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ZnO thin-film transistors (TFTs) were built on glass substrates. The device
with a top gate configuration operates in the depletion mode. The ZnO channel
was grown by metalorganic chemical vapor deposition (MOCVD) on glass at
low temperature. SiO2 was used as the gate dielectric. The TFT has an on/off
ratio of �4.0 · 104 and a channel field-effect mobility of �4.0 cm2/V s. The
average transmittance of the ZnO film in the visible wavelength is �80%. To
compare the characteristics of the TFTs prepared by using a poly-ZnO and
epitaxial-ZnO channel, an epi-ZnO TFT with the same configuration and
dimensions was made on an r-Al2O3 substrate. The epi-ZnO TFT shows higher
field-effect mobility of �35 cm2/V s and on/off ratio of �108.
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INTRODUCTION

As a wide-bandgap semiconducting material, zinc
oxide (ZnO) has found promising applications in
optoelectronics. Due to its intrinsic advantages,
such as insensitivity to visible light and high elec-
tron mobility, ZnO-based thin-film transistors have
attracted increasing interest as an alternative for
Si-based TFT devices for active-matrix liquid-crys-
tal displays (AMLCDs) and the transparent elec-
tronics.

Currently, most of the ZnO-based TFT devices
have been fabricated on thermally oxidized Si and
glass substrates by radiofrequency (RF) sputtering
or pulse laser deposition (PLD).1–11 Hoffman et al.
have reported transparent ZnO-based TFTs built on
glass substrates.1 The bottom gate TFT device con-
sists of a sputtered indium tin oxide (ITO) bottom
electrode, an aluminum-titanium oxide (ATO) gate
insulator grown by atomic layer deposition, and a
ZnO channel layer deposited by ion beam sputter-
ing. The TFT working in n-type enhancement mode
shows an on/off ratio of �107. Threshold voltages
and channel mobilities of devices range from �10 V
to 20 V and �0.3 cm2/V s to 2.5 cm2/V s, respec-
tively. Later, ZnO-TFTs2 fabricated using a bottom

gate structure on thermally oxidized Si were also
reported with an incremental mobility as high as
25 cm2/V s under VGS of -5 V to 70 V and VDS

of 10 V. Masuda et al.3 reported bottom gate ZnO
TFTs fabricated on glass and Si substrates with the
ZnO channel layer deposited by PLD at 450�C. The
TFT made on a thermally oxidized Si substrate
operates in the enhance mode for the low carrier
concentration ZnO channel with a field-effect
mobility of �0.031 cm2/V s, threshold voltage of
�2.5 V, and on/off ratio of �105. For the high carrier
concentration ZnO channel, the device operates in
the depletion mode and exhibits a field-effect
mobility of �0.97 cm2/V s, threshold voltage of
�-1.0 V, and on/off ratio of �102. ZnO TFTs built on
glass substrates operate in the depletion mode and
the drain current is much higher than that of
devices made on Si substrates. These TFTs show
poor saturation current properties and do not reach
cut off within the applied bias limit. This is attrib-
uted to the poorer crystallinity and higher back-
ground electron concentration in the ZnO channel
layer on the glass substrate.

In ZnO TFTs, material properties of the ZnO
channel, including the mobility, carrier concentra-
tion, and surface roughness, etc., have a critical
impact on the device performance. The MOCVD
technique enables low-temperature and high-quality
ZnO growth on various substrates, particularly
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benefiting the development of high-performance
ZnO thin-film transistors. So far, most reported ZnO
TFTs have used the bottom gate configuration,
where the coverage of the final passivation layer
dynamically impacts on device performance by
changing the surface status of the ZnO film.4 The
top gate device structure can avoid the direct con-
tact of the passivation layer with the ZnO channel,
and thus limit this effect.

In this paper, we present results of ZnO TFTs
with a top gate device configuration. The ZnO
channel layer is deposited on a glass substrate by
using the MOCVD technique. TFTs of the same
dimension but with epitaxial ZnO channels were
also made on the r-Al2O3 substrates. Device per-
formance was evaluated and the results were also
compared with that of ZnO TFTs built on glass
substrates.

EXPERIMENTAL

The ZnO film growth was carried out in a vertical
flow, rotating disc MOCVD reactor. Corning 7059
glass was used as the substrate. Diethylzinc (DEZn)
and oxygen were used as the Zn precursor and oxi-
dizer, respectively. The chamber pressure was kept
at �50 torr. The growth rates of ZnO in different
crystalline directions follow the order: 0001½ �>
01�10
� �

> 01�11
� �

> 000�1
� �

. The as-grown ZnO film
usually exhibits a columnar structure on glass
substrates due to the fastest growth rate along the
ZnO [0001] direction.12 In ZnO TFT devices, such a
columnar structure should be avoided, as it blocks
the lateral current flow and presents the rough
surface morphology for the device processing. The
growth temperature plays a critical role in deter-
mining the morphology and electrical properties of
the ZnO films. To obtain a dense ZnO film structure,
the growth temperature was kept at �400�C. At this
low growth temperature, the zinc precursor and
oxygen have lower kinetic energies and growth is
controlled by surface kinetics, resulting in a dense
film structure with smooth surface. For the growth
of the epitaxial ZnO channel layer on r-Al2O3 sub-
strates, the MOCVD growth temperature was
maintained at 400�C to 500�C. The surface mor-
phology of the as-grown ZnO films was examined
using a Leo-Zeiss field emission electron microscope
(FESEM). The X-ray scan of the ZnO film grown on
glass was carried out using a Siemens D310 X-ray
diffraction (XRD) system, while for the ZnO film
grown on the r-Al2O3 substrate, high-resolution XRD
analysis was carried out using a Bruker (Bruker AXS
Gmbh, Karlsruhe, Germany) D8-Discover four-circle
X-ray system.

The ZnO TFTs in this study were defined as top
gate depletion-mode metal insulator semiconductor
(MIS) FET devices. The n-type semiconducting ZnO
channel layer (70 nm to 100 nm) was grown on a
glass substrate by MOCVD. The channel mesa was
formed by the wet chemical etching by using

HCl:H2O solution.13 A SiO2 layer (�120 nm)
deposited by plasma enhanced chemical vapor
deposition (PECVD) was used as the gate dielectric.
The source and drain windows were opened on SiO2

using buffered oxide etch (BOE). Au/Ti metal
scheme (50/100 nm) was used for the source and
drain ohmic contacts, and the contact patterns were
formed by the liftoff process. Al (150 nm) was used
for the top electrode. The TFT dimensions were a
300 lm channel width and 50 lm channel length
with a W/L ratio of 6. Figure 1 shows a schematic of
the device structure. The ZnO TFT device charac-
teristics were evaluated using an HP 4156C semi-
conductor parameter analyzer. The optical
transmittances of the ZnO films grown on glass
substrates were measured between wavelengths of
370 nm and 700 nm.

RESULTS AND DISCUSSION

The XRD measurement result of the ZnO film
grown on a glass substrate is shown in Fig. 2. The
inset shows the surface morphology of the sample
characterized by FESEM. Multiple ZnO reflection
peaks were observed from the coupled X-ray scan,
indicating that the film is polycrystalline. This is
expected due to the lack of epitaxial relation-
ship between ZnO and the glass substrate.

Fig. 1. Schematic representation of the ZnO TFT device on a glass
substrate.

Fig. 2. X-ray h–2h scan of the ZnO film grown on glass using
MOCVD; the inset shows an SEM micrograph of a ZnO film
deposited on a glass substrate.
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Furthermore, the low deposition temperature to
suppress columnar growth also leads to polycrys-
tallinity in the ZnO film. From the SEM micro-
graph, it can be seen that the film is dense and
uniform with nanoscale surface roughness.

Figure 3 shows the XRD h–2h scan of the ZnO film
grown on the r-Al2O3 substrate. The inset shows the
SEM image of the ZnO film. The ZnO films are
epitaxial and a-plane oriented, as seen from the
coupled X-ray scan. The epitaxial relationships
between the a-plane ZnO film and r-Al2O3 substrate
are: ð11�20Þ ZnO||ð01�12Þ Al2O3, and [0001] ZnO||
½0�111� Al2O3. The SEM image exhibits a smoother
surface morphology of the epitaxial ZnO layer in
comparison to the film grown on the glass substrate.
The transmission of the ZnO TFT built on the glass
substrate was measured in the wavelength range
from 370 nm to 700 nm by using a Beckman DU 530
spectrophotometer. The observed average trans-
mittance was �80%.

Figure 4a and b shows the output and transfer
characteristics of a ZnO TFT device built on the
glass substrate, respectively. From Fig. 4a, it can be
seen that the TFT shows saturation and cut off
under proper biases. The device works in the
depletion mode, as the source-drain current is non-
zero when the gate bias VGS is 0 V. The MOCVD-
grown ZnO films have a carrier concentration of
1017 cm-3 to 1018 cm-3. In Fig. 4a, the values of VGS

change from 0 V to -40 V, while VDS increases from
0 V to +15 V. The ID versus VGS and transconduc-
tance plot are shown in Fig. 4b, where the device
has an on/off ratio of �4.0 · 104 and a maximal
transconductance gm of �0.15 mS/mm. The sub-
threshold slope is determined to be S = 3.56 V/decade
by linearly fitting to the ID curve in the region with
the maximum slope over a 500 mV range. The field-
effect mobility of the device was obtained by the
nonlinear fitting of the ID versus VGS curve under
the gate voltage (-17 V), which corresponds to the

maximum transconductance gmax. The curve fitting
function used was:

ID ¼
W

2L
� Ci � lFE � ðVGS � VthÞ2;

where W is the channel width, L is the channel
length, Ci is the capacitance per unit area of the
gate insulator, Vth is the threshold voltage, and lFE

is the device field-effect mobility. The extracted lFE

value is �4.0 cm2/V s and Vth is �-29.6 V.
For comparison, we also made TFTs with the

same dimensions and configuration but grown epi-
taxially on the r-Al2O3 substrate. Figure 5a and b
shows the measured output and transfer charac-
teristics of a ZnO TFT built on an r-Al2O3 substrate.
The device demonstrates better characteristics than
that built on the glass substrate. The TFT has an
on/off ratio of �108. The determined subthreshold
slope is 0.94 V/decade. The subthreshold difference
between the TFT on glass and sapphire results from
the rougher surface and poorer crystallinity of ZnO
films on glass substrates. After the SiO2 gate
dielectric deposition, the higher interface state

Fig. 3. X-ray h–2h scan of the ZnO film grown on the r-Al2O3

substrate using MOCVD; the inset shows an SEM micrograph of a
as-grown ZnO film.

Fig. 4. ZnO TFT on glass substrate: (a) transistor output ID versus
VDS curve. VGS increases with -10 V/step; (b) transfer characteristics
for a gate sweep from +5 V to -40 V. The drain voltage was +15 V.
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density at the SiO2/ZnO interface results in the
larger subthreshold slope in the TFT devices on the
glass substrate. The extracted field-effect mobility of
�35 cm2/V s and the threshold voltage of -25.4 V
are obtained for the epitaxial ZnO TFT. In com-
parison to the polycrystalline ZnO TFT built on
glass, the epitaxial ZnO TFT built on the r-Al2O3

substrate shows much better characteristics due to
the superior material properties.

CONCLUSIONS

In summary, ZnO-based TFT devices with high
electron field-effect mobility were fabricated on glass
substrates. To suppress the columnar growth of the
ZnO film on the glass substrate, low-temperature
deposition was used during the MOCVD growth. The
device parameters extracted from the measured
transistor output and transfer characteristics
correspond to an on/off ratio of �4.0 · 104 and a
maximal transconductance gm of�0.15 mS/mm. The
device field-effect channel mobility was determined
to be on the order of �4.0 cm2/V s. In comparison,
TFTs with the epitaxial ZnO channel built on
r-Al2O3 substrates exhibited a higher on/off ratio of
�108 and field-effect mobility of �35 cm2/V s.
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Fig. 5. ZnO TFT on the r-Al2O3 substrate: (a) transistor output ID
versus VDS curve. VGS increases with -5 V/step; and (b) transfer
characteristics for a gate sweep from +5 V to -35 V. The drain
voltage was +10 V.
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