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We have studied the piezo-phototronic induced enhancement in the photo-response of CdS/ZnO

heterojunctions attached with plasmonic Au nanoparticle loaded 2D-graphitic carbon nitride (g-C3N4).

The hybrid g-C3N4/CdS/ZnO heterojunction favours the charge carrier separation through the formation

of a step-like band alignment. Furthermore, the integration of plasmonic Au loaded g-C3N4 nanosheets

on the conventional CdS/ZnO heterojunction facilitates improved visible light absorption properties. The

heterojunction device on a flexible platform under the application of a strain (∼0.017%) exhibits ∼102

times higher photoresponse over the control sample at a constant bias of ∼2 V. The variation in the

photo-response under different bending conditions has been explained in terms of the improved charge

transport through the modified energy bands at the interface of ZnO. The improved piezo-phototronic

properties originated from the plasmonic properties of Au loaded g-C3N4 and the piezoelectric charac-

teristics of c-axis oriented ZnO films may be used for future flexible photonic devices.

Introduction

In recent times, significant efforts have been made to utilize
the piezo-phototronic effect to achieve enhanced optical pro-
perties for flexible photonic devices.1,2 Several semiconductor
materials have been studied to exploit the piezo-phototronic
effect by combining their mechanical, optical and electronic
properties.3 Zinc oxide, a well-studied material due to its dis-
tinguished electrical and optical characteristics, also exhibits
excellent piezoelectric properties, which is attractive for high
performance photodetectors.4,5 Coupling the piezoelectric
polarization with the semiconducting properties under
mechanical stimuli can lead to the enhanced output of the
host material through modification in local interface and
charge carrier transport.6 The attachment of a suitable
material on ZnO nanostructures that absorb visible light may
give rise to photo-piezotronic response under visible illumina-
tion. Zhang et al. have reported enhanced UV and visible

photoconductivity in core–shell micro/nanowires based on
ZnO and CdS.7

Since the discovery of graphene, two-dimensional (2D)
layered materials and their derivatives have attracted attention
due to their promising application in photonic and opto-
electronic devices.8–10 Amongst various 2D materials, graphi-
tic-carbon nitride (g-C3N4) has attracted immense attention
due to various photophysical and photochemical properties.11

An n-type g-C3N4 is characterized by its interesting electronic
structure originating from the lone pair of nitrogen and elec-
tron delocalization through which the band gap can be easily
tuned.12 Apart from efficient photocatalytic activities, the role
of g-C3N4 in different optoelectronic devices like LEDs, photo-
detectors and solar cells has been reported.13–15 The visible
light absorption characteristics of the material can be further
improved by fabricating a hybrid heterojunction with other
semiconducting or metallic nanostructures (e.g. TiO2, CdS, Au
and Ag).16,17 The fabrication of 2D g-C3N4 heterostructured
devices through the integration of visible light sensitive semi-
conducting and metallic nanostructures would definitely be
useful for futuristic flexible optoelectronic devices. Herein, we
demonstrate the piezo-phototronic application of ZnO thin
film based hybrid heterojunctions with CdS and Au nano-
particle loaded g-C3N4 nanosheets. The g-C3N4/CdS/ZnO based
heterojunction has been designed to elevate the charge carrier
separation under visible light exposure, in which the visible
photoconductivity can be further enhanced by the plasmonic
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effects of Au nanoparticles loaded on g-C3N4 nanosheets.
Strain induced piezopotential in ZnO has been utilized as a
platform to design the hybrid heterojunction. The resultant
piezo-potential has been found to trigger the photoconductiv-
ity response efficiently through the modification in band align-
ment at the interface of the hybrid heterojunction.

Experimental details
Synthesis of Au-nanoparticle loaded g-C3N4 nanosheets

Initially, bulk g-C3N4 powders were synthesized by simple
pyrolysis of thiourea, while their 2D nanosheets were obtained
by liquid phase exfoliation of the g-C3N4 powders.18 Thiourea
crystals (∼10 g) were subjected to heat treatment at ∼620 °C in
a muffle furnace for ∼1 h. The obtained bulk g-C3N4 in the
form of a yellowish powder was crushed further in an agate
mortar and the resultant fine powder was subjected to
ultrasonication for exfoliation in deionized water and ethanol
for ∼6 h.

Next, ∼150 μl of 2.5 mM chloroauric acid (HAuCl4) was
added to the ethanol dispersed g-C3N4 solution (∼10 ml) and
exposed to a UV source in a closed environment for 8 h under
constant stirring conditions. The transformation of the yellow-
ish-white solution to pink color indicated the formation of Au
nanoparticles in the solution. Finally, Au loaded g-C3N4

(AuCN) nanosheets were obtained through centrifugation and
repeated cleaning with deionized water.

Fabrication of heterojunction devices

Thin films of ZnO were grown over different substrates (e.g.
glass, indium tin oxide coated glass and flexible PET) by
means of a radio-frequency (RF) sputtering technique from a
highly pure (99.999%) commercially available ZnO target. The
distance between the target and the substrate was maintained
at 5 cm inside the deposition chamber. Upon achieving a base
pressure of 10−5 mbar, a mixture of argon (Ar) and oxygen (O2)
gas in a 2 : 1 ratio was introduced in the chamber to obtain the
desired pressure of 0.02 mbar for ZnO deposition. The depo-
sition was carried out with a RF power of 25 W for 45 minutes
at a substrate temperature of ∼150 °C.

The CdS/ZnO (CZ) heterojunction was fabricated by deposit-
ing CdS films on ZnO grown substrates using a pulsed laser
deposition (PLD) technique. The substrate was fixed at a dis-
tance of ∼4 cm away from a highly pure CdS target (99.999%
purity) within the chamber. The ablation from the CdS target
was performed using a KrF excimer laser having a wavelength
of 248 nm with an energy density of ∼2 J cm−2. The deposition
of CdS was performed at a base pressure of 5 × 10−6 mbar for
10 minutes (∼1500 shots) with a repetition rate of 5 Hz at a
substrate temperature of 150 °C.

The AuCN/CdS/ZnO hybrid heterojunction was fabricated
by spin coating Au loaded g-C3N4 nanosheets (AuCN) on CdS/
ZnO templates. Approximately 1.0 ml of the AuCN hybrid dis-
persed in ethanol was spin coated on the CdS/ZnO grown sub-
strate at ∼1200 rpm. The final hybrid heterojunction was

obtained upon heating the samples at a moderate temperature
of ∼60 °C for 6 h in a hot air oven.

The photodetector devices were fabricated by forming the
CdS/ZnO (CZ) and AuCN/CdS/ZnO (ACCZ) heterojunctions on
commercially available ITO coated glass or flexible PET sub-
strates. Initially, ITO coated glass and PET substrates were
cleaned with methanol and deionized water under ultrasonic
agitation. Then, the CZ and ACCZ heterojunctions were grown
over these substrates by means of the abovementioned tech-
niques. Finally, Al was deposited on the samples as the top
electrode by a thermal evaporation technique at a base
pressure of 10−6 mbar. The complete process of the device
fabrication is depicted in the scheme of Fig. 1.

Materials and device characterization

The morphological studies of the as-synthesized samples were
carried out using field emission scanning electron microscopy
(FESEM, Zeiss SUPRA 40) and transmission electron
microscopy (TEM, FEI – Tecnai G2 20S – TWIN, at 200 keV).
The crystalline quality of the deposited films was investigated
by X-ray diffraction (XRD) measurements (Philips X-pert MRD)
using Cu-Kα radiation. The UV-visible absorption spectra of
the samples were recorded by using an Avaspec 3648 fiber-
optic based spectrometer. Furthermore, the room temperature
photoluminescence (PL) spectra of the samples were obtained
using a setup consisting of a TRIAX-320 monochromator, a
Hamamatsu R928 photomultiplier detector and a He–Cd laser
(λ = 325 nm).

The band alignment of the heterojunction was analyzed
through core level and valence band spectra using X-ray photo-
electron spectroscopy (XPS) with a PHI 5000 Versa Probe-II
(ULVAC, PHI, Inc.) spectrometer, equipped with a micro-focused
(100 µm, 25 W, 15 kV) monochromatic Al-Kα X-ray source
having an energy of 1486.6 eV. Additional samples of bulk ZnO,
CdS and g-C3N4 were also analyzed for comparative analysis.
The binding energy values obtained from the XPS spectra were
calibrated considering the C 1s peak position at 284.5 eV.

Finally the room temperature current voltage (I–V) charac-
teristics of the heterojunctions were determined using a
Kiethly semiconductor parameter analyzer (4200 SCS), along
with a He–Cd laser (325 nm, 30 mW) as a UV light source and

Fig. 1 Schematic diagram showing the various steps involved in the
fabrication of the hybrid heterojunctions of ACCZ along with the optical
image of the device. An ITO coated PET substrate was used in this case.
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a broad-band solar simulator (AM 1.5, 100 mW cm−2) as a
visible light source. The I–V characteristics of the mechanically
stressed samples were determined upon bending the flexible
samples with the help of a setup, where one end of the sample
was attached to a fixed holder, while the other end was
attached to a movable holder.

Results and discussion

Fig. 2(a) presents the typical TEM image of Au nanoparticle
loaded g-C3N4 sheets. Apart from the spherical shaped ones,
Au nanostructures of different morphologies like nanorods,
nanoprisms, etc. can be noticed in the TEM image. A closer
view of an Au nanoparticle and the HRTEM image of a particu-
lar section are presented in Fig. S1(a and b) of the ESI.†
Furthermore, the EDAX analysis (Fig. S1(c)†) provides the con-
firmation of the presence of the constituent elements, i.e. Au,
C and N, in the sample. During UV illumination (365 nm),
electron–hole pairs are generated in the g-C3N4 nanosheets
and the Au+ ions get reduced by capturing photoexcited elec-
trons from g-C3N4. The consequent growth of Au clusters leads
to the formation of Au nanoparticles. As these nanoparticles
are formed upon capturing photoexcited electrons from
g-C3N4, they remain attached on the surface of the nanosheets
by forming a strong bond. Furthermore, the electron transfer
from the N lone pair of g-C3N4 to Au occurs, which leads to the
alignment of the Fermi level between Au and g-C3N4. This fact
has been understood from the shift in Au related XPS peaks
towards a lower binding energy.17 On the other hand, Fig. 2(b)
and (c) present the SEM images of a CZ heterojunction grown
on an ITO coated glass substrate in cross-sectional and top
views, respectively, while Fig. 2(d) presents the plane view of
the hybrid ACCZ heterojunction. In this case, the decoration of
Au nanoparticles over the nanosheets is clearly observed and
the size distribution of the particles is shown in the inset.

Fig. 3 presents the UV-visible (UV) absorption spectra of the
fabricated heterojunctions in the normalized scale. The
absorption spectrum of CZ extends from the UV to visible
region. A strong absorption in the UV region arises due to the
characteristic band edge absorption of ZnO. For comparison,
the absorption spectrum of bare ZnO films is also recorded, as
shown in Fig. S3 in the ESI.† Now, the absorption edge of the
CZ heterojunction extends up to the mid-visible region
(∼570 nm) originating from CdS induced absorption. However,
for the ACCZ hybrid heterojunction, the absorption edge is
further extended up to ∼700 nm, due to the presence of the Au
nanoparticle loaded g-C3N4 layer. The individual absorption
spectrum for Au nanoparticle loaded g-C3N4 is presented in
the inset. Two absorption peaks at ∼400 nm and 540 nm are
found, where the former indicates the absorption due to the
π → π* transition in g-C3N4, and the latter is attributed to the
surface plasmon absorption in the Au nanostructures. The
origin of the characteristic peaks has been confirmed from the
individual absorption spectrum of the Au nanoparticles and
bare CN (shown in Fig. S2 in the ESI†). The red shift of the
surface plasmon peak could be ascribed either to the charge
transfer in the plasmonic hybrid or to the size induced effect.
In general, charge transfer between plasmonic nanoparticles
and the host can lead to a shift in the plasmon peak.19,20 In
the case of the AuCN sample, the event of charge transfer has
been demonstrated.21,22 Furthermore, the wide distribution of
the size of the Au nanoparticles may also lead to the red shift
of the surface plasmon.23,24 As calculated from the TEM and
SEM images of the AuCN sample, there exists a broad size dis-
tribution of the Au nanoparticles (within 10–60 nm), with an
average diameter of ∼50 nm (shown in the histogram plot of
Fig. 2d). Therefore, the red shift of the surface plasmon peak
is attributed to a combination of both the effects in our AuCN
samples.

The energy band alignment of a hybrid heterojunction has
been studied using valence band spectra.25 However, in a
heterojunction system, the charge transfer and resultant band
bending may affect the valence band alignment at the inter-
faces. Therefore, valence band offsets at the two interfaces

Fig. 2 (a) Typical TEM micrograph of Au nanoparticle attached g-C3N4

nanosheets (AuCN). FESEM images of the (b) cross-sectional and (c)
plane view of CZ heterojunctions. (d) Plane-view FESEM image of the
ACCZ heterojunction. The inset shows the histogram plot of the Au
nanoparticle size.

Fig. 3 Normalized UV-visible absorption spectra of CZ and ACCZ
heterojunctions. The inset presents the absorption spectra for AuCN.
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(CdS/ZnO and CdS/g-C3N4) have been precisely estimated
using the expressions given below:26,27

ΔECdS=ZnO
V1 ¼ ðECdS

Cd � ECdS
VBMÞ � ðEZnO

Zn � EZnO
VBMÞ � ðECdS=ZnO

Cd

� ECdS=ZnO
Zn Þ ð1Þ

ΔECdS=C3N4
V2 ¼ EC3N4

N � EC3N4
VBM

� �� ECdS
Cd � ECdS

VBM

� �
� ECdS=C3N4

N � ECdS=C3N4
Cd

� �
ð2Þ

where Ei
s indicates the binding energy value of the i-th

element in the sample ‘s’ and EsVBM signifies the valence band
maxima in the sample. Fig. 4(a) and (b) show the core level
XPS spectra for Cd and Zn in bulk CdS and ZnO respectively,
while those in the CdS/ZnO heterojunction sample are shown
in Fig. 4(c). Furthermore, the valence band spectra of the
respective samples are shown in the insets of Fig. 4(a) and (b).
Valence band maxima have been estimated upon extrapolating
the linear fits of the leading edge of the valence band spectra
and the baseline. For bulk CdS, the core level peak positions
of Cd corresponding to Cd 3d5/2 and Cd 3d3/2 electrons are
found to be located at 404.6 eV and 411.4 eV, respectively,28

while the binding energy peaks due to Zn 2p3/2 and Zn 2p1/2
electrons have been found at 1021.5 and 1044.3 eV, respect-
ively, for bulk ZnO.29 However, for the heterojunction, the
peaks related to Cd and Zn are found to be slightly shifted to
the higher energy side by ∼0.2 and 0.3 eV, respectively, attribu-
ted to the modification in the chemical environment due to

the formation of a heterojunction. The XPS core level spectra
of N 1s for bulk g-C3N4 and the g-C3N4/CdS heterojunction are
shown in Fig. 4(d) and (e), respectively, while the valence band
spectrum of g-C3N4 is presented in the inset of Fig. 4(d). Using
the XPS core level and VBM energies, the band offset at the
two interfaces has been calculated as ∼1.48 eV for ΔECdS=ZnOV1

and ∼−0.24 eV for ΔECdS=C3N4
V2 heterojunctions. The conduction

band offsets have been estimated using the following:

ΔECdS=ZnO
C1 ¼ ECdS

g � EZnO
g þ ΔECdS=ZnO

V1 ð3Þ

ΔECdS=C3N4
C2 ¼ EC3N4

g � ECdS
g þ ΔECdS=C3N4

V2 ð4Þ

where Es
g is the band gap of the sample ‘s’. Considering the

band gaps of ZnO, CdS and g-C3N4 as 3.4, 2.4 and 2.7 eV,
respectively,16,30 the conduction band offsets at the two inter-
faces are found to be ∼0.49 and ∼0.53 eV for ΔECdS=ZnOC1 and
ΔECdS=C3N4

C2 junctions, respectively. The band alignment of the
heterojunction is illustrated in the schematic representation of
Fig. 4(f ). It indicates the formation of a step-like configuration,
which may be favourable for the separation of electron–hole
pairs as commonly observed in a type-II heterojunction.

Fig. 5(a) presents the room temperature PL spectra of bare
ZnO and g-C3N4, while Fig. 5(b) presents the PL spectra of the
Au-C3N4 hybrid and Au-C3N4/CdS/ZnO hybrid heterojunctions.
In bare ZnO (Fig. 5(a)), the presence of band edge emission as
well as the signature of defect related emission can be
observed at ∼390 nm and ∼510 nm, respectively.31,32 On the

Fig. 4 XPS core level spectra for Cd and Zn in (a) bulk CdS, (b) ZnO and (c) CdS–ZnO heterojunction samples. The insets of (a) and (b) present the
corresponding valence band spectra. (d) Core level spectra of N 1s in bulk g-C3N4 and (e) g-C3N4/CdS heterojunctions. The insets of (c) and (e)
show the XPS core level spectra of Zn and Cd, respectively, in the CdS–ZnO and C3N4/CdS heterojunctions. (f ) Schematic representation of the
band alignment in the hybrid heterojunction derived from the valence band spectra.
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other hand, g-C3N4 exhibits a strong blue emission at
∼450 nm originating from the transition involving the σ* and
π* states.17 Now in the AuCN hybrid (Fig. 5(b)), there is no sig-
nificant alteration of the C3N4 related emission peak. However,
in the Au-C3N4/CdS/ZnO heterostructure, an additional contri-
bution with emission from CdS in the visible region is
observed.33 Furthermore, the emission intensity in the hybrid
heterojunction is found to be reduced in contrast to that of
bare g-C3N4 or AuCN. The quenching of the overall PL emis-
sion in the heterojunction indicates the effective charge carrier
separation due to a step-like band alignment, as shown in
Fig. 5(c).

Fig. 6(a) shows the I–V characteristics of the ACCZ hybrid
heterojunction grown on an ITO coated glass substrate under
visible and UV light. It can be seen that with the increase in
bias voltage the photocurrent increases considerably. In
general, the photoconductivity in ZnO is based on the concept
of the oxygen adsorption and desorption mechanism.34 The
origin of the photoconductivity in such a system can be
assigned to the photo-induced charge carrier generation and
subsequent carrier separation facilitated by the applied bias
and the band alignment of the constituent semiconductors as
shown in the scheme of Fig. 6(b). In this case, the photo-
current (Iph = IL − ID), i.e. the difference in the current in the
presence of light (IL) and in the dark (ID), is almost similar

under UV and visible light incidence. Now as shown in
Fig. 6(c), the photocurrent for the ACCZ heterojunction system
(@∼1.5 V) shows an enhancement as compared to that for the
CZ one. Furthermore, the photocurrent ratio of the two hetero-
junctions is found to be the highest within the wavelength
range of 500–580 nm (as shown in the inset of Fig. 6(c)). Thus,
compared to the nonplasmonic CZ heterojunction, the ACCZ
heterojunction exhibits an improved visible photoresponse,
which can be explained by the mechanism of hot electron
injection due to the non-radiative decay of the surface plas-
mons of Au nanoparticles. It is known that upon the non-
radiative decay of the surface plasmons, electrons from the
occupied states of the metal can be excited above the Fermi
energy. In such a situation, hot electrons having sufficient
energy to overcome the metal–semiconductor barrier can be
injected to the semiconductor conduction band. Now, the
Schottky barrier height (ϕb) formed between Au and g-C3N4

can be expressed as ϕm − χs, where ϕm is the work function of
the metal (∼5.2 eV for Au) and χs is the electron affinity of the
semiconductor (∼3 eV for g-C3N4). In general, the surface plas-
mons in Au and Ag nanomaterials can transfer an energy of
1–4 eV to hot electrons.21,22 Hence, hot electrons having
energy more than ϕb (2.2 eV in this case) can be injected to the
g-C3N4 side, as shown in the inset of Fig. 6(c). Compared to
the CZ heterojunction, the photoresponse of the ACCZ hetero-

Fig. 5 Room temperature PL spectra of (a) bare ZnO and g-C3N4 and (b) AuCN and ACCZ hybrid heterojunctions. (c) Schematic emission mecha-
nism of bare g-C3N4 and g-C3N4/CdS/ZnO samples.

Fig. 6 (a) I–V characteristics of a AuCN/CdS/ZnO heterojunction device in the dark and under visible/UV light. (b) Schematic mechanism of photo-
conductivity in the hybrid heterojunction. (c) Photocurrent of ACCZ and CZ devices at a constant bias of 1.5 V with the scheme of hot electron injec-
tion from Au nanoparticles to g-C3N4. The photocurrent ratio of both devices at 1.5 V bias is included in the inset for comparison.
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junction is found to be approximately 18 times higher at
∼530 nm.

In order to investigate the piezoelectric effect, the I–V
characteristics of bare ZnO and the hybrid heterojunction
grown on ITO coated PET substrates have been measured upon
bending the sample under dark conditions. Fig. 7(a) shows the
schematic diagram of the setup used to bend the sample at
different bending angles (θ). The I–V characteristics of the bare
ZnO under normal and concave bending conditions at an
angle of ∼32 ± 2° (Fig. 7(b)) indicate the enhancement in the
current due to the development of a compressive strain
induced piezopotential. In a bare ZnO film there exists surface
states which can trap negative charges having longer lifetimes.
This leads to a negative open circuit voltage and non-zero posi-
tive current under zero bias conditions shown in Fig. 7(b). It is
known that the hexagonal wurtzite structure of ZnO has a non-
centrosymmetric crystal structure containing tetrahedrally co-
ordinated Zn2+ cations and O2− anions. Upon the application
of a stress on the apex of the tetrahedron, an adequate dipole
moment is induced and the accumulation of such dipole
moments from all units in the crystal leads to the development
of a piezoelectric field along the direction of the strain. The
corresponding piezopotential acts as the driving force for elec-
tron flow under the application of a stress in the material. Now
in the present investigation, the dominant (002) plane in the
XRD pattern (Fig. S5 in the ESI†) indicates the growth direction
of ZnO along the c-axis. In such a situation, the film is
expected to grow as multiple mesoscopic columnar grains
along the c-axis resulting in macroscopically observed piezo-
electricity.35 Wen and co-workers reported the piezoelectric
effect in RF grown ZnO films on PET substrates and assigned
the effect to the formation of columnar grains with the
preferred c-axis orientation.35 In addition to bare ZnO films,

the hybrid heterojunction also responds to the bending force,
as can be seen in the I–V characteristics presented in the inset.
For the hybrid heterojunction system, the relative change in
current between the bending and relaxed conditions at a con-
stant bias of 2 V is shown in Fig. 7(c). For each cycle of strain,
the current initially increases sharply and becomes stable after
reaching a peak value. The result suggests that the piezoelectric
effect of ZnO persists in the hybrid heterojunction and opens
up a scope to explore the piezotronic properties. It may be
noted that a single g-C3N4 layer also exhibits a piezoelectric
effect.36 However, the deposited g-C3N4 exists as a collection of
nanosheets with different orientations, and hence the resultant
piezo-response gets diminished. Now the developed strain (ε)
can be calculated using the formula ε = hs/2Rnor, where hs is the
sample thickness and Rnor is the bending radius, given by

Rnor ¼ L

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dL
L

� π2hs2

12L2

r ð5Þ

Here, L is the initial length of the sample before bending
and dL is the change in length upon bending. Considering the
thickness of the hybrid heterojunction film on an ITO coated
PET substrate as ∼156 μm, and dL/L as 0.042, the strain in the
heterojunction is estimated to be ∼0.015%.

The photodetection property of the hybrid ACCZ hetero-
junction has also been investigated for normal and bending
conditions (Fig. 8(a)). In this case, films have been subjected
to a small bending in both directions, i.e., both concave and
convex modes at an angle of ∼32 ± 2°. We have not observed
any deformation of the film during bending at angles up to
40–45°. However, after a few cycles of continuous bending
(beyond 45°), there are some instances where the top layer
(AuCN) is slightly deformed. It can be seen that due to the

Fig. 7 (a) Schematic diagram of the setup used for bending the sample. (b) I–V characteristics of the bare ZnO thin film under normal and concave
bending conditions. The inset shows the same for the ACCZ hybrid heterojunction. (c) The recorded current modulation at 2 V under repetitive
application of bending cycles.
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concave bending, the current under illumination increases;
however, it decreases under convex bending. The system under
concave bending exhibits ∼10 times higher photoresponse
than the system under normal conditions. Furthermore, the
variation in the photocurrent has also been monitored in both
bending modes (at ∼40 ± 2°, strain 0.017%) at a constant
reverse bias of 2 V, as shown in Fig. 8(b). Firstly, the rise and
decay of the photocurrent under switching (on/off ) of the light
source has been presented which shows good stability. Upon
convex bending, the photocurrent decreases and remains
almost steady until the bending state is released. The current
reaches a previous stable value upon releasing the strain, i.e.,
on a relaxed state. Furthermore, the application of concave
bending ensures the sharp rise of the current to a maximum
level, approximately ∼102 times of the value under normal
strainless conditions. Upon being released from the bending
state, the current drops down to the initial value. The modified
band alignment due to the generation of the strain induced
piezo-potential at the interface is the main reason behind the
increment and decrement of the photocurrent. As discussed
above, the origin of the photocurrent in the absence of strain
is due to the electron transport from the g-C3N4 side to ZnO
through the CdS/ZnO (Fig. 6(b)) junction. Now, the system
experiences a tensile strain during convex bending conditions
resulting in the accumulation of positive piezo-charges at the
CdS/ZnO interface,37,38 resulting in a downward shift of the
ZnO band edges at the interface (shown in Fig. 8(c)).
Furthermore, by the effect of the compressive strain, an
upward bending of the band edges is projected at the ZnO/ITO

interface due to the development of a negative piezo-potential.
In this bending situation, an adequate number of electrons
may be trapped at the potential well created at the CdS/ZnO
interface, while the remaining carriers will face the enlarged
barrier at the ZnO/ITO interface. Consequently, due to the col-
lection of a reduced number of charge carriers at the electro-
des the photocurrent is significantly decreased. In contrast,
under concave bending, the film experiences a compressive
strain, which leads to the upward and downward bending of
the ZnO band edges at the CdS/ZnO and ZnO/ITO interfaces,
respectively, due to the development of oppositely charged
piezo-potentials.38,39 In this situation, the reduction of the
band edge offset at the CdS/ZnO interface and the barrier
height at the ZnO/ITO interface results in an enhanced rate of
electron transport from the CdS side to ZnO, as depicted in
Fig. 8(d). Hence the effective charge carrier separation under
concave bending enhances the photoconductivity in the
system. The photoresponse of the present device has been
compared with the recently reported photodetectors utilizing
the piezo-phototronic effect (shown in Table 1). This perform-
ance by our device is found to be superior comparatively at a
lower strain and applied bias.

It may be mentioned that the piezoelectric effect is expected
to arise at the two interfaces of the ZnO layer and hence the
response of Au loaded g-C3N4 nanosheets will remain unal-
tered. However, the latter will take part under illumination
resulting in an enhanced rate of carrier separation. Thus the
piezophototronic characteristics of the hybrid heterojunction
can be realized by a combination of the optical property of Au

Fig. 8 (a) Visible photoresponse of the hybrid ACCZ heterojunction under normal and bending conditions. (b) Variation in the current at a constant
bias of 2 V under normal and bending situations. Proposed mechanism of current transport under (c) convex and (d) concave bending conditions.
The color gradient in the figures indicates the development of a piezopotential with blue as negative and red as positive piezo-charges.
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loaded g-C3N4 nanosheets and the piezoelectric effect of c-axis
oriented ZnO thin films, making the system attractive for flex-
ible piezo-photonic devices.

Conclusions

We have demonstrated enhanced visible photoconductivity in
a novel hybrid Au-C3N4/CdS/ZnO heterojunction over the con-
ventional CdS/ZnO one, utilizing the piezo-phototronic effect.
Plasmonic Au nanoparticles attached g-C3N4 nanosheets on
the CdS/ZnO heterojunction play a dual role by improving the
light absorption characteristics in the visible region and facili-
tating the charge carrier separation due to the formation of a
step-like type-II band alignment. In contrast to the convention-
al CdS/ZnO heterojunction, such a hybrid heterojunction exhi-
bits a higher photoresponse (∼18 times at ∼530 nm) and can
be attributed to the electron transfer due to the non-radiative
decay of the surface plasmons of Au nanoparticles. Again, the
hybrid heterojunction device fabricated on a flexible platform
exhibits ∼102 times superior photoresponsivity under the
application of an external stimulation. The piezo-potential
developed in the CdS/ZnO interface under concave bending
triggers the improvement in photoresponse of the hybrid
photodetector. The piezopotential induced modification of the
energy band at the ZnO interface favours the electron flow
under visible light illumination accounting for the higher
photoconductivity of the hybrid heterojunction. Further optim-
ization of the various parameters of the device can lead to the
development of an efficient prototype flexible optoelectronic
device utilizing piezo-phototronic effects.
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