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Low-Voltage Junctionless Oxide-Based Thin-Film
Transistors Self-Assembled by a
Gradient Shadow Mask

Guodong Wu, Jumei Zhou, Hongliang Zhang, Ligiang Zhu, and Qing Wan

Abstract—A gradient shadow-mask diffraction method is pro-
posed for the fabrication of junctionless indium-tin—oxide (ITO)
and indium-zinc-oxide (IZO) thin-film transistors (TFTs) with
different channel thicknesses on one glass substrate during one-
batch radio-frequency magnetron sputtering. The operation mode
and saturation field-effect mobility of the room-temperature-
processed oxide-based junctionless TFTs are channel thickness de-
pendent, and the threshold voltages shift from negative to positive
when the self-assembled channel thickness is reduced to a critical
thickness.

Index Terms—Gradient mask diffraction, junctionless thin-film
transistors (TFTs), operation mode modulation.

I. INTRODUCTION

XIDE-based thin-film transistors (TFTs) have attracted

much attention for potential applications in flat-panel
displays, sensors, and radio-frequency (RF) identification [1],
[2]. Modulation of the threshold voltage and operation mode of
oxide-based TFTs is of particularly high importance for realiza-
tion of integrated circuits and relevant applications in chemical
and biological sensors [3], [4]. Up to now, there are several
methods to tune the threshold voltage and operation mode, such
as chemical doping [5], tuning the oxygen concentration during
channel deposition [6], an additional channel layer deposition
[7], etc. Among these methods, changing the thickness of an
active channel layer is the most effective approach [8], [9].
However, a multibatch process was still needed to change the
channel thickness to tune the threshold voltage and operation
mode. Up to now, a simplified one-batch process is still a big
challenge for low-cost applications.

In this letter, low-voltage indium—tin—oxide (ITO)-based and
indium—zinc—oxide (IZO)-based TFTs with different channel
thicknesses were self-assembled on one ITO glass substrate
by one-batch sputtering deposition with a gradient shadow
mask. A junctionless device structure was obtained because
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Fig. 1. (a) Schematic of junctionless oxide-based TFTs with different channel
thicknesses fabricated by a gradient mask method. (b) Optical image of
the four self-assembled junctionless 1ZO-based TFTs with different channel
thicknesses.

the source/drain electrodes and the self-assembled channel
layer have the same chemical composition. Depletion-mode to
enhancement-mode conversion can be realized when the self-
assembled channel thickness is reduced to a critical thickness,
although the resistivity of ITO and IZO films is as low as
12x 1073 Q- cm.

II. EXPERIMENTAL DETAILS

Junctionless ITO- and IZO-based TFTs were self-assembled
on conductive ITO glass substrates by a fully room-temperature
process. Fig. 1(a) and (b) shows the schematic and optical
image of four junctionless TFTs with different channel thick-
nesses on one glass substrate by one-batch sputtering deposi-
tion with a gradient nickel shadow mask, respectively. First,
1.5-pm-thick SiO; electrolyte films were deposited onto ITO
glass substrates by plasma-enhanced chemical vapor deposition
using SiHy and O, as reactive gases at room temperature.
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Fig. 2. (Curve A) Frequency-dependent specific capacitance and (curve B)
phase angle of the room-temperature-deposited SiO2-based solid electrolyte
film.

The flow rate ratio of SiH, and Os was 3.0 sccm/18 sccm.
The deposition pressure and deposition time were 30 Pa and
20 min, respectively. Then, 150-nm ITO or IZO source/drain
electrodes were deposited on the SiOy electrolyte films by RF
magnetron sputtering in pure Ar ambient with a gradient nickel
shadow mask. Thin ITO or IZO channels will be self-assembled
between the source and drain electrodes during sputtering due
to the diffraction effect. The distance between the nickel mask
and the substrate for the gradient shadow mask is designed to be
50 pm for the far edge and ~10 pm for the near edge. Hence,
during one-batch deposition, self-aligned TFTs with different
active channel thicknesses can be simultaneously fabricated.
The frequency-dependent capacitance and phase angle of the
SiOg-based electrolyte films were measured by a Solartron
1260 impedance analyzer. The electrical characteristics of the
self-assembled junctionless devices with different ITO or IZO
channel thicknesses were measured by a Keithley 4200 semi-
conductor parameter analyzer at room temperature in the dark.
Here, we should point out that metal probes are connected
to the ITO or IZO source/drain regions directly for electrical
performance measurement.

III. RESULTS AND DISCUSSION

Fig. 2 shows the frequency-dependent specific capacitance
and phase angle of the SiOs electrolyte film in the frequency
range from 1.0 Hz to 1.0 MHz. The specific capacitance in-
creases with decreasing frequency, and a value of ~3.5 uF/cm?
at 1.0 Hz is measured. The main contribution to the capacitance
at low frequency is due to the electric-double-layer (EDL)
effect at the SiOs electrolyte/electrode interfaces [10]. The
large specific capacitance provides a strong electrostatic couple
between the gate electrode and the self-assembled ITO and IZO
active channels, which is favorable for realizing low-voltage
operation. As shown by curve B in Fig. 2, the phase angle is
less than —45° when the frequency is lower than 80 kHz, which
is favorable for EDL formation. However, at a higher frequency
(f > 80 kHz), the ion mobility limits the response time, and
only few ions in the SiOs electrolyte can accumulate at the
interface. Thus, ionic relaxation is the dominating polarization
mechanism at high frequency.

Fig. 3(a) shows the transfer curves of the self-assembled
junctionless TFTs with ITO channel thickness change from
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Fig. 3. (a) Transfer characteristics of ITO-based TFTs with different ITO
channel layer thicknesses (Vs = 1.5 V). (b) Variations of V;y, and ppg of
the junctionless ITO-based TFTs as a function of the channel thickness.

45 to 8 nm at a drain-to-source voltage V;s = 1.5 V. The
transfer curve shifts from negative to positive when the channel
thickness is reduced. All devices show a small subthreshold
swing (SS) of less than 130 mV/dec and a drain current on/off
ratio of ~10°. The saturation field-effect mobility yipg is calcu-
lated from the following equation: Ipg = (C;uW/2L)(Vas —
Vth)Q, where L = 80 pm is the channel length, and W =
1000 pm is the channel width. C; is the specific capacitance
of the SiO, electrolyte gate dielectric (3.5 uF/cm? at 1.0 Hz).
Fig. 3(b) shows the channel-thickness-dependent saturation
field-effect mobility pupg and threshold voltage Vi of the
ITO-based junctionless devices. upp decreases from 40.8 to
3.3 cm2/V-s and Vi, shifts from —0.35 to 0.47 V when
the self-assembled ITO channel thickness is reduced from
45 to 8 nm.

Fig. 4(a) shows the transfer curves of the [ZO-based junction-
less TFTs with different channel thicknesses at Vs = 1.5 V.
All TFTs show a small SS of < 130 mV/dec. The channel-
thickness-dependent saturation field-effect mobility and thresh-
old voltage are shown in Fig. 4(b). prg reduces from 30.6 to
7.2 cm?/V -s when the IZO channel thickness is reduced
from ~45 to ~8 nm. Depletion-mode (Vi = —0.3 V) to
enhancement-mode (Vi = 0.34 V) conversion is observed
when the IZO channel thickness is reduced from 45 to 8§ nm.
Similar channel-thickness-dependent electrical properties were
also observed for normal InyO3-based TFTs [11]. SS reduces
with channel thickness reduction first, but slight degradation
was observed when the channel thickness is reduced to 8 nm
due to the surface scattering and absorption effect.

The positive shift of V; is due to the reduction of the
absolute carrier number in the self-assembled ITO and 1ZO
channels [11]. At the same time, the channel layers are directly
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Fig. 4. (a) Transfer characteristics of 1ZO-based TFTs with different 1IZO
channel layer thicknesses (Vs = 1.5 V). (b) Variations of V4, and ppg of
the junctionless IZO-based TFTs as a function of the channel thickness.

exposed to air ambient, which results in oxygen adsorption on
the channel surface [12]. Therefore, the adsorbed oxygen can
capture electrons from the conduction band and result in chan-
nel surface depletion. If the oxide-based channel thickness is
thin enough, enhancement-mode operation is possible, although
ITO and IZO are highly conductive. Hall effect measurement
results indicate that the resistivity of IZO films with four
thicknesses shows a resistivity of ~1.2 x 1072 Q- cm. When
the thickness of the IZO film reduces from 45 to 8 nm, the
carrier concentration linearly decreases from 1.72 x 10%° /cm?
to 1.63 x 10%° /cm®, respectively. Here, lower field-effect mo-
bility was measured for devices with thinner ITO or IZO active
layers. Oxide-based TFTs were self-assembled on ITO glass
substrates with relatively large surface roughness and measured
in air ambient without surface passivation; hence, interfacial
scattering and water or oxygen absorption are more serious for
thinner channels. In fact, Dhananjay et al. found that the field-
effect mobility of InoO3 TFTs was clearly channel thickness
dependent and that it reduced from 14 cm?/V - s for a 20-nm
channel to less than 0.01 cm? /V - s for a 5-nm channel [9]. Our
results are in good agreement with their reported results.

In addition, we should point out that only the channel area
very close to the source/drain electrodes has a serious diffrac-
tion effect during RF sputtering and that other channel areas
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have a relatively uniform thickness. At the same time, our
experiment results demonstrated that IZO and ITO films with
thickness up to 60 nm can be tuned off by SiO electrolytes
due to the strong EDL capacitance. Hence, only slight over-
estimation of field-effect mobility would be exhibited for the
self-assembled TFTs with thickest channel of 45 nm [10].

IV. CONCLUSION

In summary, a novel method based on a gradient shadow
mask has been proposed for junctionless low-voltage oxide-
based TFTs with different channel thicknesses fabricated dur-
ing one-batch sputtering. The operation mode can be modulated
from depletion mode to enhancement mode for both ITO- and
1ZO-based TFTs.
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