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ABSTRACT: A fully flexible strain sensor consisting of vertically aligned ZnO nanowires
on graphene transferred on polyethylene terephthalate with prefabricated Au/Ti electrodes
(ZnO-VANWs/Gr)/PET) has been obtained. The ZnO-VANWs were grown in solution
using a seedless hydrothermal process and are single-crystalline of (0001) orientation that
provides optimal piezoelectric gating on graphene when deformed mechanically. The
change of the graphene channel conductance under such a piezoelectric gating through
transduction of the mechanical deformation on the ZnO-VANWs/Gr was used to detect
the strain induced by the deformation. Under applied normal forces of 0.30, 0.50, and 0.70
N in a dynamic manner, the ZnO-VANWs/Gr/PET strain sensors exhibited a high
response and response times of ∼0.20 s to both force on and off were achieved. Under
mechanical bending curvatures of 0.18, 0.23, 0.37, and 0.45 cm−1, high sensitivity of the
gauge factors up to ∼248 and response times of 0.20 s/0.20 s (rise/fall) were achieved on the ZnO-VANWs/Gr/PET strain sensors.
Moreover, the response changes polarity when the directions of bending alters between up and down, corresponding to the polarity
change of the space charge on the ZnO-VANWs/Gr interface as a consequence of the compressive and tensile strains along the
ZnO-VANWs. This result shows that the low-cost and scalable ZnO-VANWs/Gr/PET strain sensors are promising for applications
in stress/strain monitoring, wearable electronics, and touch screens.

■ INTRODUCTION

The immense development in flexible, wearable, and self-
powered electronic devices has recently emerged as the main
focus of research for a large variety of applications.1,2 Flexible/
stretchable strain sensors are an excellent example and are in
demanded for wearable electronics,3 health care,4 infra-
structure monitoring,5 robotics,6 and so forth. Taking
advantage of various functional nanomaterials, exciting
progress has been made in strain sensors based on nano-
composites in the last decade or so.7,8 Compared to traditional
rigid metallic strain gauges, flexible nanocomposite strain
sensors exhibit high strain tolerance, fast response, high
sensitivity, low power consumption, and high sensitivity to
conformal geometric changes.8−10

Most flexible/stretchable strain sensors rely on the
piezoresistive effect, and strain sensitivity, the so-called gauge
factor (G.F.), is defined by the specific conductivity change per
unit strain ϵ (G.F = (Δσ/σ0)/ϵ).7,11 In the case of
nanocomposites, which consist of piezoelectric nanostruc-
tures,9 such as nanoparticles (NP), nanowires (NWs), and
nanotubes,10 and so forth, mixed with polymers,12 including
polyvinylidene fluoride (PVDF), polydimethylsiloxane
(PDMS), and polymethyl methacrylate (PMMA),13−16 the
sensor conductivity is measured over the entire nanocomposite
sample. Various piezoelectric materials studied for strain
sensors include zinc oxide (ZnO), lead zirconate titanate,
and lead titanate.17−19 In addition, filler materials, such as

carbon nanotubes (CNT), carbon fibers, carbon black
particles, reduced graphene oxides (rGO), and graphene
(Gr),20 have been adopted into the nanocomposites because
of the high carrier mobility, flexibility, and robustness for
improved conductivity and thereby sensitivity and flexibility/
stretch-ability of the nanocomposite strain sensors.8,16,21−24

Among other piezoelectric nanostructures, ZnO NWs are
particularly interesting due to the high piezoelectric effect
especially along the (0001)-orientation, large material
abundance, non-toxic and hence environmental friendly
nature, and ease in fabrication plus low fabrication cost.25−28

Nanocomposite strain sensors based on ZnO nanostructures
have been extensively studied after the pioneering work by
Zhang et al. on converting nanoscale mechanical energy into
electrical energy achieved through ZnO NWs.29 It should be
mentioned that exciting progress has been made in utilizing
piezoelectric potential effectively coupled to the graphene
channel for various applications such as nonvolatile memory
and artificial sensory synapse.30−33 Strain sensor of a gauge
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factor of 389 in a so-called active-matrix sensor and 4800 in a
piezoelectric potential gated MoS2 field-effect transistor have
been reported.34 Sun et al. fabricated a ZnO NPs/Gr
nanoplatelets (GNP) nanocomposite strain sensor exhibiting
a G.F. ∼13 in the strain range of 0−44% and a dynamic
response time of ∼0.5 s.35 Chang et al. fabricated ZnO NWs/
carbon black/PDMS nanocomposite strain sensors on a latex
substrate and obtained a G.F. ∼25 with response time of ∼1.2
s.23 Lee et al. fabricated a vertical nanohybrid strain sensor
consisting of vertically aligned ZnO NWs (VANWs) grown on
a ZnO-seeded layer (ZnO-SL) coated on the CNT-rGO
bottom electrode on a polyethylene terephthalate (PET)
substrate with a Au top electrode. A G.F. of 7.6 and response
time of ∼0.2 s were obtained under different bending
curvatures corresponding to a strain range of 0−6.2% on this
Au/ZnO-VANWs/ZnO-SL/CNT-rGO sensor.11

In this work, we explore a new flexible strain sensor based on
(0001)-oriented crystalline ZnO-VANW array fabricated on
monolayer Gr grown using chemical vapor deposition (CVD)
and transferred on PET substrates. A seedless hydrothermal
process was developed for the growth of the ZnO-VANW array
directly on the Gr/PET in a growth solution. The obtained
ZnO-VANWs/Gr/PET strain sensor relies on the piezoelectric
gating effect generated by deformed ZnO-VANWs on Gr,
which leads to Gr channel conductivity modulation via gate-
induced charge carrier doping to Gr. There are several
advantages of this device. First, conductance change in only
the Gr channel is measured, instead of that for the entire
sample as in most nanocomposite strain sensors discussed
above as an average effect. In addition, the combination of the
monolayer CVD graphene with the (0001)-oriented crystalline
ZnO-VANW array in this ZnO-VANWs/Gr/PET strain sensor
allows an optimal piezoelectric gating effect (or strain
sensitivity) to be obtained. Finally, this ZnO-VANWs/Gr/
PET strain sensor can recognize the tensile and compressive
strain on the ZnO-VANW array from the direction of the
graphene’s Dirac point shift. Indeed, a high G.F. up to ∼248
together with the opposite polarities of the Dirac point shift in
response to upward/downward bending of the ZnO-VANWs/
Gr/PET strain sensor were observed. In the following, we
report our experimental results.

■ RESULT AND DISCUSSION

Figure 1 depicts schematically the entire process developed in
this work for fabrication of the ZnO-VANWs/Gr/PET flexible
strain sensors. Figure 1a,b shows the cross-sectional views of
Gr on a Cu foil after the CVD growth and after coating PMMA
on the Gr/Cu. Transfer of Gr consisted of etching out the Cu
foil (Figure 1c) followed by attachment of Gr to a PET
substrate with prefabricated Au/Ti electrodes (Figure 1d).
Afterward, the sample was floated in the aqueous solution of
mixed zinc nitrate hexahydrate and ammonium hydroxide
(Figure 1e) with the Gr side facing down for growth of the
ZnO-VANWs in the seedless hydrothermal process. A dense
array of ZnO-VANWs (Figure 1f) can be obtained on a
thoroughly cleaned CVD Gr surface with a careful control of
the pH value ∼10 in the solution. In particular, the ZnO-
VANWs obtained without a polycrystalline ZnO-SL deposited
on Gr has a better interface with Gr by removing the charge
traps in the defective ZnO-SL, which has been found to
improve the photoresponsivity and response time in ZnO-
VANWs/Gr ultraviolet detectors.36,37 Therefore, this detri-
mental effect from a defective interface is expected to be
minimized in the ZnO-VANWs/Gr/PET flexible strain sensors
obtained using seedless hydrothermal growth. The final
configuration of the ZnO-VANWs/Gr/PET nanohybrid
flexible strain sensor is depicted schematically in Figure 1g
after casting the PMMA passivation layer on the ZnO-
VANWs/Gr/PET to provide mechanical stability to the
device. It should be pointed out that the seedless hydrothermal
growth method is facile, low-cost, and scalable for fabrication
of the ZnO-VANWs/Gr/PET nanohybrid flexible strain
sensors.
Figure 2a depicts an optical image of a ZnO-VANWs/Gr/

PET flexible strain sensor mounted on a cylinder where one
end of the sample is attached to the cylinder and another end
is free to be bent for the bending test (Figure 2a). The four
Au/Ti bars are used as electrodes for three strain sensors on
the same sample for evaluation of the device performance
consistency. The ZnO-VANWs/Gr channels for these three
devices locate between the neighboring two Au/Ti bars. Figure
2b is a photograph of the side view of a ZnO-VANWs/Gr/
PET flexible strain sensor held by a pair of tweezers, showing

Figure 1. Schematic description of the ZnO-VANWs/Gr/PET flexible strain sensors fabrication: (a) CVD Gr grown on a Cu foil; (b) PMMA
coated on the Gr/Cu; (c) Cu etched by immersing the PMMA/Gr/Cu sample in iron chloride solution for 1 h; (d) PMMA/Gr transferred on a
PET substrate after a thorough cleaning; (e) growth of the ZnO-VANWs on the Gr/PET (after PMMA removal and Gr surface cleaning) in the
seedless hydrothermal process with Gr facing down at 90 °C for 4 h in the zinc nitrate hexahydrate (10 mL) in ammonium hydroxide solution; (f)
obtained ZnO-VANWs/Gr/PET nanohybrid; and (g) completed ZnO-VANWs/Gr/PET nanohybrid flexible sensors after encapsulation with
PMMA.
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the flexibility of the ZnO-VANWs/Gr/PET flexible strain
sensors. The optical images of a representative transferred
CVD Gr on the PET substrate before (Figure 2c) and after
(Figure 2d) the ZnO-VANWs growth illustrate the uniformity
of the sensor. Specifically, the uniform color contrast on both
images suggests a uniform and clean Gr channel, as well a
uniform distribution of translucent ZnO-VANWs on the Gr/
PET.
Figure 3a shows the Raman spectra of Gr before (pristine,

black) and after the hydrothermal ZnO-VANWs growth (red)
on a Gr/PET. The characteristic Raman peaks of Gr, namely

the G peak at ∼1590 cm−1 and 2D peak at ∼2715 cm−1 can be
observed on both spectra. The G peak corresponds to the Eg

2

phonon at the Brillouin zone center, and the 2D peak is related
to the second-order harmonic of the D peak corresponding to
the A1g breathing mode of Gr.38 On the pristine Gr (black)
shown in Figure 3a, the Raman peak intensity ratio of 2D to G
Raman peaks (I2D/IG) is around ∼1.8, indicating that the CVD
Gr used in this work is monolayer.39,40 The D band at ∼1354
cm−1 arising from defects in Gr is negligible. In fact, the ratio
of the D to G peaks (ID/IG) is as low as ∼1%. This indicates
that the CVD Gr used in this work is high-quality monolayer
CVD Gr. It is particularly worth pointing out that the quality
of Gr was preserved in the seedless hydrothermal process for
growth of the ZnO-VANWs, which is essential for the
optimum performance of the ZnO-VANWs/Gr nanohybrid
devices.41 This is shown in Figure 3a (red spectrum) that the
locations and symmetry of the Gr Raman signature peaks are
preserved after the ZnO-VANW growth. A slightly reduced
ratio of I2D/IG ∼1.5 and the moderately increased D peak may
be attributed to the presence of the ZnO-VANWs on top of
Gr. In addition to the Raman signatures of Gr, the major
Raman peak at ∼440 cm−1 is attributed to the E2 energy mode
of ZnO, demonstrating the formation of crystalline ZnO-
VANWs on Gr in the hydrothermal growth process as shown
in Figure 3b.42 Figure 3c shows the cross section of the ZnO-
VANWs/Gr/PET taken at the tilt angle of 85° with respect to
the electron beam in SEM, illustrating vertically aligned, dense
ZnO nanowires on Gr/PET. The average length of ZnO-
VANWs is 7.2 ± 1.4 μm. Figure 3d is the top view SEM image
of the ZnO-VANW array, showing hexagonal-shaped cross
section of the ZnO-VANWs with an average diameter of 460 ±
93 nm. The hexagonal shape suggests high crystallinity of the
ZnO-VANWs, which was confirmed in the HRTEM study of
the ZnO-VANWs. The inset of Figure 3d illustrates a HRTEM
image of ZnO (0001) fringes perpendicular to the ZnO-NW
axis with an average spacing of 0.26 nm, confirming the
crystalline ZnO-VANW growth along the fast-growth direction
of ZnO (0001) as soon as the ZnO nucleation occurs on Gr/
PET. In order to form one-dimensional ZnO-VANWs, there
are non-polar planes and polar planes, such as (0001) plane, in
the wurtzite ZnO. Because of the fact that the surface energy
along the (0001) plane is the lowest, (0001) ZnO nanowire
growth is energetically preferred.43

Figure 4a illustrates the schematic of a compressive force
applied on the ZnO-VANWs/Gr/PET strain sensor using a
spring-loaded mechanical piston, and the inset (top) shows a
photo of this apparatus having a spring constant of k = 1.23 N/
mm obtained using the Hook’s law given by F = −kΔx, where
F and Δx are the force and change in spring length,
respectively. Under the compression, the surface charges are
developed at the two ends of the ZnO-VANWs as shown
schematically in the inset (bottom) of Figure 4a. The
compressive strain-induced surface charge at the ZnO-
VANWs/Gr interface will induce a piezoelectric gating effect
on the Gr channel and in turn change the channel
conductivity. The strength of the piezoelectric gating effect
induced is expected to be proportional to the applied force
quantitatively.44 Figure 4b compares the dynamic response ΔI
= I − I0, defined as the change of the electric current in the Gr
channel under a fixed bias voltage of 1.0 V with (I) and
without (I0) the applied force on the ZnO-VANWs/Gr/PET
nanohybrid device. In Figure 4b, compression force pulses of
0.30 N (red) and 0.70 N (black) in amplitude were applied.

Figure 2. (a) Photograph of a sample of three ZnO-VANWs/Gr/PET
flexible strain sensors mounted on the cylinder; (b) photograph of the
side view of the same sample in (a), demonstrating the flexibility of
the sample; optical images of the Gr channel (c) before and (d) after
the ZnO-VANWs growth on the Gr channel.

Figure 3. (a) Raman spectra of Gr before (black) and after the
hydrothermal growth of ZnO-VANWs on Gr/PET (red); (b) Raman
spectrum of ZnO-VANWs showing ZnO signature peak at 440 cm−1;
(c) SEM image of a ZnO-VANWs/Gr/PET sample at the 85° tilt
angle with respect to the electron beam in SEM; and (d) top-view
SEM image of a ZnO-VANWs/Gr/PET sample with the inset
showing the HRTEM image of a representative crystalline ZnO-
VANW.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c03683
ACS Omega 2020, 5, 27359−27367

27361

https://pubs.acs.org/doi/10.1021/acsomega.0c03683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03683?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03683?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03683?ref=pdf


Some low-level noises are visible in the ΔI measurement most
probably caused by the disturbance of the Au/Ti electric
contacts by the piston when the force pulses were applied. The
amplitudes of ΔI are about 4 μA for 0.30 N and 10 μA for 0.70
N, respectively. Figure 4c depicts the amplitudes of ΔI as a
function of the applied pressure amplitudes. The pressure is
calculated by dividing the force by the area of the piston (9.0 ×
10−7 m2). The linear trend of the observed ΔI versus p curve
illustrates the proportionality of the piezoelectric gating effect
from the strain-induced ZnO/Gr interface charge (Q) which is
proportional linearly to the applied force F (Q = F·g33), where
g33 is the piezoelectric coefficient.

29 Figure 4d shows the zoom-
in view of the ΔI in response to rise (left) and fall (right) of an
applied force pulse of 0.70 N in amplitude. The strain rise (or
fall) response time is defined as the period for the ΔI rising
from 10 to 90% (or falling from 90 to 10%) of the response
amplitude.9 The strain response times obtained on the ZnO-
VANWs/Gr/PET strain sensors are fairly symmetric with both
rise and fall times of 0.20 s in the strain range studied in this
work. Under different applied pulsed forces, the rise and fall
times are approximately the same. The fast and symmetric
response times can be attributed to a clean ZnO-VANWs/Gr
interface with minimal charge traps. For all measurement, the
bias voltage across the Gr channel was 1.0 V.
Figure 5a illustrates schematically the apparatus deployed for

the bending test of the ZnO-VANWs/Gr/PET nanohybrid
sensors mounted on a cylinder with one end of the sample
attached to the cylinder and the other end set free for bending
upward and downward. Figure 5b compares the dynamic
response of the ZnO-VANWs/Gr/PET sensor to the down-
ward (black) and upward (red) bending at a bending radius of
27 mm. Despite opposite polarities of the strain response, the
ΔI amplitudes are comparable in the range of about 50−60 μA
under the downward and upward bending directions. Figure 5c
compares the dynamic responses taken at 55 mm (black) and
27 mm (red) bending radii with the ΔI amplitudes of 10 and

60 μA, respectively, indicating the smaller the bending radius,
the larger the strain response. Figure 5d shows the zoomed-in
views of a bend/release cycle with radius of curvature of 55
mm depicting the symmetric rise/fall times as 0.20 s/0.20 s. It
should be pointed out that a shorter response time and higher
strain sensitivity could be achieved if the crystallinity of the
ZnO VANWs can be further improved to reduce charge
trapping by defects in the ZnO nanowires. The defects in the
ZnO NWs are affected directly by the nanowire growth
conditions. For example, a response time of 10−20 ms was
reported on the ZnO NW strain sensors reported grown using
a vapor solid process at temperatures ∼1400 °C or higher.45,46

This is not surprising since higher growth temperatures are
favorable to obtain higher crystallinity and hence fewer defects.
The ZnO growth temperature in hydrothermal processes is
much lower, such as the work in this article (at 90 °C) and by
others (95 °C).47 In fact, similar response times of 0.2 s in the
former and 0.13 s in the latter suggest that the lower
crystallinity of ZnO nanowires may be a dominant reason for
the longer response times. In addition, higher gauge factors up
to 1250 were also achieved on Schottky devices using ZnO
nanowires synthesized using high temperatures ∼1400 °C,
suggesting a direct impact of ZnO crystallinity on the
piezoelectric properties.46 It should be realized that graphene
may degrade at elevated temperatures of a few hundreds of
Celsius in air or oxygen. Therefore, the low growth
temperatures in hydrothermal process provide a unique
resolution to accommodate ZnO nanowire growth directly
on graphene. Nevertheless, further research is necessary to
improve the crystallinity of the ZnO nanowires in hydro-
thermal processes for both higher strain sensitivity and
response speed.
This polarity switch of strain response ΔI can be attributed

to polarity change of the strain-induced charge at the ZnO-
VANWs/Gr interface stemming from the switch between
compressive and tensile strain applied on the ZnO-VANWs
upon bending downward and upward of the ZnO-VANWs/
Gr/PET nanohybrid sensors, respectively. This is illustrated

Figure 4. (a) Schematic of piezoelectric gating effect on the Gr
channel induced by the compressive force on the ZnO-VANWs/Gr/
PET strain sensors. Insets: photo of the spring-loaded apparatus (top)
and distribution of the induced charges on a compressively deformed
ZnO-VANW (bottom); (b) dynamic response ΔI of the ZnO-
VANWs/Gr/PET strain sensor under pulsed compressive forces of
0.30 N (red) and 0.70 N (black). The bias voltage was 1.0 V. (c) ΔI
vs p curve. (d) Mechanical response times extracted from (b) for the
pulsed force of 0.70 N in amplitude.

Figure 5. (a) Schematic of home-made bending setup; (b) dynamic
response comparison of change in current for 27 mm for upward/
downward bending; (c) dynamic response comparisons for bending
radii of 55 and 27 mm; and (d) zoom-in images for depiction of rise/
fall time.
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schematically in Figure 6. It should be pointed out that only a
few ZnO nanowires are included in the schematic drawings of
the ZnO-VANWs/Gr samples in Figure 6a−c under different
bending conditions under no strain, downward bending and
upward bending, respectively. For simplicity, each drawing
only includes a few ZnO nanowires well separated to illustrate
the details. Under no bending, the Dirac point (minimum IDS)
which is depicted by black dotted line located on the positive
voltage side (above VG = 0) since CVD Gr is typically p-doped
in ambient,48 which has been confirmed in our recent works on
similar CVD Gr.49−51 When the ZnO-VANWs/Gr/PET
nanohybrid sensor is subjected to downward bending (Figure
6b), a compressive strain is applied to the ZnO-VANWs,
resulting in positive charges generated at the ZnO-VANWs/Gr
interface. This is equivalent to applying a fixed positive top-
gate voltage in the double-gate graphene field-effect
transistor.50 A left shift of the Dirac point, or the minimum
conductance point, will occur on the Isd versus VG curve when
sweeping the back-gate voltage VG (red curve) with respect to
that for strain-free case (black curve). This means the Fermi
energy of graphene (vertical dashed line at VG = 0) will be
shifted upward toward more n-doped50,52 as shown in Figure
6b. This results in a negative strain response (or ΔI < 0) as
shown by the red arrow in Figure 6b. It should be pointed out
that the negative strain response was also observed when a
compressive force was applied to the ZnO-VANWs/Gr/PET
nanohybrid sensor as shown in Figure 4b. In contrast, when
the ZnO-VANWs/Gr/PET nanohybrid sensor is subjected to
upward bending (Figure 6c), a tensile strain is applied along
the ZnO-VANWs/Gr/PET nanohybrid sensor. The switch of
the strain along the axial direction of the ZnO-VANWs from
compressive to tensile leads to the ZnO-VANWs/Gr interface
charge switch from positive to negative. This results in a right
shift of the Dirac point (p-doping of Gr)50,52 and hence a
positive strain response (or ΔI > 0) as shown in Figure 6c.
Figure 7a depicts the relative conductivity change of the Gr

channel Δσ/σ0 versus strain (ϵ) under downward bending. The
strain was calculated using the formula ϵ = h/2R, where h is
the thickness of the substrate (200 μm for PET) and R is the

radius of curvature. The bending curvatures are 0.18, 0.23,
0.37, and 0.45 cm−1 respectively, at the radii of curvature of 55,
43, 27, and 22 mm for the bending experiment in this work.
Based on the equation for the gauge factor G.F = (Δσ/σ0)/ϵ,11
an average G.F. of ∼67 is estimated from the slope of the linear
curve fitting of the four data points in Figure 7a. At the lower
limit of the strain, the G.F. is up to 248, which suggests a
higher sensitivity at lower strains. This result suggests that the
ZnO-VANWs/Gr/PET strain sensors are promising to detect
low strains with high sensitivity. In Table 1, the performance of
the ZnO-VANWs/Gr/PET nanohybrid sensors developed in
this work is compared with that for several other flexible strain
sensors based on the ZnO-NWs.11,35,53,54 Overall, the ZnO-
VANWs/Gr/PET nanohybrid sensors developed in this work
show both improved G.F. and response speed (reduced
response time). It is particularly worth mentioning that the
average G.F. value of 67 in the ZnO-VANWs/Gr/PET sensor
is 8.8 times higher than that of its counterpart of the Au/ZnO-
VANWs/ZnO-SL/CNT-rGO sensor with a ZnO-SL for
growth of the ZnO-VANWs.11 In addition, the response time
of 0.2 s in the former is an order of magnitude better than that
of the latter. This improvement confirms the importance of the
clean ZnO-VANWs/Gr interface for an effective transduction
of the mechanical deformation on ZnO-VANWs to piezo-

Figure 6. (a) Schematic of the ZnO-VANWs/Gr/PET strain sensor at zero strain (top) and the energy diagram of Gr along with the Gr channel
drain-source current vs gate voltage IDS−VG characteristic curve (bottom); (b) ZnO-VANWs/Gr/PET strain sensor under downward bending
schematics with a compressive strain generated in the axial direction of the ZnO-NWs (top) and the left shift (n-doping) of the IDS−VG curve and
the Dirac point (bottom) with a negative ΔI illustrated by the red arrow; and (c) ZnO-VANWs/Gr/PET strain sensor under upward bending with
a tensile strain generated in the axial direction of the ZnO-NWs (top) and the right shift (p-doping) of the IDS−VG curve and Dirac point (bottom).

Figure 7. (a) Relative conductivity change of the Gr channel Δσ/σ0
as function of the strain generated by downward bending of the ZnO-
VANWs/Gr/PET flexible strain sensor and (b) multi-cycles of
dynamic strain response to downward bending at the radius of
curvature of 27 mm.
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electric gating on the Gr channel. Furthermore, the ZnO-
VANWs/Gr/PET sensor can detect strain as low as 0.18% as
shown in Figure 7a with very high G.F. = 248. The much-
improved performance in the ZnO-VANWs/Gr/PET sensors
is also associated with the underlying physics mechanism of
piezoelectric gating for the strain sensing by measuring the Gr
channel conductance change using a simple design of two
electrodes, both on Gr. This is in contrast to vertical device
structure in the Au/ZnO-VANWs/ZnO-SL/CNT-rGO sensor
that requires fine control of the Au top electrode and CNT-
rGO bottom electrode on the two ends of the ZnO-VANWs
for measurement of the piezoelectric potential difference across
the ZnO-NWs.11 Figure 7b illustrates the multiple cycles of
downward bending of the ZnO-VANWs/Gr/PET sensor with
the radius of curvature of 27 mm. Despite a few spikes possibly
caused by disturbance of the electrical contacts during the
bending test, the strain response was reproducible, and no sign
of sample damage could be seen. A better device design to
protect the electric wiring of the sensor from the mechanical
deformation is certainly necessary.
It should be noted that the strain detection in the ZnO-

VANWs/Gr/PET devices is achieved through a combination
of the piezoelectric field generated on the ZnO nanowires
under mechanical deformation and a unique piezoelectric
gating of graphene for the variation of graphene’s conductivity.
This strain sensing mechanism in the ZnO-VANWs/Gr/PET
devices differs from that in most other strain sensors based on
ZnO nanowires or other piezoelectric nanostructures reported
in the literature. Specifically, the strain signal is measured on a
single atomic sheet of graphene in the former in contrast to on
the bulk of the sensor in the latter. Therefore, the ZnO-
VANWs/Gr architecture could potentially enable very high
strain sensitivity when optimized. In addition, the sensor
electrodes of the ZnO-VANWs/Gr device are both on
graphene, leading to a simpler device design as opposed to
the ZnO nanowire Schottky strain sensors that require two
different metal electrodes with one forming the Schottky
junction and the other Ohmic contact with ZnO. Finally, ZnO-
VANWs/Gr can be grown in solution at low temperatures
typically below 100 °C in the hydrothermal process, leading to
low-cost, scalable fabrication of the ZnO-VANWs/Gr devices
on rigid as well as flexible substrates. However, the higher
strain sensitivity, such as gauge factors exceeding 1200 on
Schottky ZnO nanowires grown using vapor deposition
methods at temperature exceeding 1400 °C, indicates that
higher crystallinity of ZnO nanowires is important to the
performance of ZnO-based strain sensors.45,46 Therefore,
further improvement of the crystallinity of the ZnO nanowires
obtained in low-temperature hydrothermal process will be
important to achieve higher performance of strain detection on
ZnO-VANWs/Gr/PET samples.

■ CONCLUSIONS

In summary, we have developed a new ZnO-VANWs/Gr/PET
nanohybrid flexible strain sensor using a facile fabrication
process. This process consists of three major steps including:
(1) CVD growth of monolayer graphene; (2) transfer of the
CVD graphene on 200 μm thick flexible PET substrates with
prefabricated Au/Ti electrodes; and (3) seedless hydrothermal
growth of (0001)-oriented crystalline ZnO-VANW array
directly on Gr to obtain ZnO-VANWs/Gr/PET with a clean
ZnO-VANWs/Gr interface that is critical to achieving high
piezoelectric gating on Gr channel for high strain sensitivity
and high strain response speed. Under mechanical deformation
either by applying the compressive pulsed forces normal to the
sensor, or by bending the sensor up/down, the piezoelectric
charge generated on the ZnO-VANWs/Gr interface provides
the piezoelectric gating on the conductance of the Gr channel.
High strain sensitivity and response speed have been obtained
with an average G.F. up to 67 and response time (on/off) of
0.20 s/0.20 s in the strain range of 0.18−0.45%. At the lower
strain limit of 0.18%, the sensor has a remarkably high G.F. =
248. Furthermore, this sensor has a clear recognition of the
compressive and tensile strain on the ZnO-VANWs through a
polarity switch of the ΔI from negative to positive due to the
n-doping or p-doping of the Gr channel that shifts the Dirac
point to left or right. The demonstrated high performance can
be attributed to the combination of the most favorable (0001)
oriented crystalline ZnO-VANWs and their clean interface
with graphene formed in the seedless ZnO-VANW growth on
graphene for realizing an optimal piezoelectric grating on
graphene. Finally, the process developed for fabrication of the
ZnO-VANWs/Gr/PET flexible sensors can be readily scaled
up for low-cost commercial applications.

■ EXPERIMENTAL DETAILS

CVD of Monolayer Gr and Gr Transfer on PET
Substrates. Monolayer Gr was grown at the temperature of
1050 °C and pressure of ∼1 Torr in a CVD furnace for 30 min
on commercialized polycrystalline copper foils (25 μm in
thickness, Sigma-Aldrich, USA). During the Gr growth, the
flow of mixed gases of H2 (7 SCCM) and CH4 (40 SCCM)
was maintained. The details of the CVD Gr growth were
reported previously.55,56 After the Gr growth, the furnace was
shut down to allow the sample to cool down naturally to room
temperature under the protection of 7 SCCM of H2 flow. For
Gr transfer, a Gr sample of 5 × 10 mm2 was cut first and 3%
PMMA was then spun-coated (3000 RPM for 1 min) onto one
side of the Gr/Cu sample. The PMMA/Gr/Cu sample was
baked afterward on a hot plate at 80 °C for 10 min. The
PMMA/Gr/Cu sample was then soaked in iron chloride
(FeCl3) for 1 h to etch the Cu foil, and the resulted PMMA/
Gr sample was thoroughly cleaned in deionized water (DI)
following a protocol developed in our previous works.51,57 A

Table 1. Performance Comparison of ZnO Nanostructure/Gr Pressure/strain Sensora

type device sensitivity (Δσ/σ0)/ϵ (G.F.) strain range (%) RT (s) references

PE Gr/ZnO-VANWs 67−248 0−0.45 0.2 this work
PR Au/ZnO-VANWs/ZnO-SL/CNT-rGO 7.6 0−6.2 2 11
resistive CVD Gr/Au 42 0−20 1 54
PR ZnO NP/GNP 13 0−44 0.5 35
PR ZnO NWs/carbonblack 25 0−30 1.2 23

aPR-piezoresistive; PE-piezoelectric; RT-response time; GNP-graphene nanoplatelets.
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piece of PET substrate (thickness ∼200 μm) of 6 × 14 mm2

was cleaned using acetone, isopropyl alcohol (IPA), and DI
water rinses. Afterward, Au (40 nm)/Ti (10 nm) electrodes
were deposited through a shadow mask using electron-beam
evaporation. Gr was then transferred onto PET with
prefabricated Au/Ti electrodes, and PMMA was removed
afterward by immersing the sample in acetone for approx-
imately 1 h followed by 20 min in IPA. The Gr channel
dimensions defined between the electrodes were 0.3 mm
(length) × 3 mm (width). Typically, an array of 3 strain
sensors were obtained on each sample with 4 Au/Ti electrodes
for confirmation of the sensor performance.
ZnO-VANW Growth on Gr/PET in the Seedless

Hydrothermal Process. The Gr/PET sample was floated
in 100 mL of aqueous solution with Gr facing down. The
growth of the ZnO-VANWs on Gr was carried out in an oven
set at 90 °C for 4 h in the growth solution.37,58 The aqueous
solution was composed of 10 mL of zinc nitrate hexahydrate
with ammonium hydroxide added under constant stirring to
maintain the pH value to ∼10.0 during the ZnO-VANW
growth. A dense array of the ZnO-VANWs was obtained with
the ZnO nanowire length typically in the range of 6−9 μm. It
should be noted that a clean Gr surface and the constant pH
value of ∼10 are the key to dense and uniform nucleation and
controlled growth of the ZnO-VANWs directly on Gr. After
the ZnO-VANW growth, the ZnO-VANWs/Gr/PET sample
was cleaned with DI water followed by nitrogen gas drying. A
small drop of PMMA (3% in chloroform) was casted on the
ZnO-VANWs/Gr/PET for mechanical stability.
Characterization of the ZnO-VANWs/Gr/PET Sample.

The ZnO-VANWs/Gr/PET sample morphology was charac-
terized using an optical microscope (Nikon Eclipse LV 150)
and a scanning electron microscope (SEM, JEOL JSM-6380).
The sample crystallinity was characterized using high-
resolution transmission electron microscopy (HRTEM, FEI
TF20XT) and Raman spectroscopy (WiTec alpha300) with
the laser excitation wavelength of 488 nm. Electrical contact to
the Au/Ti electrodes was completed using Pt wires 50 μm in
diameter for device characterization. The current−voltage (I−
V) characteristic and dynamic strain response of the ZnO-
VANWs/Gr/PET nanohybrid flexible strain sensor under
different applied strain by bending samples up/down to
different radii of curvature were measured using a CHI660D
electrochemical workstation. The compressive forces were
applied using a spring-loaded mechanical piston having a
spring constant of 1.23 N/mm, and the bending tests were
performed by attaching the sample on cylinders with different
radii of 22, 27, 43, and 55 mm, which correspond to bending
curvatures of 0.45, 0.37, 0.23, and 0.18 cm−1, respectively.
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