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ABSTRACT: On the face of the impending energy crisis,
developing low-energy or even zero-energy photoelectronic
devices is extremely important. A multispectral photo-
sensitivity feature of a self-powered device provides an
additional powerful tool. We have developed an unprece-
dented high performance dual wavelength self-powered ZnO@
CdS/PEDOT:PSS core−shell nanorods array photodetector
through a simple aqueous chemical method wherein a suitable
band alignment between an intelligent material pair, i.e. ZnO
and CdS, has been utilized. Besides a noteworthy advantage of
the devices being that they show a very sharp and prominent
dual wavelength photosensitivity, both the ultraviolet and visible light sensitivity (ratio of current under illumination (Iphoto)/
current under dark (Idark)) of the device are two orders of higher magnitude than those of pristine ZnO, attaining values of 2.8 ×
103 and 1.07 × 103, respectively. At the same time, temporal responses faster than 20 ms could be achieved with these solution-
processed photodetectors. The present study provides a very important direction to engineer core−shell nanostructured devices
for dual wavelength high photosensitivity.
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■ INTRODUCTION

One dimensional (1D) ZnO nanostructures have drawn
tremendous attention of the research community due to their
efficient and potential applications in nanoscale optoelectronic
devices, such as nanoscale lasers, light-emitting diodes,
photovoltaic (PV) cells, and ultraviolet (UV) photodetec-
tors.1−13 In particular, single crystal ZnO nanostructures
(nanorods, nanowires, nanowalls, and nanoparticles) are ideal
formations for UV photodetectors with high responsivities and
fast recovery times, as compared to thin film or bulk-based
detectors.14−17 Thus, in the past few years, a considerable
number of studies have been carried out, with a main focus on
utilizing nanoengineered 1D ZnO nanostructures for further
enhancing the UV photodetection property. In typical ZnO-
based photodetectors, a bias voltage is required to separate the
photogenerated charge carriers, which enhances the con-
ductivity and hence the photoresponsivity.14,18−22 In recent
years it has been realized that few ZnO-based hybrid
nanosystems can show a photoresponse without any external
bias rendering the devices as self-powered.23−25 1D ZnO
nanostructures based self-powered photodiodes have been
reported based on the photovoltaic behavior of the
device.23,26−29 Bie and co-workers29 reported a visible-blind
GaN/ZnO NWs-based p−n junction that gives a photocurrent
of 2 μA under zero bias at a high irradiance power of 100 W
cm−2 with growth and decay time constants of 20 and 219 μs,
respectively. The ZnO-reduced graphene oxide heterojunction
based self-powered photodetector has shown a photocurrent of
0.09 μA for a low irradiation power of 80 mW with a growth

time constant of 0.2 s.23 While, more recently, Yang et al.30

have reported a photocurrent of 14 μA with high irradiance
power of 8 W for ZnO nanorods/polyaniline heterostructures
with the growth and decay times of the order of second. A
photocurrent gain of 103 with a response time of the order of
second has been observed for the ZnO/PEDOT:PSS based p−
n junction by illuminating the sample with a 325 nm laser
source.31 A relatively lower and slower response at higher
irradiance power has been cited in most of the above-
mentioned studies although the majority of the practical
applications require higher performance. For example, environ-
mental monitoring and medical therapy treatment require weak
and rapid light detection besides the advantage of zero power
input. Therefore, due to insignificant progress in this new field
of self-powered photodetectors to date, considerable future
study on fabrication and characterization is needed.
Recently, there has been a great deal of interest in the

fabrication of multispectral photodetectors for various
applications, such as discrimination of objects, imaging under
varying atmospheric conditions, etc.32 In particular, the UV and
visible dual wavelength operation is very attractive for
applications such as broad wavelength emission detection and
environmental and biological research.25 In order to get a
response in several wavelength regions, one approach is to
assemble several stacks of square quantum wells with different
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peak response wavelengths.33,34 The other approach is to build
a heterostructured junction of dissimilar energy gaps. Obviously
the latter is much simpler. However, it is difficult to achieve
both the features of dual wavelength detection and self-
powering in a single device structure, and thus, logically only a
couple of self-powered ZnO-based multispectral photorespon-
sive devices have been reported recently by Zhan et al.23 and
Game et al.25 using ZnO-reduced grapheme oxide and N doped
ZnO/spiro-MeOTAD heterostructures, respectively. In both
the studies, the visible photoresponse has been achieved by
exploiting the below band gap trap states present in ZnO,
although the selectivity for visible light is poor, as reported by
Game et al.25 It is quite evident that as the visible responsivity
in those junctions has been acquired at the expense of UV
responsivity, both responsivities are not likely to be augmented
at the same time, since the number of photogenerated carriers
is constant. Thus, achieving both UV and visible photo-
responsivity high in ZnO-based devices remains a big challenge
to overcome. Along these lines, to remove the present
problems of improving the detecting parameters, optimizing
the trade-off between responsivity and speed, and spectra
engineering, a heteronanojunctioned ZnO-based dual wave-
length photodetector has been developed by us, keeping in
mind the fact that a suitable band alignment may enhance both
the detection efficiencies. To the best of our knowledge, in this
paper, we report for the first time an unprecedented high
performance of a dual wavelength self-powered ZnO@CdS
core−shell nanorods’ (NRs) array photodetector fabricated
through a simple aqueous chemical method wherein an
intelligent material pair, i.e. ZnO and CdS, has been utilized.
We have demonstrated a way to achieve dual wavelength
photodetection with very fast response and high photo-
sensitivity at as low as incident power of 1 mW for UV and
2 mW for visible light. Additionally, the photodetector shows
very sharp wavelength selectivity.

■ EXPERIMENTAL METHODS
ZnO NRs were synthesized by aqueous chemical growth (ACG)
method as described earlier.35 In brief, a solution of zinc acetate
((CH3COO)2Zn·2H2O) and hexamethylenetetramine ((CH2)6N4)
(10 mM) in deionized water was prepared as the precursor and was
taken in a beaker, placed on a hot plate at 90 °C. Preseeded ITO
substrates were placed at the bottom of the beaker for the growth of
ZnO NRs. After the growth, the substrate was taken out of the beaker,
rinsed with deionized water and dried at 90 °C for further
characterization. The CdS shell on the ZnO NRs was grown by
SILAR method. In this method, ZnO NRs were successively immersed
in aqueous solution of cadmium acetate (Cd(CH3CO2)2) and
thioacetamide (C2H5NS) followed by immersion in deionized water
to remove the excess ion. To achieve different shell thickness, the
process was repeated for 10, 30, 40 times. After the coating, substrates
were rinsed with water and dried at 90 °C for further characterization.
Next, PEDOT:PSS was spin coated on ITO/ZnO@CdS as hole
transporting layer. Finally, Al metal contact was deposited on
PEDOT:PSS by thermal evaporation through mechanical mask of
diameter 1 mm. The heterojunctions were named as CdS10, CdS30
and CdS40 wherein the CdS coating was done for 10, 30, and 40
times, respectively. The schematic of the device structure is shown in
Figure 1(a). For a control experiment, only CdS layer has been grown
by the following method: at first ZnO seed layer was deposited on
ultrasonically cleaned ITO. Then the seed layer was transformed to
ZnS by dipping in aqueous solution of thioacetamide at 90 °C and
then to CdS layer by dipping successively in aqueous solution of
Cd(CH3CO2)2, water, thioacetamide and water respectively for 20 s
each. The process is repeated for 30 times.

The structural confirmation was obtained using Bruker X-ray
diffractometry (model: D8). The microstructural analyses were done
by field emission scanning electron microscopy (FESEM model JEOL
JSM-6700F) and field emission gun transmission electron microscopy
(FEGTEM; model JEOL JEM 2010). The currents were measured
using a Keithley source meter (model 2400) when the sample was kept
in the dark as well as under illumination by the light from a xenon
lamp (model no. 66902) fitted with a monochromator. All the
measurements were performed at room temperature.

■ RESULTS AND DISCUSSIONS
The X-ray diffraction pattern of a representative sample,
CdS30, illustrated in Figure 1(b), shows two peaks at 2θ = 31.7
and 34.4° which have been identified as the (100) and (002)
peak of the wurtzite structure of ZnO, confirmed from the
JCPDS data (File no. CDF 92-1A-APR 93). Two humps have
been observed at 2θ = 28 and 44.5°, which are assigned
respectively to the (111) and (220) peaks of hexagonal CdS
nanoparticles36 by comparing with JCPDS data. The
morphologies of the ZnO@CdS NRs arrays have been revealed
in Figure 2. NRs with a clear hexagonal tip of diameter ∼40−50
nm are seen for a pristine ZnO sample (Figure 2(a)) while the
hexagonal tips are found to be covered with nanoparticles for
the CdS10 sample (Figure 2(b)). In this case, the diameter is
increased to ∼50−60 nm due to nanoparticle segregation onto
the NRs. The FESEM image for the CdS30 sample in Figure
2(c) shows that the NRs’ surfaces are covered with a lot of
nanoparticles and the hexagonal shape of the tip has been
changed to a rounded one with a diameter of ∼70−80 nm. In
the case of the CdS40 sample, the top view of the NRs’ array is
changed to a granular filmlike morphology wherein each
granule’s diameter is ∼80−90 nm. The thickness of the shell
layer thus has been estimated from the FESEM images to be
around 5, 15, and 20 nm, respectively, for 10, 30, and 40 times
CdS coatings. The TEM and HRTEM images of pristine ZnO,
respectively, in Figure 3(a) and 3(b) confirm the diameter of a
NR to be 45−50 nm and show lattice fringes of width 0.26 nm
corresponding to the (0002) plane of the wurtzite structure of

Figure 1. (a) Schematic of the device. (b) XRD pattern of a
representative sample CdS30.
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Figure 2. FESEM images of the samples. (a) ZnO, (b) CdS10, (c) CdS30, and (d) CdS40.

Figure 3. TEM image of ZnO (a), HRTEM image of ZnO (b), TEM image of CdS30 (c), and HRTEM image of CdS30 (d).
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ZnO. Figure 3(c) and 3(d) show the typical TEM and HRTEM
images of the CdS30 sample as a representative of the ZnO@
CdS series. The figure clearly demonstrates a shell layer of
thickness ∼13−15 nm around a ZnO NR which is supported
by the FESEM image also (Figure 2(c)). The HRTEM image
in Figure 3(d) shows lattice fringes of two different dimensions:
the ones in the core of 0.26 nm width corresponding to the
(0002) plane of wurtzite ZnO and the ones in the shell of 0.33
nm width corresponding to the (111) plane of CdS. Further
confirmation for the ZnO@CdS core−shell structure for
CdS30 is obtained from the elemental mapping, as revealed
in Figure 4(a−d). These clearly show that Zn and O elements
are present in the core for a width of ∼40 nm while Cd and S
elements are present in the shell for a width of ∼15 nm, which
is in excellent agreement with the FESEM and TEM images.
I−V characteristics under dark conditions for all the samples

in Figure 5(a) show rectifying behavior which confirms
formation of the p−n junction in the ZnO@CdS/PEDOT:PSS
device structure. The rectification ratio increases with an
increase in the shell thickness (Table 1) due to better
passivation of the ZnO surface, resulting in lower leakage
current.37,38 The dark and photo I−V characteristics of a
representative sample, CdS30, are presented in Figure 5(b).
Enhanced currents clearly indicate that the device is responsive
to both UV and visible light. The inset of Figure 5(b) further
shows that under zero bias condition the device is responsive to
both UV and visible light, indicating performance of the device
in self-powered mode. The photovoltages of the representative
sample CdS30 under UV and visible illumination have been
measured to be 0.15 and 0.06 V, respectively. The power
conversion efficiency also has been calculated and found to be
0.32 and 0.03% for UV and visible illuminations, respectively.

The photocurrent spectra of all the samples under zero bias
are shown in Figure 6(a). The pristine ZnO shows no
significant increase in the photocurrent in the entire visible
region but shows a sharp rise in the current at around 400 nm.
For ZnO@CdS samples, as the CdS layer thickness increases,
the photocurrent increases both in the UV as well as in the
500−400 nm region, resulting in two sharp peaks for CdS30

Figure 4. Elemental mapping of the representative sample CdS30. (a), (b), (c), and (d) Mapping of the elements Zn, O, Cd, and S, respectively.

Figure 5. (a) I−V characteristics of the samples. (b) I−V
characteristics of the representative samples under dark, UV light,
and visible light illumination. Inset of (b) shows the magnified view of
I−V curves around zero bias.
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and CdS40 in the said regions. This indicates that the device
can efficiently perform as a dual wavelength photodetector.
However, Game et al.25 and Zhan et al.23 have not shown any
spectral dependence of their devices. The spectral selectivity Qλ

(ratio of the photocurrent at a certain wavelength λ to the
photocurrent at 800 nm) has been calculated for all the samples
from the photocurrent spectra. The value Q370 increases from
37 for ZnO to 2.23 × 102 for CdS30 and to 2.0 × 102 for the
CdS40 sample. On the other hand, Q470 increases from 7 for
ZnO to 1.8 × 102 for CdS30 and to 2.6 × 102 for the CdS40
sample. Maximum spectral selectivity for the visible light occurs
when the CdS thickness is maximum (CdS40), which can be
explained by the absorbance spectra of the samples and the
band diagram of the device. The absorption spectra of the
samples in Figure 6(b) show that the absorbance in the region
400−500 nm increases with an increase in the CdS layer

coating, which is quite expected. A similar absorption spectrum
was observed by Tak et al.39 for CdS nanoparticle/ZnO
nanowires arrays. From the band diagram (Figure 6(c)), it is
clear that, by absorbing the visible light, photogenerated
electrons from the CB of CdS can be easily transferred to ZnO
and then to ITO for the suitable band alignment. Also the holes
in the VB of CdS can be transferred to PEDOT:PSS and then
to the Al electrode, resulting in high visible photocurrent. By
absorbing the UV light, the photogenerated electrons from the
CB of ZnO are easily transferred to ITO and holes from the VB
of ZnO to Al via CdS and PEDOT:PSS. Therefore, maximum
spectral selectivity for the UV light occurs for CdS30, which is
due to optimum absorption of UV light and surface passivation
of ZnO due to the CdS layer. So in the case of visible light
detection, ZnO acts as electron transporting layer and CdS acts
as light absorbing material. On the other hand, in the case of
UV light detection, ZnO acts as light absorbing material and
CdS acts as electron blocking and hole transporting layer. Thus,
the separations of the photogenerated carriers in both CdS and
ZnO efficiently occurred due to suitable band alignments.
The transient photoresponse curves under zero bias for all

the samples have been shown in Figure 7(a and b). The dark

current, photocurrent, and photoconductive gain of all the
samples are shown in Table 2. The dark current value for only
ZnO is 6.4 × 10−9 A which is due to the surface defects.
However, the value decreases as more and more CdS is coated.
This is because of ZnO NRs’ surface passivation by the CdS
layer. Under UV light, all the samples show very fast growth
and decay of the photocurrents. The photocurrent value
increases with an increase in the shell thickness up to CdS30,
beyond which the photocurrent decreases slightly. This
decrease might be due to the shielding of some UV light by
the CdS layer. The UV ON/OFF ratio increases from a value of
90 for pristine ZnO to a value of 2.8 × 103 for the CdS30
sample, which means a more than two order enhancement in
the UV photoresponse in the core/shell sample has been
noticed. The UV response of only the pristine CdS sample is

Table 1. Forward Current (IF), Reverse Current (IR), and
Rectification Ratio (IF/IR) of All the Samples under Dark

sample name IF at +2 V (A) IR at −2 V (A) IF/IR

ZnO 4.89 × 10−5 3.52 × 10−6 14
CdS10 6.38 × 10−5 3.91 × 10−6 16
CdS30 1.4 × 10−4 3.05 × 10−6 46
CdS40 1.5 × 10−4 2.93 × 10−6 51

Figure 6. (a) Photocurrent spectra of the samples. (b) Absorbance
spectra of the samples. (c) Band diagram of the device showing the
charge transfer mechanism.

Figure 7. Transient response of the photocurrent under zero bias
voltage: (a) under UV light, (b) under 470 nm light.
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very low, as shown in Figure 7(a). Therefore, this enhanced UV
response is mainly due to two reasons: (1) Surface modification
of ZnO by CdS through passivation of the defect states and (2)
Electron blocking by the CdS layer. A thin layer of CdS over
ZnO NRs passivates the surface defect states of ZnO, which in
turn enhances the carrier lifetime. Hence, the carrier separation
increases.40,41 Our UV photoresponse value (2.8 × 103 at a
power of 1 mW/cm2) is much higher than the values obtained
by Zhan et al.23 (∼100 at a power of 80 mW), Lin et al.31 (103,
power is not mentioned), and Game et al.25 (300 at a power of
3 mW/cm2), which clearly shows that as a self-powered
multispectral photodetector, our ZnO@CdS/PEDOT:PSS
device shows a much higher performance for a lower incident
power of UV light. The device shows similar behavior under
470 nm visible light, as shown in Figure 7(b). The ON/OFF
ratio increases from a value of 10 for pristine ZnO to a value of
1.07 × 103 for CdS30, indicating a two order enhancement due
to efficient separation of the photogenerated carriers in CdS via
ZnO. Our visible photorespone value (1.07 × 103 at an incident
power of 2 mW) is similar to the value reported by Game et
al.25 (1.6 × 103 at an incident power of 18 mW/cm2) but is
much higher than those reported by Zhan et al.23 (430 at an
incident power of 80 mW/cm2). Thus, our results indicate that
our core/shell NRs array photodetectors are much more
efficient under both UV and visible illumination as compared to
the reported self-powered multispectral photodetectors to date.
To further asses the efficiency of the devices, we have taken a

deep look at the transient response curve of CdS30 as a
representative sample (Figure 8(a and b)). The 100%
photocurrent growth and decay times under UV illumination
are measured to be equal or less than 20 and 40 ms,
respectively, and they fall within the minimum resolution of our
instrument. For visible light illumination, both growth and
decay times are equal to or less than 20 ms. The response times
of our devices are very fast and are of similar order as those
reported by Game et al. (4 and 10 ms)25 and much lower than
those reported by Zhan et al. (200 ms)23 and Lin et al. (1 s).31

To evaluate the stability of the device, we have performed the
transient photoresponse measurements under UV light for 30
consecutive cycles, and the result is shown in Figure 8(c). It is
clear from the figure that, up to 30 cycles, there is no significant
change in the photocurrent due to UV illumination. Thus, we
may conclude that our device is quite stable under UV
illumination.

■ CONCLUSIONS

In summary, we have developed ZnO@CdS/PEDOT:PSS
core−shell NRs array photodetetor devices showing the self-
powered UV and visible photoresponses two orders magnitude
higher as compared to ZnO, only with response time constants
equal to or less than 20 ms. Suitable band alignment between a
ZnO and CdS pair in conjunction with PEDOT:PSS has led to
an unprecedented high performance dual wavelength photo-
detector due to ZnO NRs surface modification by CdS and
efficient charge separation at the interface. The choice of an

intelligent pair with suitable band matching will open a new
window to design an efficient self-powered multispectral
photodetector.
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