIO-based TFTs were fabricated, and the electrical
properties were measured under dark conditions. Fig. 3
illustrates the drain current vs. gate-to-source voltage
(ID − VGS ) curve of ZIO transistors in which the channel layer was deposited with pO2 of 26 %. As the figure
shows, the TFT exhibited a typical n-type semiconductor behavior, and the field-effect mobility and the on/off
ratio were 0.57 cm2 /Vs and 105 , respectively. Here, the
field-effect mobility was assessed in the linear region by

using
ID =

W
V2
µn Ci [(VGS − VT H )VDS − DS ]
L
2

(1)

where µn is the electron mobility and Ci is the gate capacitance. Also, in Fig. 3, the gate leakage current (IG )
of the PVP gate dielectric is displayed and is approximately on the order of ∼ 10−9 A, which is acceptable for
TFT operation.
To investigate the effects of O2 partial pressure on the
electrical characteristics of the ZIO transistors, we fabricated three different types of samples with pO2 of 20,
23 and 26 %. Fig. 4 shows the ID − VGS curves of
the devices fabricated with the corresponding O2 partial pressures. As the graph clearly shows, the electrical
properties of the devices are significantly affected by the
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Fig. 5. Dependence of the field-effect mobility on the O2
partial pressure

Fig. 6. Dependence of the on/off ratio on the O2 partial
pressure.

pO2 . In Fig. 5, the dependence of field-effect mobility
on the O2 partial pressure is shown. With a pO2 of 20
%, the field-effect mobility of the device was 1.5 × 10−5
cm2 /Vs, however, when the pO2 was increased to 23 %
and 26 %, the field-effect mobilities were considerably
increased. When the pO2 was increased to 23 %, the device showed a field-effect mobility of 3.9 × 10−3 cm2 /Vs,
and when the pO2 was 26 %, the field-effect mobility increased up to 5.7 × 10−1 cm2 /Vs.
Fig. 6 illustrates the change in the on/off ratio with increasing O2 partial pressure. Similarly to field-effect mobility dependence on the O2 partial pressure, the on/off
ratio was also significantly influenced by the pO2 . When
the pO2 was changed from 20 % to 23 % to 26 %, the
on/off ratio increased from 102 to 3 × 103 to 105 .
Although the field-effect mobility and on/off ratio were
remarkably improved by increasing the pO2 , the threshold voltage remained negatively shifted for all cases
(range from –20V to –25 V). Also, notice in Fig. 3 that
when the O2 partial pressure was 26 % (top line), an
appreciable drain current flowed even when that gate
voltage was zero (VGS = 0 V) and the TFT was turned
‘off’ when the gate voltage was ∼–25 V, which suggests
that the device was operating in the depletion-mode.
This negatively shifted threshold voltage of the devices can be explained by two different mechanisms.
Firstly, according to the work done by Dehuff et al., the
ZIO-based transistors can operate either in the depletion mode or in the accumulation mode, depending on
the post-deposition furnace annealing conditions (or the
crystalline structure of ZIO film) [5]. This report suggests that upon post-deposition annealing at a temperature of 600 ◦ C, the amorphous ZIO film transforms into
a crystalline form (polycrystalline), and in that case, the
TFT operates in the depletion mode (the threshold voltage is negative). On the other hand, when the annealing
temperature is less than 500 ◦ C, the amorphous phase remains, and the TFT operates in the accumulation mode

(the threshold voltage greater than zero). Although in
our case the channel was deposited at room temperature
and was not subjected to any post-deposition annealing
process, depletion-mode operation was observed whereas
the TFT deposited at room temperature showed an accumulation mode operation [5]. This difference in the
operation mode may be attributed to the different crystalline structures of the channel layer because here we
used a ZIO target with ZnO:In2 O3 molar ratio of 1 : 1
and in Ref. 5, a target with a ZnO:In2 O3 molar ratio of
2 : 1 was used.
Secondly, the negative shift of the threshold voltage
may be influenced by the positive space charge in the organic gate dielectric layer. In the case of SiO2 , holes may
be trapped in deep trapping sites near the gate dielectric/channel interface, creating a positive space charge
in the gate dielectric layer. This positive space charge
then causes the conduction band in the channel to bend
toward the Fermi energy level (EF ) in the same way as
a positive gate voltage, thereby causing a negative shift
of the threshold voltage [9]. Similarly, a positive space
charge can be created in the organic gate dielectric layer
and can cause a negative shift of the threshold voltage.
Additionally, the PVP layer may be damaged by the energetic atoms during the sputtering process, which may
create trap sites at the interface between the semiconductor/insulator layers and shift the threshold voltage.
More work is required to conclusively establish the contributions of the crystalline structure of the ZIO channel
layer and the organic gate dielectric on the negative shift
of the threshold voltage.

IV. CONCLUSIONS
In conclusion, we investigated transparent ZIO TFTs
using organic gate dielectric layer and successfully fab-
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ricated a device with a field-effect mobility of up to 0.5
cm2 /Vs and an on/off ratio of more than 105 . We found
that the O2 partial pressure had significant influence
on the electrical properties of the TFT device and further optimization of the process conditions could lead to
the realization of high-performance TFTs for transparent flexible electronics.
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