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the performance of a-IGZO TFTs, especially with respect 
to mobility and saturation current. [ 11,12 ]  On the other hand, 
although 1D crystalline nanowires (NWs) have been employed 
to fabricate high-performance TFTs, [ 13 ]  it was found that the 
channel length needed to be shorter than the length of the NWs 
in order to achieve effi cient utilization of the NWs, which leads 
to the challenge for scalable fabrication. [ 14–16 ]  In our previous 
work, [ 11 ]  single-wall carbon nanotubes (SWNTs) were incor-
porated into a-IGZO, which had substantially improved the 
mobility of the earlier a-IGZO thin fi lm. However, due to the 
ratio between the metallic and semiconducting SWNTs being 
about 1:2, a metallic conducting network in the a-IGZO/SWNT 
composite thin fi lm was formed. Therefore, the short-channel 
effect and electrostatic screening effect were observed for the 
a-IGZO/SWNT TFTs, weakening the gate electrostatic con-
trol. All of these characteristics have led to an evolution from 
semiconducting to metallic properties in the composite thin 
fi lms as the channel length decreased. To avoid this undesir-
able behavior, herein, a combined sol–gel and contact-printing 
method was employed to incorporate high-mobility aligned 
SnO 2  NWs into a-IGZO thin fi lms for fabricating high-mobility 
TFTs, so that the advantages of the a-IGZO fi lm (i.e., large-scale 
fabrication) and NWs (i.e., high mobility) could be combined. 
The incorporated aligned SnO 2  NWs result in the successful 
fabrication of the a-IGZO/(aligned-SnO 2 -NW) composite TFTs 
with an enhanced fi eld-effect mobility of 109.0 cm 2  V −1  s −1  and 
a high current density of 61.4 µA µm −1  for 10-µm channels. 
The performance surpassed that of single-crystalline InGaZnO 
TFTs with a mobility ∼80 cm 2  V −1  s −1 , which typically has a 
high-temperature epitaxial layer. [ 17 ]  Additionally, it is compa-
rable to that of low-temperature poly-silicon with a mobility 
in the range of 50−100 cm 2  V −1  s −1  and a current density of 
0.1−100 µA µm −1 . [ 18–20 ]  Aside from being environmentally 
friend and of low cost, this new a-IGZO/(aligned-SnO 2 -NW) 
composite system can also be used to fabricate a high-perfor-
mance UV photodetector, which we will also demonstrate here. 

 Crystalline SnO 2  NWs were prepared on 1-nm Au-coated 
Si substrates using the typical chemical vapor deposition 
method. [ 21 ]  The scanning electron microscopy (SEM) image 
and X-ray diffraction spectra are available in the Supporting 
Information (SI; Figure S1a,b). A single SnO 2  NW possesses 
a high mobility of 140.6 cm 2  V −1  s −1 ; the typical transfer and 
output characteristics of a single-SnO 2 -NW transistor can be 
found in the SI (Figure S1c,d).  Figure    1   illustrates the method 
for fabricating a-IGZO/(SnO 2 -NW) composite TFTs. Briefl y, 

  Thin-fi lm transistors (TFTs) based on amorphous silicon and 
poly-silicon have become the key components of a myriad of 
electronics and photonics devices including displays and sen-
sors, for a wide range of applications such as computers and 
cell phones. [ 1,2 ]  With the continuous technological advance-
ment, high-current-density TFTs are in urgent need for high-
brightness fl at-panel displays and high-speed radiofrequency 
identifi cation. [ 3,4 ]  However, amorphous-silicon-based TFTs pre-
sent the limitations of a low carrier mobility (∼1 cm 2  V −1  s −1 ) 
accompanied by light degradation. [ 5,6 ]  In spite of possessing 
high carrier mobility, the opacity of TFTs based on polycrystal-
line silicon (poly-silicon) restricts the aperture ratio for active 
matrix arrays, and the spatial distribution of the poly-silicon 
grain structure results in non-uniform device performance 
over large areas, which limits the scalable fabrication. [ 7 ]  As 
one of the alternative materials, amorphous metal oxides have 
attracted increasing attention during the past few years, and 
they are being extensively researched today as the most prom-
ising candidates for the next generation of fl at-panel displays. 
In fact, they not only outperform amorphous silicon in con-
ventional applications, but they also open a door to completely 
new and groundbreaking areas such as paper electronics. [ 8,9 ]  
The alluring merits of these amorphous metal oxides are high 
optical transparency, desirable mobility, and an amorphous 
microstructure, e.g., amorphous InGaZnO (a-IGZO). [ 7,10 ]  How-
ever, high-speed circuitry requires TFTs to operate at a high on-
current, thus it is important to continue to signifi cantly improve 
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the a-IGZO precursor was prepared by adding indium nitrate, 
gallium nitrate, and zinc acetate at a fi xed molar ratio of 1:1:1. 
Subsequently, the as-prepared NWs were dispersed into the pre-
cursor with specifi ed weight concentrations so that the incor-
porated NWs were randomly dispersed into the a-IGZO. For 
fabricating the a-IGZO/(aligned-SnO 2 -NW) composite TFTs, a 
contact-printing method was conducted to arrange the SnO 2  
NWs in good alignment. [ 22–24 ]  Finally, the Cr/Au electrodes for 
source (S) and drain (D) electrodes were completed by the typ-
ical photolithography, metallization, and lift-off process  

  Figure    2  a–c present the SEM images of the a-IGZO/
(random-SnO 2 -NW) composite thin fi lms with different SnO 2  
NW densities. By controlling the contact-printing pressure, we 

also achieved similar densities for composites with the aligned 
NWs, as shown in Figure  2 d–f. Electrical measurements were 
carried out under dark conditions to evaluate the effects of 
the incorporated crystalline SnO 2  NWs in a-IGZO/(SnO 2 -NW) 
composite thin fi lms.  

 Typical transfer curves of the a-IGZO/(random-SnO 2 -NW) 
TFTs with different SnO 2  NW densities are shown in  Figure    3  a. 
It is clearly shown that the on-current is signifi cantly enhanced 
by incorporation of the SnO 2  NWs. Figure  3 b summarizes the 
infl uence of incorporated SnO 2  NWs in a-IGZO thin fi lms. The 
composite TFTs demonstrate elevated mobility with an increase 
of SnO 2 -NW density in the range of 0–15 NWs µm −1  and reach 
a value of 62.4 cm 2  V −1  s −1 , after which it decreases as the 
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 Figure 1.    Schematic illustration of the fabrication process for obtaining the a-IGZO/(SnO 2 -NW) composite thin fi lm transistors (TFTs). a) The as-
prepared SnO 2  NWs are introduced into a-IGZO precursor and ultrasonically dispersed, so as to achieve a uniform composite precursor. Then a-IGZO/
(random-SnO 2 -NW) composite thin fi lms are obtained through a spin-coating approach. Finally, the TFTs structure is completed by metallization. 
b) The contact-printing method is conducted to align the SnO 2  NWs, and then the a-IGZO thin fi lm is spin-coated. Finally, the a-IGZO/(aligned-SnO 2 -
NW) TFT structure is completed by metallization.

 Figure 2.    SEM images of a-IGZO/(SnO 2 -NW) composite thin fi lms with different NW densities; scale bars are 10 µm. a–c) Films with SnO 2  NWs 
randomly dispersed into the composite thin fi lms; the NW density is ∼4 (a), ∼10 (b), and ∼15 (c) NWs µm −1 . d–f) Films with aligned SnO 2  NWs in the 
composite thin fi lms; the NW density is ∼5 (d), ∼11 (e), and ∼16 (f) NWs µm −1 .
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SnO 2 -NW density continues to increase, while the threshold 
voltage ( V  th ) drifts to much more negative values as the SnO 2 -
NW density increases. Figure  3 c shows the output characteris-
tics of the maximum mobility TFTs with 15 NWs um −1  for the 
NW density. It is indicated that the composite channel can be 
clearly pinched off by the gate potential. A similar effect has 
been observed for the a-IGZO/(aligned-SnO 2 -NW) composite 
TFTs. Moreover, as shown in Figure  3 d and e, the mobility of 
the a-IGZO/(aligned-SnO 2 -NW) composite TFTs is further 
enhanced compared to the a-IGZO/(random-SnO 2 -NW) com-
posite TFTs, with a maximum value of 109.0 cm 2  V −1  s −1 . The 
 V  th  of the device with maximum mobility is smaller than that 
of the a-IGZO/(aligned-SnO 2 -NW) composite TFTs with the 
same NW density. Figure  3 f presents a high current density of 
61.4 µA µm −1  with 10-µm channels for an a-IGZO/
(aligned-SnO 2 -NW) composite TFT at drain–source voltage of 
 V  ds  = 20 V. This value is higher than those that have been pre-
viously reported for amorphous-oxide-based TFTs, which typi-
cally exhibited a current density of less than 5 µA µm −1 . [ 7,25,26 ]  
Overall, the SnO 2  NWs enhanced the performance compared 
to pristine a-IGZO TFTs. And by aligning the NWs in the com-
posite channel, performance can be further boosted. This phe-
nomenon can be understood as following: in the composite 
TFTs with randomly dispersed NWs, at the on-state, the crystal-
line oxide NWs shorten the channel length and provide the fast 
carrier transport tracks at low concentration. [ 27 ]  Additionally, 
the a-IGZO parts connect these fast carrier transport tracks, 
further enhancing the current in the conductive channel (SI: 
Figure S2a). Moreover, with the aligned NWs in the composite 
channel, the effi cient carrier transport tracks are further short-
ened, leading to much higher mobility (SI: Figure S2b). Mean-
while, the good alignment of the NWs avoids cross stacking of 

NWs on top of each other, which can further help to improve 
gate electrostatic coupling. [ 22 ]  In the other words, the a-IGZO 
and SnO 2  NWs are complementary to each other in the com-
posite thin fi lms. At low NW density, these SnO 2  NWs provided 
a positive contribution to TFT performance. The SnO 2  NWs 
provide the fast carrier transportation paths and the a-IGZO 
fi lls the space between the NWs and connects them to form a 
continuous composite thin fi lm, leading to the enhanced cur-
rent density (Figure S2c). Once the SnO 2 -NW loading reaches 
a critical density, the enhancement effect is maximized. For 
SnO 2 -NW loading beyond that critical threshold, the portion of 
the a-IGZO is progressively reduced, because more and more 
free space is occupied by the high-density SnO 2  NWs. [ 28 ]  The 
active channel becomes a random combination of numerous 
smaller parts of a-IGZO and SnO 2  NWs (SI: Figure S2d). This 
might result in large interfacial roughness, leading to increased 
carrier traps and scattering. Therefore, the contact resistance 
between a-IGZO and SnO 2  NWs is increased and the injec-
tion of carriers is inhibited, leading to the inferior TFT per-
formance. [ 29 ]  As a result, incorporating low-density SnO 2  NWs 
could lead to improved TFT performance (Figure S3a,b), while 
the high-density SnO 2  NWs could degrade the TFT mobility. 
Meanwhile, the defects in the composite system could lead 
to the drift of the  V  th  towards the negative axis as concentra-
tion increases. [ 12 ]  Generally, by aligning the NWs in the com-
posite channel, the effi cient carrier transport tracks are further 
shortened and the number of defects is decreased correspond-
ingly. Thus the composite TFTs with aligned NWs demonstrate 
more preferable performance as compared to both the pristine 
a-IGZO and the a-IGZO/(random-SnO 2 -NW) composite TFTs.  

 We experimentally investigated the heterojunction between 
a single SnO 2  NW and the a-IGZO fi lm, and  Figure    4  a is the 
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 Figure 3.    Typical electrical characteristics of a-IGZO/(SnO 2 -NW) composite TFTs with different SnO 2  NW densities. a) Transfer characteristics (with 
the on-current density ( I  ds / W ) plotted logarithmically at  V  ds  = 1 V;  I  ds  and  W  represent the drain–source on-current and the channel width, respectively) 
of the a-IGZO/(random-SnO 2 -NW) composite TFTs.  V  g  represents the gate voltage; the legend numbers indicate the NW density per micrometer. 
b) Plots of the mobility and  V  th  versus SnO 2  NW density. c) Typical output characteristics of the a-IGZO/(random-SnO 2 -NW) composite TFTs with 
∼15 NWs µm −1 . d) Transfer characteristics of the a-IGZO/(aligned-SnO 2 -NW) composite TFTs obtained at  V  ds  = 1 V. The legend numbers indicate the 
NW density per micrometer. e) Plots of the mobility and  V  th  versus aligned NW density. f) Typical output characteristics of the a-IGZO/(aligned-SnO 2 -
NW) composite TFTs with ∼16 NWs µm −1 .
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optical image of the fabricated device. In the device, the differ-
ence in work functions may lead to potential barriers formed at 
the SnO 2 /a-IGZO interface (inset in Figure  4 b). [ 30,31 ]  However, 
due to the relatively small work-function mismatch, although 
photo-carriers may accumulate at the a-IGZO/NW interface, 
the  I – V  measurements in Figure  4 b indicate that electrons 
can still be effectively injected into SnO 2  in the on-state, so the 
photo gating effect, which was observed in a hybrid system, [ 32 ]  
could be neglected. On the other hand, when a positive voltage 
was applied to the a-IGZO thin fi lm, the height of potential bar-
riers increased (dashed line in the inset of Figure  4 b), leading 
to the forward current being slightly smaller than the reverse 
current. No obvious rectifi cation characteristics were observed 
in the  I – V  measurements of the fabricated device, and nearly 
ohmic contacts were formed in all parts of the device. [ 33,34 ]  Thus 
the carriers can be highly effi ciently injected and transported 
through the a-IGZO/(SnO 2 -NW) composite layer, enabling 
a high current density and mobility. To probe the reliability 
and channel length scaling of the a-IGZO/(SnO 2 -NW) com-
posite TFTs, we fabricated and studied a-IGZO/(aligned-SnO 2 -
NW) composite TFTs with a channel length ( L ) varying from 
5 to 20 µm. Figure  4 c compares the transfer characteristics. 
Figure  4 d summarizes the mobility and  V  th  versus  L . The fi eld-
effect mobility of the TFTs was observed to slightly increase as 
the channel length shrinks. As the channel length decreases, 
more and more NWs percolate the composite channel, and 
then the SnO 2  NWs dominate the composite channel, leading 
to the much higher mobility of the a-IGZO/(aligned-SnO 2 -
NW) composite TFTs, approaching that of aligned-NW TFTs 
(Figure S3c,d). To some degree, the percolated NWs are 
more effective than the unpercolated NWs on the mobility of 
the TFTs (see SI: Table S1 and S2). As aforementioned, the 
a-IGZO/SWNT composite TFTs become more metallic as the 

channel length is decreased. [ 11 ]  On the other hand, the current-
enhanced paths were supplied by the semiconducting SnO 2  
NWs in the a-IGZO/(aligned-SnO 2 -NW) TFTs. Therefore, the 
a-IGZO/(aligned-SnO 2 -NW) TFTs have eliminated the per-
colation effect and electrostatic screening effect, resulting in 
superior scaling performance, which is also observed for the 
a-IGZO/(random-SnO 2 -NW) TFTs (SI: Figure S4a,b).  

 a-IGZO has also shown great potential in applications for 
optoelectronic components. It has been widely explored for 
phototransistors due to their high sensitivity to UV light and 
excellent electrical characteristics (such as high on–off ratio) 
for integrated circuits. [ 35–37 ]  However, the photocurrent ( I  ph ) is 
determined by  I  ph  =  µ  eff  Δ Q  n  V  ds  W/L , [ 38 ]  where  µ  eff  is the effec-
tive mobility,  Q  n  is the magnitude of the areal charge density 
of a-IGZO, and  W  and  L  are the channel width and length, 
respectively. This indicates that  I  ph  is proportional to  µ  eff  under 
the same illumination conditions at fi xed bias voltages. There-
fore, low mobility results as a result of the low photosensitivity 
of a-IGZO TFTs to UV light. [ 39 ]  The extracted responsivity of 
the pristine a-IGZO is only 8.3 A W −1  (SI: Figure S5a). On the 
other hand, with the combination of long lifetime and short 
transit time of the charge carriers, 1D crystalline NWs photo-
detector have substantial photoconductive gain. [ 40–42 ]  Meas-
urements of the time-dependent photocurrent was conducted 
for the a-IGZO/(aligned-SnO 2 -NW) composite TFTs. By using 
the conventional model for the responsivity ( R  ph ) calculation 
[ R  ph  =  I  ph /( P  light  LW ) = (| I  light –  I  dark |)/( P  light  LW )], where  I  ph  is the 
photocurrent,  I  light  is the drain current under illumination,  I  dark  
the drain current in the dark,  P  light  is the light power intensity, 
 L  is the channel length of the device, and  W  is the channel 
width of the device. When the a-IGZO/(SnO 2 -NW) composite 
TFTs were illuminated by a 350-nm-wavelength laser source, 
a specifi c  V  g  of −12 V was required to deplete the channel 
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 Figure 4.    a) Optical image of the device comprising a single SnO 2  NW and the a-IGZO fi lm. b)  I – V  curve of the fabricated device, and the linear char-
acteristics indicate that Ohmic contacts were formed at all metal/semiconductor interfaces. Inset: band alignment of the composite system (GND is 
the abbreviation of ground). c) Typical transfer characteristics of the aligned a-IGZO/(SnO 2 -NW) composite TFTs with different channel lengths; the 
NW density was fi xed to ∼16 NWs µm −1  in the composite channels. d) Plot of the mobility and  V  th  versus channel length. e) The on–off photoresponse 
of the a-IGZO/(aligned-SnO 2 -NW) composite TFTs with a NW density of ∼16 NWs µm −1  in the composite channels. The incident light wavelength was 
350 nm with of power intensity of  P  light  = 1 mW cm −2 ,  W  = 70 µm, and  L  = 10 µm; the  V  g  = −12 V and  V  ds  = 0.1 V were set to read out the signal. f) The 
time-dependent  I – V  characteristics of the optimized a-IZO/(aligned-CdS-NW) composite TFTs.
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carriers to maximize the photocurrent gain, [ 43,44 ]  allowing the 
photogenerated carriers to drift through the channel. In this 
scheme, the photoresponse ratio ( I  ph  /I  dark  )  is much more sensi-
tive to the carrier-concentration change caused by light illumi-
nation. Finally, the signal can be read by applying  V  ds  = 0.1 V 
voltage. The calculated photoresponsivity value at the wave-
length of 350 nm is ∼328.6 A W −1 , which is extracted from 
the time-dependent  I – V  curve in Figure  4 e. This value is 
larger than that of conventional UV photodetectors (typically 
<10 A W −1 ). [ 45–47 ]  On the other hand, in our previous work, [ 44 ]  a 
5.8 A W −1  responsivity and a high mobility of 27.1 cm 2  V −1  s −1  
were obtained under 445-nm light illumination in TFTs based 
on a composite of amorphous InZnO and CdS NWs (a-IZO/
CdS NW composite TFT). Here with the optimized strategy 
to arrange the incorporated CdS NWs with good alignment, 
we were able to increase the photoresponsivity to greater than 
8.0 A W −1  under the same measurement conditions, as shown in 
Figure  4 f. Meanwhile, the mobility of the a-InZnO/(aligned-CdS-
NW) composite TFT was further improved to 37.6 cm 2  V −1  s −1  
(based on the transfer characteristics available the SI, 
Figure S5b). These results indicate that by aligning the NWs in 
the composite active channel, the performance of these com-
posite TFTs with amorphous metal oxide and crystalline NWs 
could be much enhanced. 

 For transparent applications, we fabricated a composite thin 
fi lm with aligned SnO 2  NWs on 30-nm HfO 2 -coated indium 
tin oxide (ITO) glass, and 50-nm ITO was employed for the 
source/drain electrodes with the magnetron sputtering method, 
as shown in  Figure    5  a. Figure  5 b is the UV–vis transmittance 
spectra of the actual device, with an inset optical image indi-
cating the transparency. Typical  I − V  characteristics of a-IGZO/
(aligned-SnO 2 -NW) composite TFTs are shown in Figure  5 c and 
d. We extracted the fi eld-effect mobility ( µ ) from the  I  ds – V  g  curve 
in Figure  5 c, leading to a reasonable result of 94.8 cm 2  V −1  s −1 , 

which is comparable to that of the TFTs fabricated on silicon oxide. 
And the subthreshold slope was also improved from 770 mV 
per decade on a SiO 2 /Si substrate to be 120 mV per decade on 
the HfO 2 /ITO glass, which was caused by the larger capaci-
tance of the HfO 2  layer and the optimized interface between 
the HfO 2  and composite thin fi lm. These results indicate that 
a-IGZO/(SnO 2 -NW) composite thin fi lms are stable and could 
be generalized to other substrates for transparent applications.  

 In summary, the carrier mobility of the a-IGZO thin fi lms 
was improved by incorporating the SnO 2  NWs. Moreover, 
by aligning the incorporated SnO 2  NWs, the mobility of the 
a-IGZO/(aligned-SnO 2 -NW) composite TFT was promoted to 
109.0 cm 2  V −1  s −1  with an on-current density of 61.4 µA µm −1  
for a 10-µm channel length. This result has surpassed that of 
single-crystalline InGaZnO and is comparable with that of poly-
silicon. Last but not least, we demonstrated transparent TFTs 
by fabricating the a-IGZO/(aligned-SnO 2 -NW) composite thin 
fi lms on HfO 2 -coated ITO glass substrates, which suggests that 
our approach is highly versatile and can be applied to other 
substrates for transparent electronics.  

  Experimental Section 
  Preparation of NWs:  The SnO 2  NWs used in this work were 

synthesized with a chemical vapor deposition method based on the 
vapor–liquid–solid mechanism. NW growth was carried out in a single-
zone horizontal tube furnace with SnO 2 /C (weight ratio of 10:1) as the 
source, and Si coated with 1-nm Au served as the growth substrate. After 
20 min of purging, the furnace was heated up to 1050 °C for 30 min with 
an O 2 /Ar mixed gas (volume ratio of 1:99) and rate of 200 sccm. The 
furnace was then cooled down to room temperature naturally. Finally, 
SnO 2  NWs were obtained on the substrate with uniform composition 
across the entire substrate, and the NWs were of good uniformity, with 
tens of micrometers in length, and 80–100 nm in diameter. 

  Precursor Preparation:  Metal precursors were dissolved in 
ethanolamine/2-methoxyethanol with a volume ratio of 0.92:100. The 
molar ratio of In:Ga:Zn was set to 1:1:1, while the total concentration 
of metal ions was maintained at 0.05 M. After 2 h of vigorous stirring, 
a stable transparent solution was formed for each precursor solution. 
Finally, the as-prepared NWs with specifi c weight concentrations were 
dispersed in solutions by an ultrasonic process for 5 min in order to 
fabricate the a-IGZO/(random-SnO 2 -NW) composite TFTs. For the 
a-IGZO/(aligned-SnO 2 -NW) composite TFTs, the contact-printing 
method was used to arrange the SnO 2  NWs in good alignment. 

  Thin-Film Deposition:  100-nm SiO 2 /p + -Si wafers and ITO glass with 
30-nm HfO 2  layers were used as the starting substrates. The cut pieces 
were thoroughly washed with copious amounts of anhydrous ethanol 
and dried with an N 2  blower. The clean substrates were further treated 
with oxygen plasma for 5 min. The a-IGZO/(SnO 2 -NW) thin fi lms were 
formed using the spin-coating method at a speed of 3000 rpm for 
60 s. The fi lms were then prebaked on a hotplate at 150 °C for 10 min 
to remove the organic solvent. This process was repeated 3 times to 
achieved the desired thickness. Finally, the as-prepared thin fi lms were 
annealed on the hotplate at 400 °C for 40 min under ambient conditions. 

  TFT Fabrication and Microscopic Characterization:  Two-step 
photolithography was employed to fabricate the TFTs. First, 
photolithography and a wet etch (dipped into 10% HCl etchant for 
2 min) were carried out to divide the as-prepared thin fi lm into isolated 
pads, which could suppress the gate leakage current. The second step 
of photolithography was conducted to defi ne the source and drain 
electrodes (S/D). The Cr/Au (15 nm/40 nm) electrodes were deposited 
by thermal evaporation for the electrical measurements on the SiO 2 /Si 
substrates. To fabricate the transparent TFTs array on glass, 50-nm-thick 
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 Figure 5.    Performance of the transparent a-IGZO/(aligned-SnO 2 -NW) 
composite TFTs on ITO. a) Schematic of the transparent device. b) The 
UV–vis transmission spectra of the real device; inset: an optical image 
confi rming the transparency. c) Typical transfer characteristics of the 
transparent a-IGZO/(aligned-SnO 2 -NW) composite TFTs. d) The output 
characteristics of the device showing the reasonable current density.
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ITO was deposited by magnetron sputtering, which was also employed 
for the transparent source/drain electrodes. Electron beam lithography 
(JEOL 6510 with NPGS) was employed to fabricate a single-NW device. 
The optical images were captured by an Olympus BX51M microscope. 

  Electrical Measurements:  Electrical measurements were performed with 
the Lake Shore TTPX Probe Station and Agilent 4155C Semiconductor 
Parameter Analyzer. For the transport characteristics in the dark, p + -Si 
served as the back-gate electrodes, and the gate bias was swept from 
−50 to +50 V. For all of the photoresponse tests, the channel was fi rst 
depleted by a default gate bias (the value of the on-current voltage,  V  on , 
in the dark) on the back-gate electrode. A mechanical chopper in front 
of the laser source (CEL-HXF300) was driven by an adjustable power 
supply. Finally, a source–drain voltage of 0.1 V was set to read out the 
signal.  
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