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High performance self-aligned top-gate zinc oxide (ZnO) thin film transistors (TFTs) utilizing high-k Al2O3

thin film as gate dielectric are developed in this paper. Good quality Al2O3 thin film was deposited by reactive
DCmagnetron sputtering technique using aluminum target in a mixed argon and oxygen ambient at room tem-
perature. The resulting transistor exhibits a field effect mobility of 27 cm2/V s, a threshold voltage of −0.5 V,
a subthreshold swing of 0.12 V/decade and an on/off current ratio of 9×106. The proposed top-gate ZnO TFTs
in this paper can act as driving devices in the next generation flat panel displays.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) has attracted wide attention with its notable ad-
vantages over the other semiconductors including a wide direct band
gap of 3.37 eV, high transparency in the visible range (400–700 nm),
good thermal stability, large exciton binding energy (60 meV) and
high mobility. Therefore, ZnO thin film transistors (TFTs) have be-
come attractive for use as driving devices in large scale active matrix
organic light emitting diode applications, due to their better reliabili-
ty and performance including high mobility, excellent subthreshold
gate voltage swing, and high on/off current ratios, as compared to
a-Si TFTs [1–4]. The ZnO TFTs have better electrical performance uni-
formity than the poly-Si TFTs due to the different grain size and grain
boundaries in the poly-Si thin films. A bottom-gate structure for ZnO
TFT is widely studied. However, this structure is unsuitable for the
realization of complementary metal-oxide-semiconductor gates for
digital and analog circuits because it has a high parasitic capacitance
and poor scalability. Therefore, the development of a self-aligned
top-gate ZnO TFT is necessary.

A number of gate dielectrics have been investigated for ZnO-based
TFTs, such as HfO2 [3], SiO2 [5], Si3N4 [6], Y2O3 [7], Al2O3 [8,9] and so
on. Due to its low interfacial trap density with oxide semiconductors
and a high relative permittivity of ~9, Al2O3 is a promising gate di-
electric. The oxide TFT using Al2O3 gate dielectric fabricated by atomic
layer deposition, exhibits remarkably high and stable performance.
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However, the exclusive atomic layer deposition system and extreme-
ly low deposition rate would increase the manufacturing cost.

For the mass production in industry, Al2O3 thin film deposited by
magnetron sputtering technique has the potential of high deposition
rate, large area, good uniformity and low cost. In this paper, Al2O3 thin
film deposited by reactive DC magnetron sputtering and its application
to ZnO TFTs has been developed. Due to good insulating property and a
relative permittivity of 7.2 for this Al2O3 gate dielectric, the resulting
transistor exhibits a field effect mobility of 27 cm2/Vs, a threshold volt-
age of −0.5 V, a subthreshold swing of 0.12 V/decade and an on/off
current ratio of 9×106.

2. Experimental details

Al2O3 thin film was deposited by reactive DC magnetron sputtering
technique using aluminum target in amixed argon and oxygen ambient
at room temperature. The deposition pressure and the power were
0.26 Pa and 120 W, respectively. In order to study the electrical charac-
teristics of Al2O3 thin film, capacitor formed by Si/Al2O3/Al structure
with a thickness of 54 nm and an area of 50 μm×50 μmwas measured
at a frequency of 1 kHz using an HP 4284A LCR meter. The morphology
of roughness of the Al2O3 thin film surfaces was observed by atomic
force microscope (AFM) (XE-150 S, Park Systems) under non-contact
mode using Applied Nano silicon tipwith the normal resonant frequen-
cy of 300 kHz.

The cross-sectional schematic of the self-aligned top-gate type
ZnO TFT studied in this paper is shown in Fig. 1. A 80 nm thick ZnO
active layer was first sputtered on thermally oxidized silicon wafer
by radio frequency magnetron sputtering (120 W) using a single
ZnO target in a mixed argon and oxygen ambient (Ar:O2=9:1) at
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Fig. 1. A cross-section schematic of the proposed ZnO TFT with self-aligned top-gate
structure.

Fig. 3. Capacitance density of the Si/Al2O3/Al capacitor.
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room temperature. After patterning this ZnO active layer by lift-off
process, a 100 nm thick Al2O3 layer was deposited by DC sputtering
at room temperature on top of the active layer. A 100 nm thick indium
tin oxide (ITO), used as gate electrode because of the required work
function and optical transparency, was sequentially sputtered at room
temperature. The ITO gate electrode and Al2O3 gate dielectric were de-
fined by one mask using photolithography and lift-off process. The de-
vice was then annealed at 400 °C for 30 minutes in O2 and N2 ambient.

Under 3 minute trifluoromethane CHF3/O2 plasma treatment, the
source/drain regions were formed, self-aligned and doped n-type by
hydrogen element, which lead to a low sheet resistance and a low
contact resistance between the source/drain electrodes and the chan-
nel of the active layer. The electrical properties of the TFTs were mea-
sured using an Agilent 4145B parameter analyzer.

3. Results and discussion

The atomic force microscope (AFM) image of Al2O3 film is shown
in Fig. 2. The root mean square surface roughness is about 0.3 nm,
which implicates the smooth surface of Al2O3 gate dielectric.

Fig. 3 shows the measured capacitance density of Si/Al2O3/Al ca-
pacitor, which is about 117 nF/cm2. The relative permittivity of this
Al2O3 thin film is estimated to be 7.2. The breakdown electric field
of this Al2O3 film is about 4 MV/cm, which is higher than that of rf
sputtered Al2O3 [10]. This high breakdown electric field implicates
that this DC sputtered Al2O3 film has less pin holes than that deposit-
ed by rf sputtering process. However, it is still lower than that of SiO2

(10 MV/cm). For the reliability issue, there is small shift over long
term operation due to charge trapping in the dielectric.

The field effect mobility induced by the transconductance at a low
drain voltage is given by

μFE ¼ Lgm
WCOXVDS

ð1Þ
Fig. 2. An AFM image for Al2O3 thin film deposited by sputtering.
where gm and COX are the transconductance and the gate insulator
capacitance per unit area, respectively. Fig. 4 shows the typical trans-
fer and output characteristics of the fabricated ZnO TFTs. They exhibit
good transfer TFT characteristics at VDS of 0.1 V such as a field effect
mobility of 27 cm2/Vs, a threshold voltage of −0.5 V, a subthreshold
swing of 0.12 V/decade and an on/off current ratio of 9×106. The sat-
urate mobility of about 30 cm2/Vs is also obtained at a VDS=5 V. The
linear mobility and saturate mobility obtained are nearly comparable,
implying that the field effect mobility is independent on drain voltage.
The output characteristic shows clear linear regions and does not
show significant current crowding at low VDS, indicating that low series
resistance in source/drain contacts was obtained. The source/drain
series resistance (RSD) was also extracted by determining the device
on-resistance Ron from the linear region of the transfer characteristics
and plotting the width normalized RonW as a function of the channel
length (L) for different gate voltages [11]. Fig. 5 shows the width nor-
malized RonW as a function of L at different gate voltage at VDS=0.1 V
for the ZnO TFTs. The RSDW for the ZnO TFTs, which is extracted at the
y-axis intercept of the extrapolated linearfit of RonW versus L, is approx-
imately 75 Ω-cm for different gate voltage.
Fig. 4. (a) Transfer characteristic and (b) output characteristic of the proposed
self-aligned top-gate ZnO TFT.
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Fig. 5. Width-normalized device on resistance RonW as a function of L. Fig. 6. Transfer characteristics of the ZnO TFTs with the same channel widthW=10 μm
but different lengths L=16, 2 μm.
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The transfer characteristic (at VDS=5 V) of the ZnO TFTs with dif-
ferent channel lengths (L=16, 2 μm) is compared in Fig. 6. From
Fig. 6, small change of the threshold voltages and little shift of sub-
threshold swing with different channel lengths were obtained,
which indicates good stability against short channel effects. This char-
acteristic is much better than that reported earlier for devices with an
inverted staggered, bottom-gate structure [12].

4. Conclusion

Due to good insulating property and a relative permittivity of 7.2
for this Al2O3 gate dielectric, high performance self-aligned top-gate
ZnO thin film transistors are developed in this paper. With scaling
down the channel length, good characteristics are also obtained
with small change of the threshold voltages and no degradation of
subthreshold swing. The proposed top-gate ZnO TFTs in this paper
can act as driving devices in the next generation flat panel displays.
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