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low responsivity and no spectral selectivity. Meanwhile, trans-
parent amorphous metal oxide materials have gained much 
attention in recent years. Tremendous effort has been focused 
on improving the mobility, [ 13–15 ]  threshold voltage, [ 16,17 ]  sta-
bility [ 18,19 ]  and/or mechanical fl exibility [ 20–22 ]  for implementa-
tion of transparent thin-fi lm transistors (TFTs). They can not 
only potentially replace silicon in many conventional applica-
tions, but also enable emerging glass/paper electronics. [ 3,4,23 ]  
Due to their wide-bandgap nature, amorphous metal oxides 
(e.g., amorphous indium zinc oxide (a-IZO)) are typically insen-
sitive to visible light, having weak optical absorption. [ 24,25 ]  Thus 
they need to be tailored to enhance absorption in the visible 
region for transparent multicolor photodetectors. 

 In this work, photosensitive CdS, CdSeS, and CdSe NWs 
were incorporated into the a-IZO thin fi lms. It was found that 
these crystalline NWs not only improved the mobility of a-IZO 
TFTs, but also rendered them responsive to visible light. Fur-
thermore, we have demonstrated that an a-IZO/CdS NWs TFT 
array can serve as a transparent image sensor. The composite 
devices have leveraged the advantages of the transparency of 
the a-IZO with the photosensitivity of the NWs, and our fabri-
cation scheme can effectively avoid challenging procedures to 
arrange the NWs with good alignment. Along with high repro-
ducibility and scalability, this type of metal oxide/photosensitive 
NW TFT offers a unique route toward miniaturization of photo-
detectors while maintaining their functionality, and presents a 
potential paradigm shift in large-scale transparent image sen-
sors. Through engineering the bandgap of the incorporated 
photosensitive NWs, multicolor photodetectors can be effec-
tively designed and fabricated. 

  Figure    1   shows a schematic of the fabrication of the a-IZO/
NWs composite TFTs. Crystalline photosensitive NWs were pre-
pared following a typical chemical vapor deposition method [ 24 ]  
and examined by X-ray diffraction (Supporting Information, 
Figure S1a–c). The as-prepared NWs with specifi ed weight 
concentrations (from 0 to 0.9% varied systematically) were dis-
persed into the precursors, and the composite thin fi lms were 
fabricated via a sol-gel approach. Finally, source/drain elec-
trodes were fabricated by standard photolithography, followed 
by metallization and lift-off processes.  

 It is known that an image sensor should consist of an array 
of photodetectors that are sensitive to light with at least three 
primary colors. Herein, evident absorption for these colors was 
demonstrated with the photosensitive NWs ( Figure    2  a) which 
were later employed to improve the photoresponse of the a-IZO 

  Unique transparent phototransistors can be placed on port-
able devices, serving as optical sensors while allowing light 
to pass through and transparency/visibility to be maintained. 
Bottom-up assembly of nanoscale materials can be utilized as 
building blocks for fabrication of such devices with novel func-
tion. Recently, one-dimensional nanowires (NWs) and gra-
phene have been employed as the alternative active-detection 
matrix to fabricate transparent photodetectors with high sen-
sitivity. [ 1–4 ]  However, the challenging procedures of arranging 
the NWs with good alignment and large-scale uniformity limit 
their practicality. [ 5,6 ]  On the other hand, red, green, and blue 
are the primary colors of light, which can be mixed in different 
proportions to produce a wide range of other additive colors. 
Thus, it is urgent to explore photodetectors that are sensitive 
to these three colors. [ 7–10 ]  Although graphene has a broadband 
photoelectric response covering the visible to infrared regions, 
which is tunable by modulating the Fermi level, [ 11,12 ]  it has a 
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thin fi lms. The corresponding photoluminescence spectra are 
shown in Figure S1d. Figure  2 b–d shows scanning electron 
microscopy (SEM) images of the as-prepared CdS, CdSeS, and 
CdSe NWs respectively. These images reveal the formation 
of one-dimensional NWs tens of micrometers in length and 

40–60 nm in diameter. As a comparison, a single CdS nanowire 
transistor is shown in Figure S2 in the Supporting Informa-
tion. Figure  2 e shows the representative UV–vis transmittance 
spectra of the composite thin fi lms with different weight per-
centages of CdS NWs, varying from 0 to 0.9%. The fabricated 
composite thin fi lms exhibit desired transparency in the visible 
region, showing their potential for fabricating transparent elec-
tronics (inset of Figure  2 e). Figure  2 f shows the dark-fi eld and 
bright-fi eld optical images (integral time were fi xed to be 2 s) 
of the device with 0.9 wt% CdS NWs. The transmission elec-
tron microscopy (TEM) image in the inset shows the CdS NWs 
embedded in the composite thin fi lm.  

 To evaluate the effects of the incorporated crystalline pho-
tosensitive NWs in the a-IZO/CdS NW composite thin fi lms, 
electrical measurements were carried out under dark condi-
tions. Typical transfer curves of the a-IZO/CdS NW TFTs with 
different CdS NW concentrations are shown in  Figure    3  a, indi-
cating that the ON current is signifi cantly enhanced following 
the incorporation of the CdS NWs. The increased number of 
traps located in the composite thin fi lms and the interface with 
the bulk dielectric layer may result in an increment of the hys-
teresis and subthreshold slope (Figure S3b, Supporting Infor-
mation). [ 26,27 ]  Figure  3 b shows the corresponding output char-
acteristics of the fabricated a-IZO/CdS NW TFTs with 0.25 wt% 
CdS NWs. The saturation and conspicuous pinch-off charac-
teristics indicate that the active channel can be largely modu-
lated by the gate bias. Specifi cally, the composite TFTs possess 
controllable dark-state electrical characteristics. Figure  3 c,d 
summarize the effects of the concentration of the CdS NWs 
on the device electrical properties. The TFTs show increased 
fi eld-effect mobility with CdS NW concentration up to 0.25% 
and reach a peak value of 27.1 cm 2  V −1  s −1 . Beyond 0.25%, the 
mobility decreases with increasing CdS NW concentration. 
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 Figure 1.    Schematic illustration of the fabrication process to obtain 
a-IZO/CdS NWs composite thin fi lm transistors. a) The CdS NWs syn-
thesized on SiO 2 /Si substrate. b) The CdS NWs were introduced into the 
a-IZO precursor and ultrasonically dispersed so as to achieve a uniform 
composite precursor. c) The a-IZO/CdS NWs composite thin fi lms were 
obtained by a spin-coating method. d) Typical a-IZO/CdS NWs composite 
device array.

 Figure 2.    Characterization of the photosensitive NWs used in this work. 
a) UV–vis diffuse refl ectance spectra of the as-prepared CdS, CdSeS, and 
CdSe NWs used in this work. b–d) SEM images of the CdS (b), CdSeS 
(c), and CdSe NWs (d); the scale bars are all 2 µm. e) The UV–vis trans-
mittance spectra of the composite thin fi lm with the weight percentage 
of CdS NWs systematically varied from 0 to 0.9 wt%; the inset image is 
an optical image of the transparent a-IZO/CdS NWs composite thin fi lm 
on ITO glass. f) The optical bright/dark fi eld images of the a-IZO/CdS 
NWs composite TFT, the channel length is 5 µm. The inset is a typical 
TEM image of the a-IZO/CdS NWs composite thin fi lm; the scale bar is 
100 nm.

 Figure 3.    Typical electrical characteristics of a-IZO/CdS NW composite 
TFTs with different CdS NW weight concentrations. a) Transfer charac-
teristics (with  I  ds  plotted logarithmically) at  V  ds  = 2 V. b) Typical output 
characteristics of the a-IZO/CdS composite TFTs with 0.25% CdS NWs. 
c) Plot of mobility vs. CdS NW concentration. d) Plot of  V  on  vs. CdS NW 
concentration; the error bars in (c) and (d) indicate the standard devia-
tion over 15 devices.
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This observation can be explained by the following rationale: 
in the ON state, the crystalline CdS NWs shorten the channel 
length and/or provide fast carrier-transport tracks at low con-
centration. On the other hand, having more incorporated CdS 
NWs in the a-IZO fi lms apparently induces more defects at 
the oxide/NW interface. This may lead to more carrier traps 
and boundaries, giving rise to increased contact resistance 
between the CdS NWs and the a-IZO. Thus, injection of car-
riers is inhibited and the turn-on voltage ( V  on ) drifts to more-
negative values, resulting in inferior TFT performance. [ 28–31 ]  
Meanwhile, the a-IZO/CdSeS NW TFTs and a-IZO/CdSe NW 
TFTs demonstrated similar performance to those of the a-IZO/
CdS NW TFTs (Figure S4, Supporting Information). Moreover, 
the a-IZO/NWs composite TFTs have shown excellent stability 
over time in atmospheric conditions, with the devices main-
taining stable transfer characteristics after 21 days, as shown in 
Figure S5 in the Supporting Information.  

 It is known that CdS NWs, with a 2.4 eV bandgap, are sensi-
tive to blue-light illumination, demonstrated by the photosen-
sitivity of the CdS NW TFTs under 445 nm laser illumination 
(Figure S6, Supporting Information). To confi rm the critical 
role of the photosensitive NWs for achieving improved photo-
electrical properties, the electrical transport properties of the 
a-IZO/CdS NW TFTs with 0.25% NWs under 445 nm wave-
length illumination are shown in Figure S7a in the Supporting 
Information. The  V  on  of the device drifted to a more-negative 
value when the light was switched on. Meanwhile, when 
the a-IZO/CdS NW TFT was illuminated under a 445 nm-
wavelength laser source ( Figure    4  a), a specifi c  V  g  = −15 V was 
required to deplete the channel carriers to maximize the photo-
current gain (Figure S7b), allowing the photogenerated carriers 
to drift through the channel. In this scheme, the photoresponse 

ratio ( I  light / I  dark ) is much more sensitive to carrier-concentration 
change caused by light illumination. [ 30 ]  Finally, the signal can 
be read by applying a 0.1 V source–drain voltage (Figure S7c). 
Due to the weak absorption of the laser light, the pristine a-IZO 
TFT presented a photocurrent of 0.5 nA after a long illumina-
tion period (Figure S8, Supporting Information), showing poor 
photoresponse. The a-IZO/CdS NW composite TFTs exhibited 
an evident photocurrent with a quick response time (Figure  4 b). 
Additionally, the oxide semiconductor has a critical drawback 
associated with oxygen vacancies (i.e., defects), which enhance 
the channel conductivity by liberating electrons, causing the 
persistent asymmetric photocurrent. [ 32–34 ]  Moreover, Figure S9a 
in the Supporting Information presents evidence of the pho-
tocurrent versus illumination wavelength in the range of ca. 
400–800 nm. Figure S9b shows the increase in photocurrent of 
the a-IZO/CdS NW TFTs with illumination intensity. In other 
words, the incorporated photosensitive CdS NWs rendered 
the a-IZO fi lms with a superior photoresponse property. The 
a-IZO/CdSeS and a-IZO/CdSe NW composite TFTs were also 
found to be sensitive to 532 nm and 650 nm laser illumina-
tion, respectively, as shown in Figure  4 c,d. The photocurrent 
measurements indicate the feasibility of enhancing the 
photoresponsivity by mixing photosensitive NWs with an a-IZO 
thin fi lm. This phenomenon can be understood on the basis 
of the following rationale. There are two processes occurring 
when an a-IZO/CdS NW TFT is illuminated with photons 
having an energy higher than the bandgap of CdS (Figure S8d). 
The laser-illumination-induced photogenerated electron–hole 
pairs in the CdS NWs and a-IZO provided continuous conduc-
tion pathways for carrier transport. Moreover, CdS and a-IZO 
are in good energy-band alignment. The conduction-band 
edges of ZnO and In 2 O 3  are located between the conduction 
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 Figure 4.    Photoresponse of the multicolor photodetector. a) The schematic diagram of the photoresponse test. b–d) The on–off photoresponse of 
a-IZO/CdS, a-IZO/CdSeS, and a-IZO/CdSe NW composite TFTs with 0.25 wt% NWs. The illumination intensities are fi xed to be 25 mW mm −2  for all 
the measurements. e) Schematic illustration of light-induced charge excitation in photosensitive CdS NWs, followed by charge transport along the 
a-IZO thin fi lm. f,g) Fluorescence images of CdS NWs and the a-IZO/CdS composite thin fi lms, respectively, on glass substrate. The greyscale scale-
bar indicates the number of emitted photons (in arbitrary units) integrated over 100 ms (488 nm as the excitation wavelength in all the fl uorescence 
experiments); the scale bar is 10 µm.
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tion, upon illumination with suffi cient incident photon energy 
( hν  >  E  g ), electrons can be excited to the conduction band of the 
CdS NWs, and the photogenerated electrons in the CdS NWs 
can be easily transferred to the conduction band of the a-IZO 
thin fi lm (Figure S8d). The applied source–drain voltage sepa-
rates the electrons and holes to the opposite terminals. In this 
scenario, charge separation is achieved and the free carrier con-
centration is increased. Thus it is much more diffi cult to pinch 
off the active a-IZO/CdS NW channel, and hence the  V  on  shifts 
to a more-negative value. By using such a composite thin fi lm 
as the channel layer, photogenerated carriers can be effi ciently 
transferred from photosensitive NWs, such as CdS, CdSeS, and 
CdSe (donor), to a-IZO (acceptor) leading to the increased pho-
togenerated current (Figure  4 e). The a-IZO/photosensitive NW 
hybrid system showed reasonable photoresponse to illumina-
tion with white light and light having a wavelength of 532 nm 
(Figure S10, Supporting Information), which demonstrated the 
feasibility for multicolor image sensing. The charge transfer 
also results in photoluminescence quenching of the NWs in 
composite thin fi lms. Images of the individual CdS NWs on 
a glass substrate and the a-IZO/CdS NW composite thin fi lm 
with a color scale-bar indicating the fl uorescence intensity are 
shown in Figure  4 f,g respectively. The CdS NWs show strong 
fl uorescence; however, the composite thin fi lm reveals fl uores-
cent quenching.  

 In order to verify the scalability of the fabrication scheme, 
a large-scale transparent image sensor containing an a-IZO/
CdS NW composite TFT array (18 pixels × 22 pixels) was 
fabricated on 200 nm SiN  x  -coated indium tin oxide (ITO) 
glass ( Figure    5  a). One of the most important fi gures-of-the-
merit for a photodetector is the photoresponsivity. Figure  5 b 
shows the photoresponse curve acquired at a bias voltage of 
 V  ds  = 0.1 V, and a back-gate voltage of  V  g  = −15 V (Figure  5 b). 

At high illumination intensities (25 mW mm −2 ), the device 
reaches a photoresponsivity of 54.2 mA W −1  (Figure  5 c), which 
is comparable to that of amorphous-silicon-based photodetec-
tors [ 35 ]  and 108 times higher than that of the fi rst graphene 
photodetectors. [ 36 ]  To determine the sensitivity of the photo-
detectors under illumination pulses, we have measured the 
transient response of the a-IZO/CdS NW TFTs with different 
CdS NW concentrations. Figure  5 d shows the overall photo-
current of the devices obtained under global laser illumination 
with a frequency of 100 Hz. Since high mobility leads to fast 
carrier transportation, the photocurrent follows the mobility 
trend very well (Figure  5 e). As a proof of concept to demon-
strate that a-IZO/NW composite thin-fi lm devices can readily 
function as image sensors, light fringes (Supporting Informa-
tion, Figure S11a) were projected onto the center of the TFT 
array (Figure  5 a). The output current was measured for each 
individual TFT. Approximately 99.2% of the TFTs in the array 
were functional, while only three devices failed to work. In this 
case, each of the TFTs can serve as a pixel, and the measured 
conductance of the TFTs was incorporated into a 2D plot to 
generate a contrast map, as shown in Figure  5 f. The contrast 
map clearly demonstrates the spatial intensity distribution from 
the bright fringes to the dark fringes, thus showing its prelimi-
nary imaging function. Meanwhile, a Gauss light (Supporting 
Information, Figure S12a) was focused and projected onto the 
TFTs array (18 pixels × 18 pixels), and the 2D contrast maps 
(Supporting Information, Figure S12b,c) precisely refl ects the 
intensity profi le of the projected light source.  

 In summary, we have demonstrated a simple and robust 
sol–gel process for combining a-IZO with photosensitive NWs 
(including CdS, CdSeS and CdSe NWs). Not only was the car-
rier mobility enhanced by the incorporated photosensitive crys-
talline NWs, but also the photosensitivity was improved, when 
compared with that of pristine a-IZO TFTs. The transparent 
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 Figure 5.    Typical photoresponse characteristics of the a-IZO/CdS NWs TFTs array fabricated on SiN  x  /ITO glass substrate. a) Perspective picture 
showing the imaging function of the TFTs array. b) The long-term transient response plots of the a-IZO/CdS NW TFTs with different incident powers. 
The numbers in the fi gure indicate the incident power, in units of mW mm −2 . c) Plot of the responsivity with different incident power; the inset shows 
an optical image of the a-IZO/CdS NW composite TFTs fabricated on glass, shwoing its transparency. d) The 100 Hz transient photoresponse curve 
of the a-IZO/CdS NW TFTs with different CdS NWs on SiN  x  /ITO transparent substrates. e) The plots of mobility and  I  on  vs. CdS NW concentration. 
f) An output response of the TFT array, imaging periodic light fringes. The contrast represents the normalized conductance.
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TFT array shows potential for large-scale visible-light image 
sensing. Considering the excellent uniformity, and the facile 
and reproducible fabrication processes, the concept can be 
extended to the fabrication on glass of transparent multicolor 
photodetectors and optoelectronic switches.   

 Experimental Section 
  Preparation of NWs : All the NWs used in this work were synthesized 

using 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 Ar gas (99.99%) as the carrier and protection gas. 
SiO 2 /Si coated with 1 nm of Au was used as the growth substrate for 
preparing CdS NWs, and CdS powder was used as the source. After 
20 min of purging, the furnace was heated for 30 min at 850 °C with 
an Ar gas rate of 200 sccm. The furnace was then cooled to room 
temperature naturally. Finally, CdS NWs were obtained on the substrate 
with a uniform composition across the whole substrate. To grow CdSeS 
NWs, Si substrates coated with a 0.8 nm Ni fi lm were used as the growth 
substrates. A mixture of CdSe and CdS at a molar ratio of 1:1 was used 
as the source. The furnace was then heated at 820 °C for 30 min with 
the same growth conditions as those for CdS NWs. The CdSe NWs were 
synthesized at 780 °C for 30 min with the same conditions as those for 
CdSeS NWs. All the NWs were of good uniformity, with a length of tens 
of micrometers, and a diameter of 40–60 nm. 

  Precursor Preparation : Metal precursors were dissolved in a solution 
of ethanolamine and ethanolamine/2-methoxyethanol with volume 
ratio of 0.92:100. The molar ratio of In:Zn was set as 1:1, whereas the 
total concentration of metal ions was maintained at 0.03  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. 

  Thin-Film Deposition : 100 nm of SiO 2 /p + -Si wafers and ITO glass 
with 200 nm SiN  X   layers was used as the starting substrates. The cut 
pieces were thoroughly washed with copious amounts of anhydrous 
ethanol and dried with a N 2  blower. The clean substrates were further 
treated with oxygen plasma for 5 min. The a-IZO/NWs thin fi lms were 
formed by a spin-coating method at a speed of 3000 rpm for 60 s. Then, 
the fi lms were prebaked on a hotplate at 150 °C for 10 min to remove 
the organic solvent. This process was repeated 3 times to achieve the 
desired thickness. Finally, the as-prepared thin fi lms were annealed on a 
hotplate at 400 °C for 40 min under ambient conditions. 

  TFT  Fabrication and Microscopy 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 that could suppress the gate leakage current. The second step 
of the photolithography was conducted to defi ne the source and 
drain electrodes (S/D). The Cr/Au (15 nm/40 nm) electrodes were 
deposited using a thermal evaporator for the electrical measurements 
on SiO 2 /Si substrates. To fabricate the transparent photodetector 
array, fabricated on glass, a 70 nm-thickness of ITO was deposited by 
magnetron sputtering, and was employed as 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 using an Olympus BX51M microscope. The fl uorescence 
images were taken using an Olympus IX81 instrument. TEM images 
were taken using a JEOL JEM-2010 instrument. 

  Electrical Measurements : Electrical measurements were performed 
using a Lake Shore TTPX probe station and an Agilent 4155C 
semiconductor parameter analyzer. For the transport characteristics 
under dark conditions,  p +  -Si served as the back gate electrodes and 
the gate bias was swept from −50 V to 50 V, and then back to −50 V 
continuously. 

 For all the photoresponse tests, the channel was fi rst depleted by 
a default gate bias (the mean value of the  V  on  under dark conditions 

and on laser illumination) on the back-gate electrode ( p +  -Si or ITO). 
For long-term photoresponse measurements, a mechanical chopper in 
front of the laser was driven by an adjustable power supply. A specifi c 
attenuation partition was inserted into the light path to reduce the 
illumination power. Finally, a source–drain voltage of 0.1 V was set to 
read out the signal. The 100 Hz photoresponse measurements were 
carried out by combining an NI data acquisition board and an Agilent 
DSO-X2022A digital storage oscilloscope, and the measurement scheme 
was same as that of the long-term photoresponse measurements.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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