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F
lexible, transparent displays have re-
cently attractedmuch attention due to
their mechanical flexibility in addition

to optical transparency. These can be easily
carried in a folded or rolled form or attached
to clothing, and thus, the scope of potential
applications is extensive including user-
friendly forms as well as business and mili-
tary applications. Recently, thin film and
nanowire-based transistors using various
materials including oxides have been re-
ported for display applications.1�5 While
electrical characteristics desirable for each
application have been studied carefully,
device reliability critical in product develop-
ment has not been addressed; the photo-
current of displays increases when the
channel regions of the driving and switch-
ing transistors that drive the pixels are ex-
posed to external light sources, thus leading
to reliability issues. The increase in photo-
current can cause a positive or negative shift
in the threshold voltage (Vth) and an in-
crease in the leakage current. Vth variation
exerts a critical influence on current change
in displays. Displays consisting of basic cir-
cuits with two transistors�one capacitor
(2T1C) exhibit considerable changes in cur-
rent and picture quality due to Vth variation.
Consequently,many studies have been con-
ducted on circuit design compensating for
the Vth variation. As for current change
caused by Vth variation in the 2T1C struc-
ture, Lee et al.6 indicated a 28% reduction in
output current for about 0.2 V of Vth change
with bias stress applied for 100 s. Addition-
ally, Tai et al.7 showed that a Vth variation of
0.33 V led to a 60%non-uniformity in output
current. Park et al.8 reported that displays
were not able to realize uniform gray pat-
terns due to the characteristic variation
of transistors, but only red, green, and blue
pixels were shown as randomly distributed
images. These issues, in turn, could cause
unstable picture quality and device opera-
tion, and therefore, a black matrix containing

chromium (Cr) or carbon organic material is
generally used as a color filter in thin film
transistor liquid crystal displays to reduce
the undesired effect of external light sources.
In addition, many studies have attempted to
minimize the photocurrent by various pro-
cesses such as amorphous silicon (R-Si:H)
back channel etching, Ar plasma treatment
of the back surface, a bottom-gated metal
light shield, and a self-aligned etch-stopper
sidewall contact.9,10

Nanowires of wide band gap oxides such
as ZnO, SnO2, and In2O3 are suitable for
flexible and/or transparent displays because
they offer mechanical flexibility and optical
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ABSTRACT

Although oxide nanowires offer advantages for next-generation transparent display applica-

tions, they are also one of the most challenging materials for this purpose. Exposure of

semiconducting channel areas of oxide nanowire transistors produces an undesirable increase

in the photocurrent, which may result in unstable device operation. In this study, we have

developed a Zn2SnO4 nanowire transistor that operates stably regardless of changes in the

external illumination. In particular, after exposure to a light source of 2100 lx, the threshold

voltage (Vth) showed a negative shift of less than 0.4 V, and the subthreshold slope (SS)

changed by ∼0.1 V/dec. ZnO or SnO2 nanowire transistors, in contrast, showed 1.5�2.0 V

negative shift in Vth and an SS change of∼0.3 V/dec under the same conditions. Furthermore,

the Zn2SnO4 nanowire transistors returned to their initial state immediately after the light

source was turned off, unlike those using the other two nanowires. Thus, Zn2SnO4 nanowires

achieve photostability without the application of a black material or additional processing,

minimizing the photocurrent effect for display devices.
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transparency and can be processed at low tempera-
tures. However, their characteristic response to light,
which is helpful in photosensor applications, is a dis-
advantage in transistor applications for the reasons
described above. Here, we have attempted to mini-
mize the changes caused by external light through a
compound oxide nanowire material that provides a
stable device operation. We have synthesized Zn2SnO4

nanowires and investigated their crystallizability and
semiconductor characteristics. A comparison of ZnO
and SnO2 nanowires shows that Zn2SnO4 nanowires
produce stable electrical device performance regard-
less of the presence of external light sources without
additional processing or increased cost.

RESULTS AND DISCUSSION

Figure 1a�c shows field emission scanning elec-
tron microscopy (FE-SEM) images of the ZnO, SnO2,
and Zn2SnO4 nanowires with average diameters and
lengths of ∼40 nm/∼10 μm, ∼40 nm/∼20 μm, and
∼50 nm/∼15 μm, respectively. The nanowires exhibit
zigzag patterns, as seen from the high-magnification
image of Zn2SnO4 in the inset of Figure 1c. All three
materials exhibit uniform growth patterns without
flakes or dust. Figure 1d shows a cross-sectional view
of the nanowire transistor device, and FE-SEM images
of the channel area reveal that the channel diameters
and lengths of representative ZnO, SnO2, and Zn2SnO4

nanowire transistors are∼43 nm/2.8 μm,∼42 nm/5 μm,
and ∼52 nm/3 μm, respectively (Figure 1e�g).
Figure 2 shows the results of photoluminescence

(PL) and X-ray diffraction (XRD) analyses of all three

nanowires. Themain XRD peaks for the ZnO nanowires
appear at (100), (002), and (101), and they exhibit a
hexagonal wurtzite crystalline structure with lattice
constants a = 3.242 Å and c = 5.188 Å (ICDD No.
79-0205). The PLmeasurement (Figure 2d) shows a strong
ultraviolet (UV) emission peak, green emission peak,
and near-infrared (IR) emission peak at 379, 522, and
756 nm, respectively. These three peaks are generally
found in ZnO thin films or nanostructures. The UV
emission is widely known to be derived from the
recombination of free excitons through exciton�
exciton collisions caused by the wide direct band gap
(3.26 eV) of ZnO.11�13 The green emission around
500 nm is usually generated by deep-level defects in
ZnO crystals such as oxygen vacancies, interstitial zinc,
and interstitial oxygen.11,14,15 Although the near-IR
emission around 760 nm is sometimes thought to be
caused mainly by interstitial zinc,16 it is more likely to
be the second peak of UV emission caused by transi-
tions due to Si�O�Zn bonds.12,17,18

The XRD measurements for SnO2 nanowires
(Figure 2b) show main peaks at (110), (101), and
(211), and the SnO2 crystalline structure is tetragonal
rutile with lattice constants a = 4.737 Å and c = 3.186 Å
(ICDD No. 88-0287). In the PL spectrum (Figure 2e), UV
emission at 382 nm and strong, broad yellow emission
at 610 nmare observed. The peak at 382 nm is assumed
to be generated below the shallow band of tetragonal
SnO2.

19 The yellow emission at 610 nm is attributed to
defect levels in the band gap of SnO2, which seem to
have originated from defects during the growth
phase.20,21

Figure 1. FE-SEM images of (a) ZnO, (b) SnO2, and (c) Zn2SnO4 nanowires. The inset of (c) is the high-magnification image of
Zn2SnO4 nanowires. (d) Cross-sectional view of the bottom-gated nanowire transistor. FE-SEM images of nanowire channel
region for (e) ZnO, (f) SnO2, and (g) Zn2SnO4 nanowire transistors.

A
RTIC

LE



LIM ET AL. VOL. 6 ’ NO. 6 ’ 4912–4920 ’ 2012

www.acsnano.org

4914

As shown in Figure 2c, the main XRD peaks for
Zn2SnO4 are at (220) and (311), and the growth shows
a cubic structure with a lattice constant a = 8.65 Å
(ICDD No. 74-2184). In addition, SiO2 and ZnO peaks
are also observed on the background. The main
cause of the ZnO peak is ZnO impurities gene-
rated during the synthesis as reported in other
studies.22�24 Nevertheless, it appears that the
Zn2SnO4 nanowires are of excellent crystallizability
here since the ZnO peaks are of low frequency and
intensity. The PL spectra reveal two main peaks at
381 and 635 nm, as seen in Figure 2f. Previous reports
on the PL of Zn2SnO4 revealed, in addition to a
360 nm peak, the band gap energy emission of
Zn2SnO4, blue-green emission around 490 nm,
orange-yellow emission around 600 nm, and red emis-
sion around 630 nm.25�27 Although the origin of
these PL peaks has not been clearly identified, they
are reportedly associated with the Zn/Sn stoichiom-
etry and oxygen vacancies. It is assumed that the
characteristics of the Zn/Sn stoichiometry changed
according to the ratio of Zn and Sn during synthesis
of Zn2SnO4, and the PL peaks varied accordingly. A
381 nm peak, which is red-shifted by 2 nm from the
UV emission peak of ZnO, is caused primarily by the
band gap renormalization effect of mixed Sn.27,28

The peak at 635 nm was proved to be the combina-
tion of three peaks at 532, 632, and 764 nm as derived
by the Gaussian fitting. These peaks are considered
to have been caused by an energy level formed
within the band gap due to deficiencies such as
oxygen, tin, and zinc vacancies generated in the spinel
structure by the formation of Zn/Sn stoichiometry
and the high point defect concentration during the
synthesis process.29�31

Figure 3 shows low- and high-magnification images
from the high-resolution transmission electron micro-

scopy (HR-TEM) analysis of representative Zn2SnO4

nanowires, which reveal that rhombohedral nano-

crystals grew continuously along the nanowire axis.32,33

The corresponding selected area electron diffraction

Figure 2. XRD spectra of (a) ZnO, (b) SnO2, and (c) Zn2SnO4 nanowires. PL spectra of (d) ZnO, (e) SnO2, and (f) Zn2SnO4

nanowires.

Figure 3. HR-TEM images of (a) Zn2SnO4 nanowire with an
inset providing the EDS result and (b) side edge of Zn2SnO4

nanowire. Inset is the corresponding SAED pattern, taken
along the [10�1] zone axis.
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(SAED) pattern (Figure 3b, inset) confirms the single-
crystal nature of the Zn2SnO4 nanowires. According to
the SAED pattern taken along the [10�1] zone axis, the
growth orientation of the nanowires is [1�11]. The
measured lattice spacing values of 0.50, 0.50, and
0.43 nm correspond to the (1�11), (111), and (0�20)
planes of the spinel Zn2SnO4 nanowire, respectively.
Energy-dispersive X-ray spectroscopy (EDS) in TEM
(Figure 3a, inset) also confirms the Zn/Sn stoichiometry
to be 67.35:32.65 (2:1).
Figure 4 shows the changes in the electrical char-

acteristics of the ZnO, SnO2, and Zn2SnO4 nanowire
transistors under illumination. Three levels of illumina-
tion intensity were applied: 0, 1200, and 2100 lx. The
most remarkable changes seen in the drain current
versus gate-source voltage (Ids�Vgs) characteristics of
the ZnO nanowire transistors (Figure 4a) are a negative
Vth shift and an increase in subthreshold slope (SS) with
increasing illumination intensity. Specifically, Vth is 0.2 V
at 0 lx, �0.54 V at 1200 lx, and �1.33 V at 2100 lx. The
SS values are 0.14 V/dec at 0 lx, 0.25 V/dec at 1200 lx,
and 0.39 V/dec at 2100 lx. Thus, Vth exhibits a negative
shift of∼1.5 V, and the SS shows around 3-fold increase
for an increase of 2100 lx in illumunation intensity.
When remeasurement was performed with the lamp
off, the slope remained on the same level as the initial
characteristics (Vth = �0.63 V, SS = 0.15 V/dec), but Vth
subsequently changed. Although the figure does not
show it, Vth failed to completely return to its initial state
even when it was measured after about 10 min. For a
current with 0 V of gate bias, the increase in illumina-
tion intensity resulted in the same current increase
from 21 pA at 0 lx to 121 nA at 2100 lx. However, this
was generated by a negative shift in Vth. In other words,
if we define Vth þ 2.5 V as the on-current considering
the shift in Vth, the on-current is approximately

300�400 nA; this was not increased or decreased by
the photocurrent. Although the change in the Ids�Vgs
characteristics according to the sweep direction of the
gate voltage was very slight at 0 lx during hysteresis, a
characteristic change occurred during illumination,
exhibiting a positive shift in Vth of approximately 1 V
when the sweeping direction was from �3 to 3 V
compared to the other way around (Figure 4d).
SnO2 nanowire transistors also showed a similar

change in electrical characteristics with the photocur-
rent, as seen in Figure 4b. The Vth is 0.62, �0.39, and
�1.36 V at illumination intensities of 0, 1200, and 2100 lx,
respectively, showing a shift in the negative direction
by ∼2 V as the intensity is increased to 2100 lx. The
SS values also increase from 0.11 V/dec at 0 lx to
0.37 V/dec at 2100 lx. In addition, Vth was �0.24 V and
the SS was 0.11 V/dec when the lamp was off. If the
external light source was removed, the slope returned
to normal, whereas Vth was not restored to its initial
state. For the current hysteresis characteristics shown
in Figure 4e, the variation in Vth according to the sweep
direction of the gate voltage increases from 0.15 V at
0 lx to 1.44 V at 2100 lx.
In contrast to ZnO and SnO2 transistors, the change

in Zn2SnO4 nanowire transistor under illumination is
negligible, as shown in Figure 4c. Vth changes from0.21
V at 0 lx to 0.17 V at 1200 lx and �0.17 V at 2100 lx,
resulting in a negative shift of only�0.4 V. This result is
outstanding compared to the shift ofmore than 1.5 V in
ZnO or SnO2. In addition, the SS changes from 0.25 V/dec
at 0 lx to 0.35 V/dec under light illumination, an
increase of only 0.1 V/dec. The hysteresis characteris-
tics also scarcely showany changeby the external light;
the variation in Vth is 0.25 V at 0 lx and 0.3 V at 2100 lx
depending on the sweep direction of the gate voltage
(Figure 4f). In other words, the electrical and hysteresis

Figure 4. Ids�Vgs characteristics of (a) ZnO, (b) SnO2, and (c) Zn2SnO4 nanowire transistors under light intensities of 0, 1200,
2100 lx, and lamp off. Hysteresis characteristics of (d) ZnO, (e) SnO2, and (f) Zn2SnO4 nanowire transistors measured at 0 and
2100 lx.
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characteristics are very stable compared to those of
ZnO and SnO2 nanowire transistors despite illumina-
tion by an external light source. The DC characteristics
of the Zn2SnO4 nanowire transistors here with an
on/off ratio of 2.1 � 106 and a field effect mobility
(μeff) of∼20 cm2/V 3 s are better than reported values in
the literature.34,35 Here, the μeffwas extracted from the
gate-to-channel capacitance given by Ci = 2πε0keffLch/
cosh�1(1 þ tox/rnw) using μeff = dIds/dVgs � Lch

2/Ci �
1/Vds, where the effective dielectric constant of ALD-
deposited Al2O3 (keff) is ∼9.0.
It is widely known that the main cause of photo-

current increase upon exposure to external light is
photogenerated electron�hole pairs created under
light illumination. Adsorption and desorption of oxy-
gen molecules on the surface of nanowires is also
thought to play a role on the photocurrent character-
istics of ZnO and tin oxide.34 Its strength depends on
how processes such as carrier generation, charge
trapping, and recombination interact with the deep-
level defects and interface traps of the channel under
light illumination. Thus, trapping of nanowires in a sur-
face state can significantly affect carrier transport.36�38

Under ambient and low-temperature conditions, oxy-
gen adsorbs nondissociatively inmolecular form either
as neutral or negatively charged. The latter are formed
by combining with the free electrons, thus reducing
the electron concentration near the nanowire surface
and the conductivity. Upon exposure to light, the
photogenerated holes recombine with the negative
ions on the nanowire surface and release the oxygen
molecules, restoring the nanowire conductivity.39 In
order to verify whether the state of nanowire surface
plays amajor role in the change of photocurrent or not,
we deposited Al2O3 (30 nm) onto a SnO2 nanowire
transistor for passivation and examined the changes

with varied light illumination intensities. As illumina-
tion intensity increased from dark state (0 lx) to 1200
and 2100 lx, Vth changed to 0.42, �0.02, and �0.28 V,
respectively. In other words, when light illumination
increased by ∼2000 lx, Vth produced a 0.7 V negative
shift. On the other hand, SnO2 nanowire transistors
without passivation exhibited a ∼2 V negative shift of
Vth under the same conditions of light illumination,
indicating a difference of 1.3 V. Meanwhile, the SS of
passivated SnO2 nanowire transistor was 0.21 V/dec in
the dark state, 0.25 V/dec at 1200 lx, and 0.22 V/dec at
2100 lx, showing no outstanding change. Hence, the
characteristic changes caused by varied illumination
conditions significantly decreased because passivation
did not allow the nanowire surface to react to atmo-
spheric oxygen. Thus, the main reason for photocur-
rent generation is considered to be the adsorption and
desorption of oxygen molecules existing on the nano-
wire surface.
Next we discuss the reason why I�V curves did not

go back to their initial behaviors after the lamp was
turned off. In general, atmospheric oxygen molecules
are physically reabsorbed onto the nanowire surface
when light illumination is removed. The molecules
capture electrons from the conduction band and turn
to chemisorbed oxygen, which leads to the reduction
of photocurrent. Then, some part of the chemisorbed
oxygen changes to physisorbed oxygen, whereas the
rest remain as placed on the nanowire surface. It is well-
known that ZnO is the main cause of long decay time
due to its low physisorption rate.40�42 However, Li et al.
reported that the chemisorption rate is lower than the
physisorption rate.43 Taking these reports into consid-
eration, it is assumed that restoration of the original
state does not occur immediately after the lamp is
turned off because the reabsorption of oxygen onto

Figure 5. Vth and SS changes of ZnO, SnO2, and Zn2SnO4 nanowire transistors under 10 cycles of light illumination
(0 lx�1200 lx�2100 lx�0 lx).
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the nanowires is not prompt. Actually, the decay time
tends to increase in vacuum due to lack of oxygen to
react.43

A comprehensive understanding of the photostabil-
ity of the Zn2SnO4 nanowire requires detailed nano-
structural and electronic structural information which
are not currently available. However, according to
Chen et al.,44 Sn doping on ZnO thin films causes the
reduction of structural defects in ZnO, and two free
electrons are generated as Sn4þ ions substitute Zn2þ

ion sites.45 In other words, Sn doping causes the
decrease of structural defects and the increase of free
electrons. Considering that photocurrent generation
uses oxygen molecules and defects on the nanowire
surface as a vehicle and is affected by carrier genera-
tion, it is assumed that the structural defects including
oxygen vacancy of Zn2SnO4 decrease and finally lead
to photocurrent reduction in comparison to ZnO
or SnO2.
On the basis of the above discussion, spinel Zn2SnO4

nanowires are assumed to be more stable than ZnO
and SnO2 nanowires under the same lighting condi-
tions because fewer defects are generated during the
growth phase. This well-known mechanism in play for
the ZnO and SnO2 nanowires in Figure 4a,b is sup-
pressed for the Zn2SnO4 nanowires. The changes of Vth
and SS values of ZnO, SnO2, and Zn2SnO4 nanowire
transistors were examined through 10 rounds of three-
stage light illumination cycle (0�1200�2100 lx). Figure 5
shows the changes in Vth and SS extracted from
the Ids�Vgs curves of ZnO, SnO2, and Zn2SnO4 nano-
wire transistors while 0, 1200, and 2100 lx of light
was applied 10 times, respectively. The transistor

characteristics indeed changed in a repetitive and
consistent manner according to three levels of illumi-
nation. In the case of ZnO nanowire transistors,
changes in Vth and SS exhibited reproducibility. The
shift amount of Vth was �1.7 V, and the change of SS
was ∼0.28 V/dec from the initial stage at 1200 lx.
Likewise, the shift amount Vth was �3.5 V, and the
change of SS was ∼0.38 V/dec from the initial stage at
2100 lx. Besides, Vth and SS values could not be
perfectly recovered to the original points with the
lamp off (Figure 5a,d). SnO2 nanowire transistors also
showed reproducible behavior according to three
different intensities of illumination. As indicated in
the figures, the shift amounts of Vth were �1.3
and�2.0 V from the initial stage at 1200 and 2100 lx. The
changes of SS were ∼0.12 and ∼0.22 V/dec from the
initial stage at 1200 and 2100 lx. Here also, the Vth and
SS values could not be recovered to the original points
with the lamp off (Figure 5b,e). It is noted that the Vth
and SS changes of SnO2 nanowire transistors were
smaller than those of ZnO nanowire transistors. On the
other hand, Zn2SnO4 nanowire transistors showed the
smallest change of Vth, �0.3 and �0.4 V negative shift
from the initial stage at 1200 and 2100 lx. The devices
also showed consistent SS characteristics regardless of
the three different stages of illumination (Figure 5c,f).
The changes of Vth and SS in ZnO, SnO2, and

Zn2SnO4 due to illumination variation were measured
in six nanowire transistors, and the average and stan-
dard deviations are shown in Figure 6. When the
intensity increased from 0 to 2100 lx, the Vth of ZnO
and SnO2 showed �2.4 ( 1.3 and �2.2 ( 0.3 V
negative shifts, respectively. On the other hand,
Zn2SnO4 produced only 0.34( 0.22 V of negative shift,
which is relatively a slight change. Meanwhile, as for SS
changes, ZnO and SnO2 increased by 0.2 ( 0.15 and
0.22 ( 0.07 V/dec, respectively, whereas Zn2SnO4

increased by 0.10( 0.06 V/dec, showing no significant
change under varied light illumination conditions.
These results suggest that Zn2SnO4 nanowire transis-
tors are more suitable for transparent displays because
of their stability and much smaller changes in their

Figure 6. (a) Vth variation versus intensity and (b) subthres-
hold slope variation versus intensity for ZnO, SnO2, and
Zn2SnO4 nanowire transistors.

Figure 7. Optical transmission spectra of Zn2SnO4 nanowire
transistors on a quartz substrate.
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electrical characteristics or SS compared with ZnO or
SnO2 nanowires under light illumination.
In order to prove the possibility of application to

transparent displays, we fabricated a transparent
Zn2SnO4 nanowire transistor on a transparent quartz
substrate using the same process and measured the
transmittance shown in Figure 7. The black and red
lines correspond to quartz and Zn2SnO4 nanowire
transistors, respectively. The inset is the image of a
transparent Zn2SnO4 nanowire transistor substrate
showing that the text on the paper behind the sub-
strate is visible. The quartz substrate exhibited ∼91%
transmittance, whereas the transistor substrate using
Al/ITO as source-drain showed ∼60% transmittance.
For reference, the transistor characteristics of devices
fabricated on the quartz substratewere similar to those
of devices fabricated on the Si wafer.

CONCLUSIONS

In summary, we have synthesized Zn2SnO4 nano-
wires showing stability against external illumination for

applications in transistors used for transparent and/or
flexible displays. The Zn2SnO4 nanowires were found
to have a cubic crystalline structure. The electrical
characteristics of ZnO and SnO2 nanowires under
light illumination were also analyzed for comparison.
Among the changes caused by external illumination in
the characteristics of ZnO and SnO2 nanowire transis-
tors, a negative shift in Vth and an increasing trend in
the SS were clearly observed. However, such changes
in the case of Zn2SnO4 nanowire transistors weremuch
lower in comparison. Moreover, the Zn2SnO4 nano-
wires returned to their initial state immediately after
the light source was removed, whereas the ZnO and
SnO2 nanowires failed to be restored even ∼10 min
after the light source was removed. The results here
conclude that the use of Zn2SnO4 nanowires remark-
ably enhances the photostability of the transistors
compared to ZnO and SnO2 nanowires, and Zn2SnO4

is a potential alternative to conventional oxide and
amorphous or polysilicon that can operate stably in
transparent displays without additional processing.

METHODS
Single-crystalline Zn2SnO4 nanowires were grown by chemi-

cal vapor deposition on SiO2/Si substrates uniformly coated
with 20 nm gold nanoparticles as catalyst. A mixture of ZnO
(99.999%, 0.6 g) and SnO (99.99%, 1.5mol %, 0.0149 g) was used
as source material. The temperatures of the source and sub-
strate zones in the quartz tube reactor were 1090 and 720 �C,
respectively. A mixed carrier gas (Ar þ 1.6% O2) was passed
through the tube at a rate of 60 sccm for 1 h. Single-crystalline
ZnO and SnO2 nanowires were also grown for comparison on
SiO2/Si substrates uniformly coated with 20 nm gold nanopar-
ticles. Identical conditions were used for ZnO nanowires except
for twice the carrier gas flow rate. The SnO2 nanowires were
grown using a SnO source material with the two zones main-
tained at 850 and 700 �C and themixed carrier gas (Arþ 2%O2)
at a rate of 100 sccm for 30 min. The as-grown nanowires were
analyzed using field emission scanning electron microscopy
(FE-SEM), high-resolution transmission electron microscopy
(HR-TEM), photoluminescence (PL) spectroscopy, and X-ray
diffraction (XRD). A He�Cd laser (Kimon, 1 K, Japan) with a
wavelength of 325 nm and a power of 50 mWwas utilized as an
excitation source for PL measurement.
Bottom-gated transistors were fabricated to evaluate the

device performance using Zn2SnO4, ZnO, and SnO2 nanowires.
The fabrication process consisted of gate electrode formation,
gate insulator deposition, contact hole formation, nanowire
dispersion, and source/drain electrode formation. The detailed
process is as follows: First, we rinsed a thermally grown SiO2/Si
wafer and quartz wafer substrates. Sputtered indium tin oxide
(ITO, 100 nm) was deposited on top of the substrates. ITO gate
electrodes were then formed by patterning through the lift-off
method. Al2O3 (30 nm, ε ∼ 9) was deposited to form a gate
insulator by atomic layer deposition. A contact hole was created
on the gate electrode pad areas via etching to probe the gate
metals. Next, the nanowires were uniformly dispersed on the
substrates. The as-grown nanowires were separated from the
growth substrate by placing it into VLSI-grade 2-propanol
solution subjected to ultrasonication. Then, a few drops of this
suspension of nanowires was disbursed on the patterned
substrate in order to form the channel, followed by cleaning
off the residual liquid and dust using deionized (DI) water. Both
ends of the dispersed nanowires were contacted by the source/
drain electrodes, which were deposited as a double layer of

50 nm thick aluminum and 70 nm thick indium tin oxide (ITO) by
sputtering and patterned to complete the fabrication of the
nanowire transistors. This double layer serves to reduce the
contact resistance and maintain an adequate level of reliability
on the repetitive measurements. The transistor transfer char-
acteristics, including hysteresis with and without light sources,
were evaluated. Three levels of illumination intensity, 0 (dark),
1200, and 2100 lxwere supplied by a halogen lamp (12 V, 100W),
and we compared mainly the threshold voltage (Vth, Vgs
at Ids = 1 nA, Vds = 0.5 V) and subthreshold slope (SS).
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