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Abstract. A novel method to synthesize graphene sheets and graphene quantum dots (GQDs) from agricultural waste is
reported in this paper. The as-prepared GQDs were decorated on the antimony (Sb)-doped zinc oxide (ZnO)
nanostructures to improve the opto-electrical properties of the photodetector. Morphological studies, elemental analysis,
absorption and Raman spectroscopy studies were performed on the as-prepared graphene sheets and GQDs. A GQDsdecorated, p-type Sb-doped ZnO metal–semiconductor–metal (MSM) interdigitated UV photodetector was fabricated on a
flexible ITO/PET substrate. Structural, morphological and elemental analyses were performed on the GQDs-decorated
nanostructures. The Hall measurements show that the device exhibits p-type conductivity with hole concentration of 3 9
1019 cm-3 and Hall mobility of 2067 cm2 V-1 s-1. It is observed from the I–V studies that the Sb-doped ZnO MSM
device with GQDs exhibits 103 times higher dark and photocurrents as compared to the device without GQDs decoration.
The dynamic response is measured, and the turn-on (son) and turn-off (soff) times are found to be 3.67 and 12.26 s,
respectively. The device also exhibited piezotronic dark potential on compression at a convex arc angle. Repeated
compressions and relaxations were performed on the device and it behaved as a piezotronic generator.
Keywords. Graphene quantum dots; green synthesis; MSM photodetectors; piezotronic generators; Sb-doped ZnO
nanostructures; flexible substrate.

1.

Introduction

Quantum dots (QDs) are three-dimensionally confined
semiconductor nanocrystals with size less than the Bohr
exciton radius of a material. The size is usually in the range
of tens of nanometres. Due to their small size, QDs have a
high surface to volume ratio which results in unique and
excellent optical and electrical properties. The electrons are
confined to nanoscale lengths in QDs and this gives rise to
an important phenomenon called quantum confinement
effect (QCE). The strength of QCE can be varied by varying
the size of the QDs. As the size of the QDs reduces, the
QCE increases leading to an increase in the band gap. Also,
discrete energy levels arise at the band edges. Due to this
effect, the band gap of the material can be tuned to obtain
required opto-electrical properties [1].
Carbon has numerous allotropes, of which graphene and
carbon nanotubes (CNTs) are of great interest due to their
versatile nature leading to applications in varied fields of
science. Graphene is a 2D planar structure with carbon
atoms arranged in a honeycomb manner. It is one of the
most attractive materials of recent times because of its
flexibility, optical transparency, high carrier transport

mobility, thermal conductivity and so on. It is a highly
conducting material and is used in high-speed and fastswitching devices [2]. Nanostructures of graphene, such as
graphene nanoribbons, graphene nanomesh and graphene
quantum dots (GQDs) are prepared and used for various
applications. Of these nanostructures, GQDs are widely
used for opto-electrical applications. They can be synthesized using many methods, like hydrothermal method,
mechanical or chemical exfoliation of graphene oxide (GO)
or reduced GO, nanolithography and so on [3–5]. GQDs are
0-D sheet of graphene which are\20 nm in size. Due to the
small size of GQDs, they exhibit high efficiency in multiple
carrier generation, they possess excellent electrical, optical,
photoluminescence and electro-chemiluminescence properties, leading to their applications in nanodevices like
photodetectors, LEDs, solar cells and photoelectrochemical
cells [2–4]. Due to the light absorption properties of GQDs,
in the UV and deep UV regions, this material has proved to
have application in high-gain photodetection in a broad
wavelength range.
Miniaturized UV metal–semiconductor–metal (MSM)
interdigitated photodetectors have potential applications in
water purification, missile plume detection, incubators,
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sterilization, flame detection, etc. [6]. Therefore, it becomes
extremely crucial to fabricate MSM photodetectors at low
cost and with exceptional properties, like high gain, high
sensitivity, high responsivity and high efficiency. In this
work, ZnO has been used as the active layer due to its
excellent UV detection properties. It has a direct wide band
gap of 3.4 eV and a high exciton binding energy of 60 meV,
it is an environmentally friendly, non-toxic in nature and
photosensitive. Doping n-type ZnO with a p-type impurity
has been a challenge for researchers due to lattice mismatch
and other instabilities. Doping with antimony (Sb) produces
a more stable p-type ZnO with high photocurrent and high
carrier concentrations. A number of research papers have
reported MSM photodetectors with improved properties
[7–10].
The main motive of this paper was to encourage green
synthesis of nanomaterials. Hence, a novel green synthesis
method was adopted to prepare monolayer graphene sheets
from agricultural waste, using the hydrothermal method
and then, reducing them down to GQDs using ball mill and
ultrasonication methods. The morphology and structure of
the graphene sheets as well as GQDs were studied using
high resolution transmission electron microscope
(HRTEM) and scanning electron microscope (SEM). The
elemental analysis was performed using electron energy
loss spectroscopy (EELS) and energy dispersive X-ray
(EDX). Raman spectroscopy was used to perform the
Raman scattering characterization. Then, we synthesized
and fabricated Sb-doped ZnO UV MSM interdigitated
photodetector on flexible ITO/PET substrate. The sample
was then coated with a set concentration of GQDs.
HRTEM, SEM and X-ray diffractometer (XRD) characterization were made to study the structure and morphology of the sample. EELS and EDX studies were also
performed. The MSM interdigitated contacts were deposited on this sample with GQDs/Sb-doped ZnO active layer,
using thermal evaporation process. Electrical studies: Hall
measurements, current–voltage (I–V) studies, the dynamic
response and flexibility studies were performed on the
MSM UV photodetector. Then, the device was studied for
its piezotronic effect by compressing and relaxing it at
random convex arc angles.
This is a novel device and there has been no literature
found on the fabrication and studies of green-synthesized
GQDs decorated over p-type Sb-doped ZnO MSM photodetectors and piezotronic generators, to the best of our
knowledge.
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chemical methods. This method not only utilizes fewer
chemicals during the preparation, but also the disposal of
the remnants causes very little/no harm to the environment.
In this work, green synthesis method has been adopted to
prepare graphene sheets from agricultural waste [11]. Here,
0.5 g of dry superfine sugarcane bagasse powder was mixed
with 0.3 g of ferrocene (C10H10Fe) in an alumina (Al2O3)
boat. This boat was placed in a muffle furnace at 300°C for
10 min, resulting in a dark brown powder. Taking this work
further, a novel 3-step method was used to prepare GQDs.
This 3-step method is acid-free, chemical-free, cost-effective and most importantly eco-friendly. First, a planetary
ball-mill was used to reduce the size of the obtained powdered sample. The balls were made of stainless steel and
each ball weighed about 7.8 g. The powder was milled for
50 h with the ball to powder ratio of 10:1. Next, 0.3 g of this
powder was dispersed in an autoclave containing 200 ml of
milli-Q water and was placed in a hot air oven for 2 h at
200°C. In the third and final step, the solution obtained after
the hydrothermal method was ultrasonicated using a high
intensity probe-sonicator, for 10 h. The pictures of the
samples obtained after each intermediate step of synthesis
have been shown in figure 1.

2.2 Preparation of Sb-doped ZnO nanostructures
and the drop-coating of the GQDs on the sample
The active layer of Sb-doped ZnO was prepared over a
flexible indium tin oxide-coated polyethylene terephthalate
(ITO/PET) substrate using sol–gel and hydrothermal
methods explained in our previous work [7]. The seed layer
of ZnO nanoparticles was prepared using the sol–gel
method. The seed layer was coated on a 1 9 1 cm2 ITO/
PET substrate. To grow nanostructures of Sb-doped ZnO,
zinc nitrate [Zn(NO3)2] and hexamethylenetetramine
(HMT) were dissolved in methanol with constant stirring
and a gradual increase in temperature. Nine atomic percent
of antimony chloride (SbCl3) was added to the above
solution. The solution was then poured into an autoclave
and the seed layer sample was positioned inside. This
autoclave was placed inside a hot air oven at 90°C for 5 h.
The sample was taken out of the autoclave and annealed at
75°C for 15 min [7]. Four hundred microlitres of the solution containing GQDs was carefully and evenly drop-coated
on the sample with active layer of Sb-doped ZnO nanostructures. The samples were then dried at slightly elevated
temperature of 60°C.

Experimental
3.

2.1

(2021) 44:33

Results and discussion

Preparation of graphene sheets and GQDs
3.1

The green synthesis approach of preparing nanoparticles is
slowly being adopted by researchers world-wide. It is an
eco-friendly and cost-effective replacement for physical and

Structural and morphological studies

The structural and morphological characterization of this
sample was performed using HRTEM and SEM.
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Figure 1. Photographs of sample showing (a) starting material of sugarcane bagasse, (b) graphene sheets and
(c) GQDs.

Figure 2. Structural studies of graphene sheets. (a and b) HRTEM images, (c) SEM image and (d) elemental
analysis using EDX.

Figure 2a and b depicts typical HRTEM images of the
graphene sheets and figure 2c shows the SEM images of the
same. Figure 2d is the EDX graph and the element ratio
table of the sheets observed in figure 2c. The presence of
44.48 wt% of carbon (C) indicates that the obtained sheets
are of graphene. Cellulose from bagasse contains oxygen
(O) which is reflected in the graph. The low percentage of
silicon (Si) indicates that it might be an impurity. The

sample preparation for SEM involves coating it with a thin
layer of gold (Au) which justifies the small peak of Au
obtained in the graph.
Figure 3 depicts the structural and morphological studies
of GQDs. Figures 3a and b are the HRTEM images of
GQDs indicating the size of the quantum dots. The average
size of the GQDs was found to be around *7 nm. The dspacing/lattice spacing of the GQDs obtained from the
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HRTEM image (figure 2b) is calculated to be 0.22 nm,
which is very close to the hexagonal pattern of graphene
found in the literature [12,13]. The size and d-spacing were
calculated using ImageJ-windows32 software. EELS mapping in figure 3c shows that the GQDs are not contaminated
with any other element. This proves that the quantum dots
obtained are in fact that of graphene only.
The absorption spectra of the graphene sheets and the
GQDs, as seen in figure 4a, was obtained using a UV–Vis
spectrophotometer. The inset of figure 4a shows the samples of graphene sheets and GQDs dispersed in milli-Q
water. They were first placed under white light (image on
left) and then placed under 365 nm of UV light (image on
right), to examine for fluorescence. A strong fluorescence
was exhibited by GQDs, whereas graphene sheets exhibited
weak fluorescence. The absorption peak for graphene oxide
is below 250 nm and for graphene it is above 250 nm. This
is because graphene has a higher absorption rate due to the
C–C bonds as compared to graphene oxide which has C=O
bonds. In our study, the absorption peak obtained for graphene sheets is 280 nm which is in agreement with the
literature [14,15]. Çiplak et al [14] have reported the
absorption peak of graphene oxide sheets to be at 232 nm,
and that of graphene sheets was at 298 nm. An absorption
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peak of 280 nm observed in this study, proves that the
sheets obtained in our work are that of graphene and not
graphene oxide. The absorption peak for GQDs was seen at
270 nm. The clear blue-shift of absorption peaks seen from
graphene to GQDs is because the size of the graphene is
reduced to well below 10 nm, as confirmed by the HRTEM
results (figure 3). The reduced size also leads to high fluorescence [16,17].
Raman spectra are extremely vital to evaluate the quality
of the prepared graphene sheets and GQDs. It gives a clear
picture of the defects, the nature of the bonds and the
number of layers in graphene. The spectrometer used in this
work uses a laser light of wavelength of 514 nm. The
D-band in the range of 1250–1350 cm-1 is usually associated with defects/disordered structure of graphene and is a
measure of the sp3 bonding in graphene. The absence of this
band in the Raman spectrum seen in figure 4b validates that
the samples are free from defects. Two distinct peaks can be
seen in figure 4b at 1577 (G-band) and 2595 cm-1 (G0 band) for graphene and at 1577 (G-band) and 2672 cm-1
(G0 -band) for GQDs. The G-band represents the sp2 bonded
carbon that constitutes graphene. The position and the shape
of the G-band peak provides information about the thickness of the graphene. Unlike the D peak, the G0 -band also

Figure 3. Structural studies of graphene quantum dots (GQDs). (a and b) HRTEM images with sizes of GQDs,
(c) EELS mapping of (b) which shows the presence of carbon.
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Figure 4. (a) Absorption spectrum of graphene and graphene quantum dots (GQDs). Inset: graphene and GQDs
dispersed in water and placed under UV illumination of 365 nm and (b) Raman spectrum of graphene and GQDs.

known as the 2D band appears in the absence of defect or
impurities. The G0 -band is the result of a two phonon lattice
vibrational process [18,19]. On further observation, the
G-band in the Raman sprectroscopy graph of GQDs appears
to have a slight shoulder which is due to symmetry
breaking. This G-band splitting is specifically observed in
thin and monolayer graphene sheets or GQDs [20,21]. This
observation further strengthens our claim that the prepared
material is infact monolayer graphene sheets and GQDs.
The G-band and G0 -band peak values obtained in this study
are in agreement with the values reported in the literature
for monolayer graphene [19].
A UV photodetector with GQDs decorated over the
active layer of Sb-doped ZnO nanostructures, has been
fabricated to obtain enhanced opto-electrical properties. The
preparation of the device has been explained in the experimental section.
The GQDs decorated Sb-doped ZnO nanostructures were
then studied using HRTEM, SEM and EDX and are shown
in figure 5. Sb-doped ZnO nanostructures (nanocones and
nanoflakes) were seen in HRTEM and SEM images (figure 5a–c). The EDX analysis in figure 5d confirmed the
presence of Zn, O and Sb which is indicative of the prepared nanostructures. The presence of carbon (C) confirms
that the nanostructures were coated with GQDs.
MSM interdigitated contacts of aluminium were deposited on the samples of Sb-doped ZnO nanostructures without and with the GQDs decoration, using a thermal
evaporation technique. A stainless-steel mask was used for
designing the contacts. The substrate dimensions were 1 9
1 cm2 and the aluminium contacts were deposited on an
area of 5 9 5 mm2 with 13 fingers. The finger length was
3 mm, width 0.15 mm, thickness 20 nm and the gap
between the fingers was 0.75 mm, which is as seen in
figure 6a. The device was similar to the ones used in our

previous studies [7,22]. Hall measurements were performed
on the same by the four-probe Van der Pauw method at
room temperature for a set magnetic field of 1 T. The results
confirmed the samples to have p-type conductivity with a
hole concentration of 3 9 1019 cm-3 and Hall mobility of
2067 cm2 V-1 s-1. The values obtained are within the broad
range of expected values present in the literature [23,24].
The high values of mobility and hole concentration indicate
an improvement in the electrical properties of the photodetector with the addition of GQDs. I–V studies were
carried out on the devices without and with GQDs, using an
electrochemical workbench (CHI604D).
I–V measurements at a fixed input bias of 5 V, were first
performed on a planar MSM photodetector with only Sbdoped ZnO nanostructures without GQDs. The dark current
was found to be 10.9 lA and the photocurrent under UV
light illumination of 365 nm of wavelength was 84.53 lA,
as seen in figure 6b. I–V studies were then performed on the
planar MSM photodetector with GQDs decorated on the Sbdoped ZnO active layer. As observed in figure 6c, the dark
current was found to be 1.2 mA and photocurrent was
46 mA. A sharp increase in current was observed with the
addition of GQDs to the device. The photocurrent of the
device with GQDs decoration was 103 times more than the
device without GQDs. It was also observed that the photocurrent in the MSM photodetector with GQDs decorated
on the Sb-doped ZnO active layer, was *45 times higher
than the photocurrent. These results conclude that the
addition of GQDs enhances the overall performance of the
device.
A schematic diagram showing the layers of MSM photodetector is given in figure 6e. The magnified image shows
a clear picture of the GQDs decorated on Sb-doped ZnO
nanostructures. The I–V curves prove that when the GQDs
were drop-coated on the surface of Sb-doped ZnO
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Figure 5. Structural studies of graphene quantum dots (GQDs) coated antimony-doped ZnO nanostructures. (a and b) HRTEM
images of individual ZnO nanocones with a coating of GQDs. (c) SEM image of antimony-doped ZnO nanostructures with size of the
nanocones being marked. (d) EDX element analysis. Inset: table showing concentration of each element.

nanostructures, the device becomes highly conducting
leading to a remarkable improvement in the performance of
the MSM photodetector. This is because GQDs can effectively contribute to charge separation and creation of carrier
transport pathways, thereby leading to an increase in the
photocurrent. To check for stability of the device, the dark
and photocurrents were measured over a span of 10 days for
an input bias of 5 V and is shown in figure 6d. The current
values did not change too much, proving that the device was
quite stable.
In a p-type ZnO nanostructure, the valence band is filled
with holes and the conduction band has very few electrons.
The band gap of ZnO is 3.4 eV and its conduction band is
located at 4.2–4.4 eV below vacuum energy level. GQDs
have a band gap around 1.5 eV with the conduction band at
3.5–3.7 eV [25]. As seen in figure 7, the location of the
conduction band is higher than that of ZnO. When the UV
light strikes the surface of the active layer, it is absorbed by
the GQDs and then by the Sb-doped ZnO nanostructures.
This leads to generations of charge carriers and the photogenerated electrons transfer from LUMO of GQDs to conduction band of ZnO nanostructures and the holes from
valence band of ZnO transfer to HOMO of GQDs. The
absorption of UV light by the Sb-doped ZnO nanostructures
leads to the generation of additional holes which are
transferred from the nanostructures to GQDs and then
finally collected at the electrodes [22,26]. This proves that

the GQDs can effectively contribute to charge separation
and creation of carrier transport pathways, thereby leading
to an increase in the photocurrent.
Responsivity and the external quantum efficiency (EQE)
are the important parameters to evaluate the photoresponse
of the photodetector. The responsivity (R, A W-1) is the
measure of electrical output per unit optical input of the
photodetector with incident optical power (Popt), difference
in dark and photocurrent (DI) and the area under UV illumination (S), were calculated using equation (1) [7]:
R¼

DI
:
Popt S

ð1Þ

The corresponding external quantum efficiency EQE (g)
of the MSM photodetector is calculated from equation (2),
where R is responsivity of the device, h is Plank’s constant,
c is the speed of light, q is the charge of electron and k is the
wavelength of UV light used [7].
g¼R

hc
qk

ð2Þ

These parameters were calculated for the MSM devices
without and with GQDs decorated on Sb-doped ZnO
nanostructures and have been presented in table 1.
There are a lot of factors which have contributed to this
large increase in photocurrent thereby leading to high
responsivity, high EQE and high stability—(i) excellent UV
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Figure 6. (a) Photograph of the MSM UV PD with device dimensions. I–V curves with dark current and
photocurrent of the device (b) without GQDs and (c) with GQDs. (d) Stability graph of the device with GQDs, taken
over 10 days at 5 V. (e) Diagrammatic representation of the MSM PD with clear indications of each layer.

absorption property of ZnO nanocones and nanoflakes as
compared to other nanostructures due to the graded transition of the effective refractive index and effective light
scattering [27,28]. (ii) Doping of antimony (Sb) to ZnO
improves conduction. (iii) Increased mobility and increased
electrical conductivity due to the addition of GQDs [29].
(iv) The closely spaced fingers of planar MSM interdigitated UV photodetector leads to high electric field which
prevents the electron hole pairs (EHPs) from recombining
leading to high current. It also reduces parasitic capacitance,
dark current and noise, leading to a large internal gain
[7,30,31].

Figure 7. Conduction mechanism in p-type Sb-doped ZnO
photodetector decorated with GQDs.
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Table 1.
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Dark currents, photocurrents and the figures of merit of the device without and with the decoration of GQDs.

Sb-doped ZnO MSM devices
Without GQDs
With GQDs

Dark current, Idark (A)

Photocurrent Iph (A)

Sensitivity (Iph/Idark)

Responsivity (A W-1)

g (%)

10.9
1.2

84.53
46

7.75
38.33

2.89
1.76

0.98
600

Figure 8. (a) Dynamic response graph of the device (with GQDs) at different voltages (5, 3 and 1 V, respectively). (b) Dynamic
response of the device (with GQDs) showing turn on (son) and turn off (soff) times taken at 5 V applied bias. (c) Dynamic response of
the device (without GQDs) showing son and soff times taken at 5 V applied bias.

The transient/dynamic response of the device was plotted
over two cycles for three different voltage values (5, 3 and
1 V). Each cycle roughly covered 40 s of time as depicted in
figure 8a. It may be seen that when the UV radiation is off,
the device exhibits a low current. The current then increases
and saturates at a particular level in the presence of UV
radiation. Again, when the source of UV radiation is turned
off, the current decreases to attain its initial low value, as

seen in figure 8b. The turn-on (son) time, the time taken to
reach 90% of the peak value, was found to be 3.67 s.
Subsequently, when the source of UV radiation was turned
off, the current decreases to attain its initial low value. The
turn-off (soff) time, the time taken to attain 10% of the peak
value, was found to be 12.26 s. Although the son is much
faster than the soff, the overall switching speed is much
faster compared to many other devices reported in literature
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Figure 9. (a) Pictorial representation showing the magnified image of a portion of the device at rest (relaxed state) and when
compressed. Piezotronic graph of the Sb-doped ZnO MSM devices (b) without GQDs and (c) with GQDs.
Table 2.

Comparative study of the current work with reported results in the literature.

Technique to prepare GQDs
Hydrothermal method
Hummer’s method
Chemical method
Green synthesis

Size of GQDs (nm)

Size of device

Photocurrent

Application

Ref.

3
2.5–6
5
7

5 9 5 mm2
10 9 1 mm2
1 9 1 cm2
1 9 1 cm2

0.4 mA at 1.5 V
100 nA at 5 V
Order of lA at 5 V
46 mA at 5 V

UV photodetector
UV photodetector
Hybrid UV photodetector
UV photodetector and
piezotronic device

[34]
[35]
[36]
Current work

[32]. The dynamic response graph of the device without
GQDs was plotted as seen in figure 8c. The turn-on and
turn-off times were found to be 45.43 and 49.52 s, respectively, exhibiting lower switching speed of the device
without GQDs. Hence, the fast response time and high
switching speed makes the GQDs decorated Sb-doped ZnO
MSM photodetector suitable for high speed applications.
To understand the behaviour of the flexible device, piezotronic studies were performed on the p-type Sb-doped
ZnO-based MSM devices, without and with GQDs. The
devices were manually bent at random convex arc angles
and released, as pictographically displayed in figure 9a.

This compression and relaxation led to charge displacement
in the device which was measured using an electrochemical
workstation. When the p-type device was compressed, the
positive piezo charges accumulated at the metal–semiconductor interface, which depleted the holes there causing the
barrier height to increase thereby leading to a fall in conductivity [8,31,33]. The conduction mechanism along with
the band diagram, has been explained in detail in our previous work [31]. The voltage vs. time piezotronic graphs of
the devices without and with GQDs have been depicted in
figures 9b and c. The graphs clearly portray the mechanical
behaviour of the flexible p-type devices. Since the devices
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are p-type in nature, the voltage dropped on compression
and increased on relaxation, as seen in both the figures.
The devices were then flexed and relaxed a number of
times at random angles and random intervals for *50 s.
When the device without GQDs was at rest, as seen in
figure 9b, it generated a maximum positive piezotronic dark
potential of 0.157 V and when it was compressed, it generated a negative piezotronic dark potential of -0.0486 V.
Conversely, when the device decorated with GQDs was at
rest (figure 9c), it generated a maximum positive piezotronic dark potential of 0.281 V and when it was compressed, it generated a negative piezotronic dark potential of
-0.123 V. The increase in potential in figure 9c was due to
the addition of GQDs which led to an increase in the concentration of charge carriers. The device was repeatedly
compressed and relaxed for four different cycles and it was
observed that the voltage values were reproducible, proving
that the adhesion of the active layer to the flexible ITO/PET
substrate was excellent.
A comparative study of the current work with reported
results has been listed in table 2. As observed, the results
observed, reported work is in agreement with the work
presented in this paper. However, the reported studies have
used chemical methods to prepare GQDs for single application. Therefore, it can be deduced that the present study
which used green synthesis for the preparation of GQDs is
much more eco-friendly, cost-effective and time-saving,
making it a novel work.

4.

Conclusions

In conclusion, GQDs decorated on Sb-doped ZnO
nanostructures based MSM UV photodetector was fabricated and studied in this work. Graphene sheets and GQDs
were prepared using green synthesis. The absorption studies
revealed a clear blue-shift in absorption peaks from graphene to GQDs. This is due to the reduced size of the asprepared GQDs which was found to be *7 nm from the
HRTEM images. The Raman spectrum proved that the
prepared materials were monolayer graphene sheets and
GQDs. The prepared GQDs were drop-coated on Sb-doped
p-ZnO nanostructures based MSM UV photodetector which
was fabricated on ITO/PET substrates. Electrical studies
were performed on the devices with and without GQDs. It
was observed that the dark and photocurrents (with exposure to 365 nm of UV light) of the MSM device with GQDs
was 103 times greater than that without GQDs. The
responsivity, efficiency and the sensitivity were calculated
to be 1.76, 600% and 38.33, respectively. A transient
response graph was plotted and the son and soff times were
found to be 3.67 and 12.26 s, respectively. These results
confirm that the fabricated device performed well and was
quite stable with the addition of GQDs.
The flexible MSM devices without and with GQDs also
exhibited piezotronic effect on compression. Constant
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results were obtained on repeated cycles of compression
and relaxation on the both devices. This proved that the
active layer was stable and robust and its adhesion to the
flexible ITO/PET substrate was strong. Hence, the fabricated device in this paper can be used for dual applications.
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[14] Çiplak Z, Yildiz N and Çalimli A 2015 Fuller. Nanotub.
Car. N. 23 361
[15] Wazir A H and Kundi I W 2016 J. Chem. Soc. Pak. 38 11
[16] Lai Q, Zhu S, Luo X, Zou M and Huang S 2012 AIP Adv. 2 2
[17] Mohajer S, Ara M H M and Serahatjoo L 2016 J.
Nanophotonics 10 036014
[18] Chhabra V A, Kaur R, Kumar N, Deep A, Rajesh C and Kim
K-H 2018 RSC Adv. 8 11446
[19] Hodkiewicz J 2010 Thermo Fisher Scientific 4 1
[20] Wu J, Wang P, Wang F and Fang Y 2018 Nanomaterials 8
864
[21] Dong X, Shi Y, Zhao Y, Chen D, Ye J, Yao Y et al 2009
Phys. Rev. Lett. 102 135501
[22] Kim D, Kim W, Jeon S and Yong K 2017 RSC Adv. 7 40539

Bull. Mater. Sci.

(2021) 44:33

[23] Sahoo S, Khurana G, Barik S K, Dussan S, Barrionuevo D
and Katiyar R S 2013 J. Phys. Chem. C 117 5485
[24] David T, Goldsmith S and Boxman R L 2005 cond-mat.
mtrl-sci. 1, http://arxiv.org/abs/cond-mat/0502150
[25] Yang B, Chen J, Cui L and Liu W 2015 RSC Adv. 5
59204
[26] Chen W J, Wu J-K, Lin J-C, Lo S-T, Lin H-D, Hang D-R
et al 2013 Nanoscale Res. Lett. 8 1
[27] Boruah B D and Misra A 2016 ACS Appl. Mater. Interfaces 8
18182
[28] Chang Y 2010 Dissertation School of Materials Science and
Engineering, Georgia Institute of Technology
[29] Li Y, Hu Y, Zhao Y, Shi G, Deng L, Hou Y et al 2011 Adv.
Mater. 23 776

Page 11 of 11

33

[30] Müller A, Konstantinidis G, Dragoman M, Neculoiu D,
Dinescu A, Androulidaki M et al 2008 Proc. Int. Semicond.
Conf. CAS 1 91
[31] Fathima N, Pradeep N and Balakrishnan J 2019 Sol. Energy
Mater. Sol. Cells 194 207
[32] Rajan A, Kumar H, Gupta V and Tomar M 2014 Procedia
Eng. 94 44
[33] Kiruthika S, Singh S and Kulkarni G U 2016 RSC Adv. 6
44668
[34] Liu D, Li H-J, Gao J, Zhao S, Zhu Y, Wang P et al 2018
Nanoscale Res. Lett. 13 261
[35] Zhang Q, Jie J, Diao S, Shao Z and Zhang Q 2015 ACS Nano
9 1561
[36] Tetsuka H 2017 Sci. Rep. 7 1

