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ABSTRACT

The discovery of graphene has prompted an intensive exploration and research of heterostructure nanohybrids that integrate functionalities
of semiconductor nanostructures with graphene’s high charge carrier mobility, extraordinary mechanical strength, and flexibility for various
applications. Among others, zinc oxide (ZnO) presents a promising candidate due to its unique physical properties including direct
bandgap in ultraviolet spectrum, ferroelectricity, and hence piezoelectricity, moderate Debye length for electron depletion effect in ZnO
nanostructures (quantum dots, nanowire, nanoparticles), etc. For ZnO/graphene heterostructure nanohybrids, the low thermal budget for
growth of crystalline ZnO makes it possible for direct deposition of ZnO on graphene with controlled morphology and interface, enabling a
large spectrum of devices including photodetectors, gas sensors, strain sensors, and self-power devices. In this Perspective, we discuss the
recent progress made in ZnO/graphene heterostructure nanohybrids through understanding and engineering the ZnO/graphene interface to
realize high performance. An overview of the remaining issues and future perspectives toward commercialization of the ZnO/graphene

heterostructure nanohybrids will also be provided.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0060255

1. INTRODUCTION AND BACKGROUND

Graphene—a monolayer of carbon atoms arranged in two-
dimensional hexagonal lattice of only 0.34nm in thickness—has
attracted extensive interest during the past decade or so due to its
superior physical properties including high charge carrier mobility,
optical transparency, mechanical strength, flexibility, and chemical
stability.” Graphene may be viewed as an atomically thin film
available in large area’ and is compatible with conventional thin
film-based microelectronics since the established microfabrication
processes can be readily applied to make graphene-based electronic,
photonic, and optoelectronic devices and circuits. These unique
advantages have motivated explorations of various graphene-based
applications'™ especially heterostructure nanohybrids ~consisting
of graphene and other semiconductor nanostructures of different mor-
phologies of 0D (quantum dots, nanocrystals, and nanoparticles),”” "’
1D (nanotubes and nanowires),""'* and 2D (nanosheets of 2D atomic
materials, thin films).”'>'* The implementation of graphene makes a
fundamental difference in the charge carrier transport in these nano-
hybrids devices as compared to the counterparts based on the nano-
structures due to the extraordinary charge carrier mobility in

graphene when it is used as the charge transport channel for
signals. Among others, zinc oxide (ZnO) nanostructures are partic-
ularly suitable for nanohybrids with graphene, as we shall detail
later, because of not only its interesting physical properties but also
its compatibility of growth conditions for generation of various
functional heterostructure nanohybrids on graphene. Due to the
excellent properties of graphene and ZnO, both have been widely
investigated for applications including high-performance graphene
field effect transistors (GFETs),'>'® optoelectronic devices,' "'
chemical and strain sensors,'”?’ lasers,”**> and piezoelectronic
nanogenerators.”>* The ZnO/graphene heterostructure nanohy-
brids integrate the physical properties of the graphene and ZnO,
providing a unique platform for exploration of a wide variety of
applications ranging from photodetectors,”**™>* gas sensors,”” ™’
and stress/strain sensors.”**™** Figure 1 highlights a few represen-
tative functional device applications based on ZnO/graphene heter-
ostructure nanohybrids. The appeal of the ZnO/graphene
heterostructure nanohybrids for these applications is that they
combine the advantages of ZnO as a wide direct bandgap semicon-
ductor, piezoelectric, biocompatible, and inexpensive, and graphene
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FIG. 1. Schematic scheme of the ZnOlgraphene hybrid heterostructure for
various functional device applications. Reproduced with permission from Gong
et al, ACS Nano 11, 4114 (2017). Copyright 2017 American Chemical Society;
Panth et al., ACS Appl. Nano Mater. 3, 6711 (2020). Copyright 2020 American
Chemical Society; Qin et al., J. Mater. Chem. C 6, 3240 (2018). Copyright 2018
The Royal Society of Chemistry; Bae et al., ACS Appl. Mater. Interfaces 11,
16830 (2019). Copyright 2019 American Chemical Society.

as a flexible, conductive sheet of high charge mobility, transparent,
and environmentally stable and chemically inert.”~*°

A. Graphene

Graphene has attracted broad research interest due to its
unique properties, such as ultrahigh carrier mobility, chemical and
mechanical stability, excellent optical transparency, and good
mechanical strength and elasticity.'>*”** Intrinsic graphene has a
zero bandgap E, = 0 as its conduction and valance bands join at the
so-called Dirac point."” This would prohibit its use in a similar
way to semiconductors of finite E, values. Therefore, graphene
absorbs incident light via interband transitions and exhibits a flat
absorption A =70~2.3% or transmittance T=1-A=97.7% (the
fine-structure constant o= e*/(4nehc) = Gyl (neoc) ~ 1/137)  per
graphene sheet in broadband from near ultraviolet (UV) to
mid-infrared.”"> Graphene is a relativistic semiconductor
(or semimetal) and its electronic structure can be described by a
linear dispersion of E = hvgk.”” The electrons and holes are there-
fore massless fermions with momentum-independent Fermi veloc-
ity vg as high as 1/300 of the speed of light. This results in high
carrier mobility (u) that seems independent of temperature in a
large range, independent of the applied electric field, and is compa-
rable for holes and electrons.”’ The intrinsic acoustic phonon limit
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of graphene’s mobility is projected to be ~200 000 cm*/V s at room
temperature assuming a carrier density of (1)~ 10"2cm™ at the
charge neutrality or the so-called Dirac point.*””’ Experimentally,
high u in the range of 1000-20 000 cm*/V s has been reported on
graphene for both electrons and holes at room temperature, which
could be further improved by eliminating extrinsic charge scatting
mechanisms and defects in graphene.”>”” Tt should be pointed out
that the carrier mobility in graphene is significantly higher than
that in metals and most semiconductors. For example, crystalline Si
has the electron mobility of ~1400 cm?/V s at room temperature.”
The high ¢ in graphene means high electric conductivity can be
obtained even at low carrier concentration at 1~ 10'*/cm® for
intrinsic graphene. The low n (keep in mind the frequency cutoff
that determines the transparency window is proportional to 7°”>%)
and high conductivity make graphene an excellent alternative® to
conventional transparent conductors’” broadly employed for a
large variety of photonic and optoelectronic applications.*** In
addition, graphene has additional advantages of flexibility, low cost,
light weight, and a favorable work function of ~4.42 eV comparable
to many metals.”*’™**

B.ZnO

ZnO is a wide-bandgap semiconductor in the II-VI semicon-
ductor group.””™*® ZnO has a relatively large direct bandgap of 3.2—
3.4 eV in UV spectrum and high exciton binding energy (60 meV)
at room temperature.”*>’" The bandgap of ZnO can be tunable
with elemental substitution on both the cation (Zn) and anion (O)
sites. ZnO is typically n-type due to native doping by zinc intersti-
tials and oxygen vacancies. Controllable n-doping by substitution
of Zn with group III elements of Al, Ga, In, etc. allows enhance-
ment of electrical conductivity of ZnO for transparent conductor
applications of ZnO thin and thick films as well as nanostructures.
ZnO is non-toxic, earth-abundant, and low cost and has been
widely used in electronics, optoelectronics, cosmetics, food, adhe-
sives, cement, and lubricants.

ZnO crystallizes into two main forms, hexagonal wurtzite and
cubic zincblende.”*”" The wurtzite structure is more stable at
ambient conditions and thus most common. The zincblende form
can be stabilized by growing ZnO on substrates with cubic lattice
structure. Hexagonal and zincblende polymorphs have no inversion
symmetry (reflection of a crystal relative to any given points does
not transform it into itself). These ZnO lattice symmetry properties
result in ferroelectricity as well as piezoelectricity of hexagonal and
zincblende ZnO,”>”* and pyroelectricity of hexagonal ZnO.*”
Various synthesis methods have been developed. Thin films can be
produced by chemical vapor deposition (CVD), metal organic
vapor phase epitaxy, electrodeposition, pulsed laser deposition,
sputtering, sol-gel synthesis, atomic layer deposition (ALD), spray
pyrolysis, etc. Nanostructures can be obtained mostly using the
above-mentioned techniques at certain conditions and also with
the vapor-liquid-solid method.”>***" The solution-processed ZnO
synthesis is typically carried out at a temperature of about 90 °C, in
an equimolar aqueous solution of zinc nitrate and hexamine, the
latter providing the basic environment. Nanostructures of ZnO of a
variety of morphologies have been reported including nanowires,
nanorods, tetrapods, nanobelts, nanoflowers, and nanoparticles.
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Zn0 is a piezoelectric semiconductor’® with biocompatibility”” and
radiation hardness.’>”® More importantly, although ZnO has a
high melting point of >1900°C which means it is highly stable,
ZnO can be grown into different crystalline nanostructures on gra-
phene in large scales and at low temperatures <100 °C in air, pro-
viding a direct pathway to practical applications.””*" The (0001)
direction is the most favorable one for piezoelectricity in ZnO.*'~*
Wang and Song proposed the first ZnO nanowire-based piezoelec-
tric nanogenerators,”” which could convert nanoscale mechanical
energy into electrical energy by means of piezoelectric effects. This
pioneering work has prompted intensive research on various nano-
generators based on piezoelectric and triboelectric effects for
mechanical energy harvesting and those based on thermoelectric
and pyroelectric effects for thermal energy harvesting using ZnO
and other materials.”

C. Compatibility of ZnO and graphene

Figures 2(a)-2(c) show the crystalline structure of graphene, a
ZnO unit cell, and heterostructure nanohybrids of ZnO and gra-
phene (ZnO/graphene) in which a heterostructure interface is
formed between the two materials and will be shown to play a criti-
cal role in ZnO/graphene nanohybrid devices. It should be noted
that both graphene and ZnO (in hexagonal wurtzite structure) have
hexagonal lattice with lattice constants of 0.246 and 0.325nm,
respectively. This means heteroepitaxy of ZnO on graphene is pos-
sible with a careful control of the nucleation of the ZnO on gra-
phene. Nevertheless, most reported ZnO/graphene heterostructure
nanohybrids have a weak van der Waals (vdW) interface due to
lack of control on the nucleation of ZnO on graphene that may be
synthesized using mechanical exfoliation® or CVD.***” Various
ZnO deposition approaches have been reported including spin-
coating,” drop casting,”>* and inkjet printing of pre-fabricated
ZnO nanostructures,””*”" and direct growth of ZnO on graphene
using CVD,”” hydrothermal growth,'"" sputtering,”” atomic layer
deposition (ALD),” spin-coating sol-gel precursors,”’*"* electro-
chemical deposition,”® vapor transport,” etc. Considering most of
these approaches can be carried out at either room temperature or
low temperatures below 500 °C, the integrity of graphene could be
preserved during the ZnO fabrication. Interestingly, graphene can
remain intact when exposed to high temperatures up to 800°C for a

(a) Graphene
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short time of 1-2s in the so-called ultrafast thermal annealing to
improve the nanojunctions between the ZnO nanoparticles (NPs)
in the ZnO NP/graphene UV detectors.”” Furthermore, these
approaches are either ready or could be scaled up, for large-scale
fabrication of ZnO. Therefore, ZnO/graphene nanohybrids can be
fabricated in large scale at a low cost and are therefore promising
for practical applications.

Il. TRANSDUCTION OF SIGNALS TO GATING ON
GRAPHENE IN ZNO/GRAPHENE HETEROSTRUCTURE
NANOHYBRIDS

A. Gating effect on graphene

In ZnO/graphene nanohybrid devices, ZnO serves as a “sensi-
tizer” to various external stimuli including light, mechanical defor-
mation, gas or chemical molecules adsorption.”® The unique physical
properties of ZnO enable transduction of the stimuli to an electric
field at the ZnO/graphene interface, which generates a gating effect
on graphene channel and tunes the channel conductivity due to the
unique ambipolar electric doping effect of graphene.””” Figure 3(a)
shows a graphene sheet resistance of n-type, p-type doped, in com-
parison with undoped, bilayer graphene field effect transistor
(GFET) as a function of the applied back-gate voltage Vi measured
at room temperature in nitrogen atmosphere. The inset shows a
schematic of the GFET.”® The graphene sheet resistance of the
undoped GFET is quite typical for a bilayer graphene GFET without
a bandgap, exhibiting a sheet resistance of 8.7 kQ at the Dirac point
(charge neutrality point). As illustrated in Fig. 3(a), the Fermi energy
for the intrinsic graphene has the minimal carrier concentration
~10"*/em” and the Dirac point of maximum resistivity is located at
Ve~ 0 (blue curve). When an external interface charge is intro-
duced, graphene would be doped to either n-type (red) or p-type
(green) as the Fermi energy is shifted upwards (above the Dirac
point) or downwards (below the Dirac point). This means that the
induced charges by external stimuli at the ZnO/graphene interface
would cause a shift of the Fermi energy via charge doping and the
polarity shift quantitatively would reflect the kind and amount of the
interface charges generated by the stimuli. Figure 3(b) shows the Vg
dependence of graphene channel resistance measured on a GFET
device, where the surface doping was detached by in situ annealing

(c) zZnOl/graphene hybrid
I ok

FIG. 2. Schematics of single-layer graphene sheet (a), ZnO crystal structure (b), and ZnO/graphene hybrid heterostructure (c).
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FIG. 3. (a) The resistance of a n-type, p-type, and an undoped bilayer graphene FET as a function of the applied back gate voltage measured at room temperature in nitro-
gen atmosphere. The inset shows a schematic of a graphene FET. The doping is realized by adsorbates. (b) Back gate dependent sheet resistance of a bilayer graphene
device with atmospheric doping after fabrication (filled squares) and after annealing at 50 (circles), 100 (diamonds), and 150 °C (open squares) in nitrogen atmosphere.
The data were collected at room temperature in nitrogen atmosphere. Reproduced with permission from Szafranek et al., Nano Lett. 11, 2640 (2011).%° Copyright 2011

American Chemical Society.

at 50, 100, and 150°C in nitrogen atmosphere. In fact, the polar
species trapped on the surface of graphene channel may cause
doping in graphene, which could be removed using annealing and
other methods developed.””*”’

In the ZnO/graphene photodetectors, for example, excitons
(electron-hole pairs) are generated upon UV light absorption by
ZnO, followed by electrons transfer to graphene and holes trapped
in ZnO, which leads to a built-in electric field at the ZnO/graphene
interface.””” Similarly, when (0001) crystalline ZnO nanowires are
subjected to a mechanical deformation, the piezoelectric effect that
is maximum along the (0001) axis would induce surface charges at
the two ends of the ZnO nanowires. The surface charge at the ZnO
nanowire/graphene interface would then generate the gating effect
on graphene in the same way as in the ZnO/graphene photodetec-
tor case, which can modulate the graphene channel conductivity.
Interestingly, when the mechanical deformation changes from
tensile to compressive or vice versa, the ZnO nanowire/graphene
interface build-in field changes polarity accordingly.''*” Chemical
and gas sensors based on ZnO are based on the surface carrier
depletion/accumulation effect, which can be maximum when the
dimension of ZnO nanostructures is comparable to the Debye
length (~20nm). Again, the adsorption of the analytes to the
surface of ZnO nanostructures could cause charge separation and
the appearance of the build-in field at the ZnO/graphene interface,
resulting in the “responsivity” in a similar way to the ZnO/gra-
phene photodetectors and strain sensors. The photoresponsivity
(R*) is an important figure-of-merit for a photodetector and can be
described as the photocurrent generated per unit power of absorbed
incident light on the active area of a photodetector: R”=Iph/P,-n.9

The I, characterizes the photocurrent equal to the illuminated
current under illumination of incident power density (P;,) deduct
dark current. Another important parameter used to represent the
performance of a photodetector is the specific photodetectivity
(D*), which can be expressed as'’

D'= 7'S><Af (Jones),
NEP

where S is the active area of a photodetector with a unit of cm®, Af
(Hz) and NEP (A/Hz"?) are the bandwidth and noise equivalent
power, respectively.

However, the performance of the ZnO/graphene nanohybrids
devices depend sensitively on the ZnO surface states (defects, dan-
gling bonds) and ZnO/graphene interface quality.”'""'"* This is not
difficult to understand since the nanohybrids rely on the ZnO/gra-
phene interface gating effect. A defective interface with charge traps
from adsorbed polar molecules to graphene, surface states of ZnO,
chemical residues from processing can reduce or diminish charge
transfer across ZnO/graphene interface and hence degrade the device
performance. For example, charge traps can form on the ZnO QD
surface and ZnO QD/graphene interface, resulting in low photores-
ponse and slow response speed.*®””

B. Fabrication of ZnO/graphene heterostructure
nanohybrids

The most convenient way to construct ZnO/graphene hetero-
structure is growing ZnO directly on graphene. Among various
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processes developed for ZnO growth, the solution-based one exhib-
its unique advantages for large-scale fabrication of ZnO/graphene
heterostructure at low temperatures, low cost, and on flexible sub-
strates. For example, highly crystalline ZnO NPs can be synthesized
on graphene by spin-coating or inkjet printing of zinc acetate pre-
cursor, followed by annealing in air at temperatures <400 °C.”
High-performance UV detection has been achieved by controlling
the ZnO NP dimension on the order of the Debye length to allow
electron depletion effect to be combined with graphene’s high
mobility for large photoconductive gain up to a few 1000s. Liu
et al. reported a seedless hydrothermal process by floating graphene
face-down in solution to grow vertically aligned ZnO nanowire
arrays (VANWs) on graphene.'” Eliminating the ZnO seeding layer
is important not only to simplify the ZnO/graphene heterostructure
nanohybrids fabrication process but also to minimize damage to
the sub-nanometer thickness graphene to maintain its high optical
transmittance and conductivity. The seedless ZnO nanowires
growth was found critical to obtain a low-defect ZnO-VANWSs/Gr
interface with minimal charge trapping for UV photodetection
with faster photoresponse,'’ improved pressure/strain sensitivity of
up to 3.15x 107>kPa™', and a dynamic response time of ~0.10s
than in the case of ZnO-VANWSs/graphene nanohybrids strain
sensors.'”

Beside the direct growth of ZnO on graphene, constructing
ZnO/graphene hybrid heterostructure using pre-fabricated ZnO
nanostructures is another commonly used method. Son ef al. suc-
cessfully employed spin-coating for deposition of ZnO QDs on gra-
phene and obtained a nanohybrid UV photodetector.'” At room
temperature, the ratio of the photocurrent to the dark current is up
to 1.1 x 10%, and the rise and fall response times are approximately
2 and 1s, respectively. Recently, Gong et al. reported a robust
printing method to print ZnO QDs on the graphene channels of
GFETs. The achieved ZnO QDs/GFET nanohybrid UV photode-
tectors exhibited an extraordinarily high photoresponsivity of
9.9 x 108 A/W and a photoconductive gain of 3.6 x 10°.” Compared
to the direct growth of ZnO on graphene, the pre-fabrication ZnO
nanostructures allow crystalline ZnO to be obtained in optimal
growth window without concerns of graphene degradation, which
is however at the cost of possible not optimal ZnO/graphene inter-
face if the post-deposition of pre-fabricated ZnO is not fully
controlled.

Ill. DEVELOPMENT OF ZNO/GRAPHENE
NANOHYBRIDS OPTOELECTRONICS AND SENSORS

A. ZnO/graphene UV detectors

A photoconductive ZnO/graphene nanohybrid UV photode-
tector is geometrically characterized by two metal electrodes on the
graphene layer, sometimes plus back gate tunability electrodes,
which demonstrates a completely different operation mechanism
from other photodetectors."”* In these devices, ZnO of bandgap
~3.3-3.4 eV serves as UV photosensitizers, and the excitons gener-
ated in ZnO could be dissociated by the build-in electric field at the
ZnO/graphene interface, followed by charge transfer to graphene
driven by the same built-in field. The photoresponse is a photo-
gating effect on the conductance of the graphene channel measured
from the source and drain electrodes. High photoconductive gain
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up to 10'°-10" can be achieved in the nanohybrid photodetec-
tors.”'%” The gain is defined as gain = 7,/7,%>”'>"*, where 7. is the
exciton lifetime in ZnO, and 7, is the carrier transit time in gra-
phene channel which is defined as 7, = [2/uVj,s, where [ is the gra-
phene channel length and Vi, is the source-drain bias voltage.
Since 7, is inversely proportional to the charge mobility u in gra-
phene,'”® the high gain in the ZnO/graphene nanohybrid UV
detectors is primarily attributed to the high carrier mobility of gra-
phene. In addition, ZnO nanostructures, such as QDs, NPs, and
nanowires, may have a strong quantum confinement and hence
high 7.”>'"” High gain can lead to high specific detectivity (D*) as
a major figure of the merit for a photodetector. On ZnO QD/gra-
phene UV detectors, for example, high D* ~10'>-10"* Jones has
been demonstrated in (300-400 nm), respectively.g’g“’gl’“]5 In these
devices, the ZnO/graphene nanohybrid interface has been found to
play a critical role in D* and response speed. In the ZnO QD/gra-
phene case, Gong et al. have confirmed that an atomic surface layer
of ZnO QDs can block charge transfer across the QD/graphene
interface and diminish D*. Successful removal of this surface layer
has led to D* ~10'* Jones as shown in Fig. 4.” Cook et al. com-
pared ZnO nanowire/graphene UV detectors with ZnO nanowires
grown on graphene in seeded and seedless processes. The ZnO
seed layer was found defective and hence reduces the response
speed.'’ In addition, flexible and sensitive ZnO nanowires/graphene
nanohybrid UV photodetectors were also successfully assembled on
polyethylene terephthalate (PET) substrates.'*® Remarkably, the
impact of bending on the UV response was negligible after 10 000
bending cycles at a bending radius of 12 mm (or a strain of 0.5%).

B. ZnO/graphene strain sensors

High-performance strain sensors are desired for a large spec-
trum of emerging applications in wearable electronics,'””™"""!
robotics,''? health care,'"” infrastructure monitoring.1 14 Among
others, piezoelectric/graphene nanohybrids are of particular interest
to transduce a mechanical deformation from the piezoelectric com-
ponent to the piezoelectric gating on graphene, taking the advan-
tages of graphene’s high mechanical strength,'"” flexibility, and
high carrier mobility.''° The piezoelectric nanohybrid strain
sensors can be further divided into two main types: (1) piezoresis-
tive''”"'® and (2) piezoelectric-gating''>'*" based on different
sensing mechanisms. Piezoresistive strain sensors rely on resistance
changes of piezoresistive materials under applied pressure/strain.
The former has a simple device structure and low fabrication cost.
However, the devices typically require a high power to operate'”’
and hence a further improvement is necessary for them to be suit-
able for low-power or self-power applications.'”* In contrast to the
piezoresistive devices that rely on the volume effect of the sensor,
piezoelectric-gating devices based on the interface effect of the
strain-induced piezoelectric surface charges may provide a promis-
ing scheme for strain sensors that could be operated at a low
power.'”” In particular, (0001) ZnO VANWSs/graphene nanohy-
brids that can be obtained by direct growth ZnO VANWS on gra-
phene using a facile seedless hydrothermal process'"'* combine the
piezoelectric nanostructures and graphene allow a unique design of
the piezoelectric-gating sensors.”” Under mechanical strains, the
induced piezoelectric effect in the ZnO nanowires transduces to a
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FIG. 4. (a) Schematic of the printed ZnO QDs/GFET hybrid UV photodetector. (b) Energy level diagram of ZnO QDs/GFET heterojunctions and charge transfer process
under UV illumination. The band energy diagram (c) with and (d) without Zn(Ac) charge transfer blocking shell in the dark and under illumination of UV light, associated
with oxygen adsorption/desorption and charge transfer process. (e) The dynamic photoresponse of ZnO QDs/graphene photodetectors with and without Zn(Ac) blocking

shell. (f) Zoomed-in view of the dynamic photoresponse on ZnO QDs with partial and full Zn(Ac) blocking shell. Reproduced with permission from Gong et al., ACS Nano
11, 4114 (2017). Copyright 2017 American Chemical Society.

piezoelectric gating effect at the ZnO/graphene interface, resulting
in a modulation of the conductivity of the graphene channel
through electrostatic doping. The vertical alignment of the (0001)
oriented ZnO nanowires on graphene is ideal to achieving high

strain sensitivity and a low-defect ZnO/graphene interface obtained
in the seedless hydrothermal process is key to realizing high sensi-
tivity and fast response. Indeed, high sensitivity up to
3.15x107kPa™' was obtained on the ZnO nanowire/graphene

J. Appl. Phys. 130, 070905 (2021); doi: 10.1063/5.0060255

130, 070905-6
Published under an exclusive license by AIP Publishing


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

PERSPECTIVE scitation.org/journalljap
(b) 5
[ 024 0.15,
- ‘ é
1 S 016 ‘,‘ ::‘lllS%
= 1" ¢ !
E 008 0 o
03 04 05
‘g 0 Force [N] — 0N
E — 0.14N
-1 0.28N
O
— 056N

g 0 .2 Prossme [Tonr]
< — ZnO film/Gr
+ -A- ZnO-VANWS/Gr!
0.1
0 = a . A
(c) 0 100 200 300 400 500

Pressure [Torr]

Lo
1

)

releat®
60

.
20 40 80

Time [s]

]

%o

=N

Alll,

(d

-2
1.0 -05 0.0

Voltage [V]

05 1.0

~0.10s

~0.10s

0.6/
0.4
0.2

F=037N

0.0t

14 16 18

Time [s]

20

FIG. 5. (a) Characterization of the ZnO-VANWs/graphene and ZnO film/graphene strain sensors. Ac/og as a function of gas pressure measured on ZnO-VANWSs/graphene
(red) and ZnO film/graphene (black) devices. (b) -V curves collected on the ZnO-VANWs/graphene devices at different forces applied using the spring apparatus. The
inset shows the sensitivity and response time as a function of forces. (c) Dynamic strain response at different forces of 0.37, 0.43, and 0.50 N. The inset shows schematic
of the spring apparatus. (d) Zoomed-in views of the dynamic strain response with the corresponding response times illustrated. Reproduced with permission from Panth
et al., ACS Appl. Nano Mater. 3, 6711(2020). Copyright 2020 American Chemical Society.

strain sensors at lower pressure of 1.1 x 107°~11 Torr, together with
a fast response time of ~0.10s as shown in Fig. 5(d). On flexible
PET substrates, the sensors show high responsivity to mechanical
bending,'”” Under the mechanical bending curvatures of 0.18, 0.23,
0.37, and 0.45cm™', respectively, high sensitivity of the gauge
factors up to ~248 and response times of 0.20s/0.20 s (rise/fall)
were achieved. Moreover, the response changes polarity when the
directions of bending alter between up and down, corresponding to
the polarity change of the space charge on the ZnO nanowire/gra-
phene interface as a consequence of the compressive and tensile
strains along the ZnO nanowires.

C. ZnO/graphene chemical and gas sensors

The release of harmful and toxic chemicals and gases
extremely endangers social and environmental safety and human
health. Sensitive detection of these chemicals and gases is needed
to protect the health and safety of our society. ZnO based gas
sensors have been widely developed ascribing to their high selectiv-
ity, low manufacturing cost, low detection limit, and reliable

performance.'”* In addition, graphene exhibits extraordinary elec-

trical and structural properties rendering it attractive for flexible
graphene-based gas sensor applications. It should be realized that
graphene alone could be used for gas sensing due to the variation
in its electrical conductivity stimulated by the gas molecules
adsorption due to the facile manipulation of the Fermi level by
charge gating effect on graphene.'”>'*® Nevertheless, owing to its
chemical inertness, the gas molecules are preferentially targeted to
the defects or structurally unstable sites on graphene, such as
unavoidably occurring oxygen related functional groups and grain
boundaries. This results in insufficient power of the cyclic and reli-
able gas response due to the weak gas desorption. Different from
the ZnO or graphene only cases, the ZnO/graphene heterostructure
nanohybrids can exhibit much improved performance in gas
sensing due to increased sensor surface area of ZnO nanostructures
and graphene and the high charge carrier mobility for improved
response time. Muchtar et al. reported ZnO/graphene nanohybrid
carbon monoxide gas sensors fabricated using a reflow method."”’
It was found that the ZnO/graphene nanohybrid structure exhib-
ited the potential to improve the sensitivity under low temperature
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conditions as compared to the ZnO only counterpart. Specifically,
these ZnO/graphene sensors demonstrated ~36% response at
125 °C, while the ZnO only counterpart did not even show measur-
able response at the same operating temperature. In addition, Bae
et al. reported a new approach to design dual-channel NO, gas
sensors on the basis of a role-allocated ZnO/graphene heterostruc-
ture, formed by the complementary hybridization of graphene and
a ZnO thin film as shown in Fig. 6(a)."*® This design enables cyclic
and reproducible gas response as well as high gas responsivity. The
ZnO top layer acted as a gas adsorption layer and graphene bottom
layer served as the signal conducting layer. Remarkably, a reliable
and abrupt gas response under periodic NO, gas injection was
obtained, which is ~30 times higher than that of the graphene-only
counterparts. In general, the ZnO/graphene heterostructure nano-
hybrids provide a platform for design of various gas and chemical
sensors with high sensitivity and reproducibility.

D. Other ZnO/graphene nanohybrids devices

Besides UV photodetectors, strain sensors, and chemical/gas
sensors, ZnO/graphene heterostructure has also been implemented
in many other applications including solar cells, LEDs, waveguides,
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and high-performance UV lasers.”""%*'**'*% For example, the UV
lasing based on ZnO materials has been reported in various micro/
nanostructures over whispering-gallery mode (WGM)'"' and
random Fabry-Pérot (FP)'**'** resonant approaches. However, the
diffraction limit and huge cavity losses made it difficult to fabricate
micro/nanostructure lasers with high efficiency."”* Although
surface plasmon (SP)-mediated photoluminescence (PL) enhance-
ment has been observed at metal-ZnO nanostructure interfaces, it
was difficult to design flexible and novel photonic devices due to
the required rigid substrates and large Ohmic losses.'*> Fortunately,
graphene has recently shown a very high quantum efficiency for
strong plasmons and light-mater interaction, which means that the
ZnO/graphene heterostructure could provide a potential candidate
for UV lasing with improved performance.'”® Li et al. reported
optical field confinement and PL enhancement induced by graphe-
ne’s SP both experimentally and theoretically on a ZnO/graphene
heterostructure, which served as a whispering-gallery mode
(WGM) for lasing resonance.”” Indeed, improved WGM lasing
performance including stronger lasing intensity, lower threshold,
and higher quality factor (Q) has been realized. The same group
also reported (Fabry-Pérot) F-P lasing performance improvement
through the coupling between graphene’s SP modes and
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FIG. 6. (a) The schematic of the electronic band structure of graphene and ZnO showing Fermi level shift by the charge compensation after introducing NO, gas.
(b) Cyclic gas response curves for various concentrations (1, 10, and 20 ppm) of NO, measured at 250 °C. (c) Plots of extracted NO, gas response for the thickness-
controlled ZnO /graphene-based gas sensors. (d) Plots of extracted NO, gas response for ZnO (30, 100 nm)/graphene as a function of the concentration of NO,.
Reproduced with permission from Bae et al., ACS Appl. Mater. Interfaces 11, 16830 (2019). Copyright 2019 American Chemical Society.
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conventional optical microcavity modes of ZnO, which includes
the improved lasing quality, lowered lasing threshold, and remark-
ably enhanced lasing intensity."**

Recently, high-performance single-mode lasing has received
much attention ascribing to lower lasing threshold, high Q factor,
and narrow spectral linewidth due to the total internal wall refec-
tion of the microcavity.'”” Qin et al. reported a high Q single-mode
lasing on ZnO/graphene heterostructure (as shown in Fig. 7).”'
Compared with the ZnO nanorods, this ZnO/graphene heterostruc-
ture has better structural and higher light emission intensity. The
individual ZnO nanorod grown on graphene was chosen as a lasing
cavity to realize single mode lasing with a central wavelength of
393.2nm as shown in Fig. 7(b). The obtained Q factor is 936,
which is greater than that achieved in ZnO-only microstructures.
After decoration of Al, the exciton recombination rate was
increased, realizing intensity enhanced multimode lasing as shown
in Fig. 7(d).

IV. SUMMARY AND FUTURE REMARKS

In summary, ZnO/graphene heterostructure nanohybrids
combine the unique physical properties of ZnO and graphene, pro-
viding a unique scheme for exploration of functional devices
ranging from photodetectors, strain sensors, touch screens, chemi-
cal and gas sensors, self-powered devices, etc. These nanohybrids
differ from ZnO only counterpart devices in the sense that charge
transport occurs primarily in graphene, taking advantage of its
extraordinary high charge mobility, which is the key to high device
performance that would otherwise impossible. In the ZnO QDs/
graphene nanohybrid UV detectors, for example, the strong
quantum confinement in both ZnO QDs and graphene has shown
to lead to a high photoconductive gain of ~10'° or higher, and
hence high D* ~ 10" Jones as demonstrated already. In addition,
the availability of large-area monolayer graphene and the feasibility
of device fabrication on graphene using standard microfabrication
are critical to practical applications. These, in combination of the
compatibility of growth condition of ZnO to graphene enable a
layer-by-layer growth of the ZnO, particularly functional crystalline
ZnO nanostructures with controlled morphology and orientation
on graphene, which is important not only to controlling the ZnO/
graphene interface that impacts the ZnO/graphene nanohybrid
device performance, but also to scaling up for commercial applica-
tions of ZnO/graphene nanohybrid devices on both rigid and flexi-
ble substrates. Finally, a distinctive advantage of ZnO/graphene
nanohybrids is that the entire sample can be flexible when made on
flexible substrates. Considering the wide bandgap and ferroelectric
(as well as piezoelectric) properties of ZnO, ZnO/graphene nanohy-
brids will certainly prompt new research studies in exploration of
combination of such properties of ZnO with ambipolar gating
effect of graphene in flexible and self-powered electronic, photonic,
optoelectronic, and electrochemical applications of ZnO/graphene
nanohybrids. Therefore, ZnO/graphene heterostructure nanohy-
brids have unique advantages over their ZnO-only nanostructure
counterparts in terms of physical properties enabled by the strong
quantum confinement in both ZnO nanostructures and graphene,
the ZnO/graphene interface build-in electric field to facilitate
charge transfer which is critically important to applications such as

PERSPECTIVE scitation.org/journalljap

electronic, optoelectronic and electrochemical, and the charge
transport in graphene of superior carrier mobility. However, the
ZnO/graphene interface also introduces a major “disadvantage” or
more accurately challenge in R&D of ZnO/graphene heterostruc-
ture nanohybrids. One of the critical issues is in controlling the
ZnO/graphene interface to eliminate defects that can reduce the
responsivity and response speed of the ZnO/graphene nanohybrid
devices. Another issue is in controlling the uniformity of the ZnO/
graphene at multiple scales. This requires the development of new
approaches to achieve an atomic control on the surfaces and inter-
faces and will be a focus of future research on ZnO/graphene
nanohybrids.
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