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ABSTRACT: Growth of highly dense ZnO nanowires (ZnO
NWs) is demonstrated on three-dimensional graphene foam
(GF) using resistive thermal evaporation technique. Photo-
response of the as-grown hybrid structure of ZnO NWs on GF
(ZnO NWs/GF) is evaluated for ultraviolet (UV) detection.
Excellent photoresponse with fast response and recovery times
of 9.5 and 38 s with external quantum efficiency of 2490.8% is
demonstrated at low illumination power density of 1.3 mW/
cm2. In addition, due to excellent charge carrier transport,
mobility of graphene reduces the recombination rate of photogenerated charge carriers, hence the lifetime of photogenerated free
charge carriers enhances in the photodetectors.
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■ INTRODUCTION

Zinc oxide (ZnO) is a promising semiconducting material due
to its unique optical and electrical properties.1,2 For instance,
ZnO has a wide direct band gap of 3.37 eV and also exhibits
large exciton binding energy of 60 meV which is much larger
than the room-temperature thermal energy (26 meV). Hence,
ZnO material is broadly employed in various applications such
as electronic and optoelectronic devices,3,4 chemical sensors,5

and biosensors,6 etc. Among these, ZnO is highly used in
ultraviolet (UV) photodetectors and due to large surface-to-
volume ratio ZnO nanowires (NWs) are highly preferable.
Moreover, UV photodetectors based on different ZnO
heterostructures are used to improve the device parameters
such as response time, recovery time, responsivity, and external
quantum efficiency.7,8 Still, research continues to develop novel
ZnO-based heterostructures for further improvement in
photoresponses of UV photodetectors. Recently, graphene, a
two-dimensional carbon monolayer has attracted much
attention in electronics and optoelectronic devices because of
excellent charge carriers transport mobility, high electrical
conductivity, and mechanical flexibility.9−11 In addition,
graphene is prominently used with semiconducting oxide
materials to improve the performance of optoelectronic
devices.12,13 Three-dimensional microstructure of graphene
due to high surface area in the form of graphene foam (GF)
could be an excellent choice in conjunction with highly dense
ZnO NWs for optoelectronic devices, for example UV
photodetector.
This report presents the growth of highly dense ultrathin

ZnO NWs on GF (ZnO NWs/GF) by resistive thermal
evaporation (RTE) process for the photodetector. A UV
photodetector based on hybrid structure of ZnO NWs/GF is
fabricated with an active area of 3 × 3 mm2. The hybrid
structure of ZnO NWs/GF-based UV photodetector demon-

strated high external quantum efficiency with faster response
and recovery times upon exposure to much lower illumination
power density as compared to ZnO nanostructures that will be
discussed later.

■ RESULTS AND DISCUSSION
Figure 1 illustrates a schematic diagram of experimental steps
involved in the synthesis of the hybrid structure. Further details

are provided in the Experimental Section. Figure 2a shows a
low-magnification scanning electron microscopy (SEM) image
of GF after etching nickel substrate, where a uniform growth of
graphene on the substrate can be seen and the original open
cell-like structure remains intact. The inset demonstrates a
high-magnification image of GF surface. Grain boundaries on
graphene are clearly visible; they originated due to the lattice
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Figure 1. Schematic of steps involved in preparation of sample.
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mismatch between graphene and nickel, which is also observed
in other reports.14,15 Figure 2b shows a low-magnification SEM
image of the ZnO NWs grown onto the GF surface, where a
uniform coating is clearly visible everywhere on the GF. Figure
2c shows a high-resolution image of highly dense ZnO NWs
uniformly grown on GF. Figure 2d demonstrates a further
magnified image of conformal ZnO NWs with the diameter
ranging from 10 to 30 nm and length in the range of a few
microns (left inset). Energy dispersive spectroscopy (EDS) was
performed on ZnO NWs/GF that reveals the presence of zinc,
oxygen, and carbon only, hence presenting the absence of any
other impurity as shown in the right inset.
Growth of the ZnO NWs on GF can be understood from the

well-known vapor−solid mechanism, where the evaporated Zn
vapors react with oxygen to form ZnO and deposited on the
desired substrate. The temperature gradient induces the
deposited ZnO to form ZnO NWs.16

Figure 3 reveals an X-ray diffraction (XRD) pattern of ZnO
NWs/GF. Diffraction peaks of graphene (indicated by G)
appear at 2θ = 26.48° and 54.71°, which indicate the presence
of (002) and (004) crystalline planes of graphene.17 The
diffraction peaks of ZnO also appear at 2θ = 31.71°, 34.4°,
36.30°, 47.52°, 56.6°, 62.9°, 66.3°, 72.5°, and 77.0°. These
peaks indicate the hexagonal wurtzite crystal structure of ZnO
with planes (100), (002), (101), (102), (110), (103), (200),
(004), and (202), respectively.18 Peaks at around 2θ = 32.94°
and 69.13° represent (200) and (400) planes of silicon, which
was used as a substrate to conduct the XRD characterizations.19

Therefore, XRD analysis reveals a high crystal quality of ZnO
NWs on GF.

Results of Raman analysis of GF and ZnO NWs/GF are
shown in Figure 4a and b. Raman peaks at 1358, 1575, and
2702 cm−1 represent D, G, and 2D bands of graphene. In both
GF and as-grown ZnO NWs on GF, a weaker intensity of D
band is shown as compared to G and 2D bands, which is the
signature of presence of crystalline graphene as described by
Graf et al.20 A few defects in graphene could arise from the
wrinkling at the grain boundaries as shown earlier in Figure 2.
The peak intensity ratio of G to 2D band is 1.16, which
represents the few-layer graphene.14,20 Additional peaks in
Raman spectrum of as-grown ZnO NWs on GF at 439 and
562.7 cm−1 represent A1 longitudinal optical (LO) and E2
(high) modes of ZnO wurtzite structure (Figure 4b).21,22

The electrical measurements under UV illumination were
conducted on ZnO NWs/GF sample by using conducting silver

Figure 2. SEM images of (a) GF at low magnification and high magnification (inset), (b) ZnO NWs on GF at low magnification, (c) ZnO NWs
uniformly grown on GF, and (d) high-magnification image of ZnO NWs; left inset demonstrates further resolved SEM image of NWs and right inset
is an EDS spectrum of ZnO NWs/GF sample.

Figure 3. XRD spectrum of as-grown ZnO NWs on GF.
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paste for the electrodes and the distance between electrodes
was maintained 3 mm. This distance was chosen to avoid any
electrical shorting of the device. The schematic of ZnO NWs/
GF device is shown in Figure 5.

Figure 6a shows the current−voltage (I−V) response of ZnO
NWs/GF device both in absence and presence of UV
illumination. Both the plots given in Figure 6a show an
asymmetric behavior of both the dark current (in the absence
of UV illumination) and the photocurrent (in the presence of
UV illumination) with the variation in bias voltage. The
appearance of the asymmetric I−V could be related to the
formation of nearly Ohmic contact between ZnO NWs and
silver paint.23 Also both the plots reveal higher photocurrent
than the dark current at a particular bias voltage. The
photoresponse of ZnO NWs could be attributed to the fact
that in the absence of UV illumination a low conductivity
depletion layer forms on the surface due to adsorption of
oxygen molecules from the ambient air that captures free
electrons from n-type ZnO NWs. Under UV illumination,
electron−hole pairs are generated with energy higher than or
equal to the band gap of ZnO and cause desorption of oxygen
molecules due to the trapping of generated free holes by
oxygen ions present onto the surface. A decrease in the
depletion layer results in an increase in free charge carrier
concentrations, which enhances the conductivity of the
device.24,25 Furthermore, in ZnO NWs/GF device as shown
in Figure 5, conduction of charge carriers takes place mainly
through ZnO NWs-GF-ZnO NWs due to highly dense growth
of ZnO NWs on GF. However, conduction through graphene
layer will mainly contribute to the generation of dark current.26

Hence, upon UV exposure, the photogenerated free charge
carriers are transferred from ZnO NWs to graphene layers of
the foam, and higher charge carrier mobility of graphene
induces a faster collection of the charge carriers at the electrode
with longer lifetime by reducing the charge recombination rate.
Switching photoresponse of ZnO NWs/GF device for eight

cycles of turning on and off the UV illumination is measured at
a bias voltage of 5 V as shown in Figure 6b. The measured
current is plotted with the exposure time. In addition, the
device demonstrated repeatable response over all the exposure
cycles. Figure 6c reveals the photoresponse of the device at a
bias voltage of 5 V for a continuous illumination of UV until the
response saturates. The response time (tres) is defined as the
time required for the current to reach from 10 to 90% of its
maximum value12 and recovery time (trec) is defined as the time
required by the current to fall from 90 to 10% from the
maximum value.12 The measured values are 9.5 and 38 s,
respectively, which shows a significant improvement in
response and recovery times as compared to previously
reported ZnO nanostructure-based UV photodetectors, where
response and recovery times vary from 50 to 500 s.27−31 The
reason behind the longer recovery time is as follows: generally
in ZnO nanostructure-based UV photodetectors, the response
and recovery times of the device are mainly determined by
oxygen desorption and absorption processes. Upon UV
illumination in ZnO NWs/GF device, when oxygen desorption
takes place, the generated free charge carriers transferred to
graphene and quickly get saturated within small response time
of 9.5 s as described earlier. After switching off the UV
illumination, until the oxygen molecules capture all the
photogenerated free charge carriers, they continue contributing
to the current in the device. The process of absorption of
oxygen molecules from air takes a longer time as compared to
the desorption process.32 Therefore, observed recovery time is
longer than response time.
The variation of differential conductivity (dI/dV) of ZnO

NWs/GF device with the bias voltage is shown in Figure 6d
under both the presence and absence of UV illumination. At
zero bias voltage, the dark differential conductivity (dI/dV)D
(in absence of UV) and photo differential conductivity (dI/
dV)P (in the presence of UV) are 50.5 and 80.5 μS, respectively,
which shows nearly 60% enhancement in (dI/dV)P as
compared to (dI/dV)D because of the above-described charge
transport mechanism upon UV illumination. It is observed that
both (dI/dV)P and (dI/dV)D gradually increase with bias
voltage and demonstrate an asymmetric behavior that could be

Figure 4. (a) Raman spectra of GF and (b) as-grown ZnO NWs on GF.

Figure 5. Schematic of ZnO NWs/GF device.
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Figure 6. (a) I−V response of ZnO NWs/GF device in the presence and absence of UV illumination and inset shows a log plot of current. (b) Cyclic
photoresponse of the device. (c) Saturation response of the device to calculate response time and recovery time. (d) Differential conductivity (dI/
dV) of the device plotted with the bias voltage.

Figure 7. (a) Saturation experiments at different bias voltage, (b) response current at different bias voltage. Dependence of (c) responsivity and (d)
external quantum efficiency of ZnO NWs/GF device with bias voltage.
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again related to the formation of nearly Ohmic contact. The
device shows almost 56% enhancement of (dI/dV)p that of
(dI/dV)D at 5 V bias voltage.
Furthermore, the photoresponse of the device in saturation

was monitored with the varying bias voltage from 1 to 8 V as
shown in Figure 7a. The plot shows that the photoresponse is a
function of bias voltage and increases with the applied bias.
Response current (I = IUV − Idark), where IUV and Idark represent
currents in the presence and absence of UV illumination, is
calculated from Figure 7a and reveals that the response current
is a function of bias voltage as shown in Figure 7b. At a
maximum applied bias voltage of 8 V, response current
increases approximately by ∼868% as compared to lowest
applied bias voltage of 1 V. Response current values are further
used for the evaluation of device parameters, namely
responsivity and external quantum efficiency of ZnO NWs/
GF device. The responsivity (Rs) is defined as the ratio of the
response current to the illumination power on photodetector as
given by

=R
I

P As
o (1)

where Po is the UV illumination power density, and A is the
active device area.33 Figure 7c shows a dependence of Rs on
bias voltage in two stages. In the range 1−5 V, it can be clearly
observed that the value of Rs increases linearly with the bias
voltage that can be fitted with a straight line of slope ∼1.4 (A/
W)V−1. However, in the region of 5−8 V, the values of Rs can
be fitted with another straight line with a lower slope of 0.43
(A/W)V−1. The difference in the slope of fitted lines for two
different ranges of bias voltage reveals the occurrence of
phonon scattering and self-generating heat in the larger voltage
region due to which the increment in Idark with bias voltage is
more and hence the response current becomes less.34,35 At a
bias voltage of 5 V, the enhancement of Rs is 694% as compared
to a bias voltage of 1 V, and at the bias voltage of 8 V, only 22%
enhancement of Rs is observed as compared to a 5 V bias
voltage.
Furthermore, the external quantum efficiency (EQE) of the

photodetector is calculated, which is defined as the number of
charge carriers generated per number of incident photons on
the device as given by the following relation:

υ
= ×

R
q h

EQE
( / )

100s

(2)

where q is the elementary charge, υ is the frequency of
absorbed photon, and h is Planck’s constant.36

Dependence of EQE of ZnO NWs/GF device with the
applied bias voltage is revealed in Figure 7d. The EQE of the
device linearly increases with the rate of 4.64 × 102% V−1 in the
range of 1−5 V. Similarly, in the range of 5−8 V, the rate of
increase in EQE is 1.5 × 102% V−1 which is relatively lesser as
compared to lower bias voltage region. In the large bias voltage
range, the rate of increment of I is less due to more phonon
scattering and self-generating heat in the device as mentioned
earlier. Calculated EQE values at bias voltages of 1, 5, and 8 V
are 257%, 2042%, and 2491%, respectively.

■ CONCLUSION
Highly dense ultrathin ZnO NWs growth on GF by a simple
and fast RTE technique is reported. The fabricated ZnO NWs/
GF device shows an excellent UV photoresponse with fast

response and recovery times as compared to previously
reported ZnO nanostructure-based UV photodetectors. The
present device shows excellent EQE, where these values are
257.5%, 2041.6%, and 2490.8% at the applied bias voltages of 1,
5, and 8 V, respectively.

■ EXPERIMENTAL SECTION
Atmospheric chemical vapor deposition was carried out on nickel foam
to synthesize GF with an area of 5 × 3 mm2. Initially, nickel foam was
cleaned with isopropyl alcohol and deionized water and then dried
using nitrogen gas. The cleaned substrate was then kept inside a high-
temperature horizontal tube furnace (1000 °C) under a constant flow
of argon gas for inert atmosphere. Before graphene growth, the nickel
substrate was annealed for 15 min in the presence of both hydrogen
and argon gases to remove the native oxide from nickel surface.
Subsequently, growth of GF was conducted for 2.5 min by introducing
methane gas. A detailed synthesis procedure of GF on the surface of
nickel foam can be found elsewhere.14 Freestanding GF was achieved
by first coating the as-grown sample with poly(bisphenol carbonate)
(PC) and then dried in air at 80 °C for 60 min, followed by dipping
the sample into 3 M HCl kept at 120 °C for 12 h for etching of nickel.
After nickel etching, the sample was washed with deionized water and
then dipped into chloroform for 60 min to remove the PC. The nickel-
and PC-free GF sample was then transferred onto a cleaned substrate
and dried at 110 °C for 60 min in air. Thereafter, GF was placed inside
the RTE chamber to grow ZnO NWs, where RTE chamber was
evacuated to 2 × 10−5 mbar pressure using rotary and diffusion pumps.
Granulated zinc was evaporated onto the GF by resistive heating of the
tantalum boat placed 2 cm apart from the substrate. During the ZnO
NWs growth, oxygen gas was allowed into the chamber while
maintaining a chamber pressure of 8 × 10−4 mbar for 5 min.

Surface morphology and crystal structure of ZnO NWs/GF were
investigated using SEM (FEI Sirion XL30 FEG SEM) at an
acceleration voltage of 10 kV, and XRD) (Rigaku, Smart lab) with a
scan rate of 2°/min using CuKα1 as a source. EDS (Detector EDAX
Genesis) was performed for the analysis of elemental composition of
sample. Raman analysis (Horiba Jobin Yvon LabRAM HR) was
performed to confirm the quality of the ZnO-deposited graphene. The
Raman spectrometer was used with a laser wavelength of 532 nm. UV
radiation source (Philips TL-D 18 W) of 1.3 mW/cm2 power density
with a wavelength of 365 nm was used to study the photoresponse of
the fabricated ZnO NWs/GF device. A change in current was
measured upon UV exposure while applying a constant bias voltage.
Current−voltage (I−V) characteristic of the device was acquired by
sweeping the bias voltage from −5 to +5 V both in the presence and
absence of UV using a Keithley 2611B source-meter system. The cyclic
response of the device was performed for eight continuous cycles of
UV radiation, and each cycle UV was illuminated for 1 min at a fixed
bias voltage of 5 V. Photo response parameters such as response time,
recovery time, responsivity, and external quantum efficiency of device
were estimated while performing photoresponse saturation experi-
ments at different bias voltages.
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