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ABSTRACT: A flexible ultraviolet (UV) photodetector based
on ZnO nanorods (NRs) as nanostructure sensing materials
integrated into a graphene (Gr) field-effect transistor (FET)
platform is investigated with high performance. Based on the
negative shift of the Dirac point (Vpy,.) in the transfer
characteristics of a phototransistor, high-photovoltage respon-
sivity (Ry) is calculated with a maximum value of 3 X 10° V
WL, The peak response at a wavelength of ~365 nm indicated
excellent selectivity to UV light. The phototransistor also
allowed investigation of the photocurrent responsivity (R;) and
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photoconductive gain (G) at various gate voltages, with maximum values of 2.5 X 10° AW~ and 8.3 X 10, respectively, at a gate
bias of 5 V. The UV response under bending conditions was virtually unaffected and was unchanged after 10 000 bending cycles
at a bending radius of 12 mm, subject to a strain of 0.5%. The attributes of high stability, selectivity, and sensitivity of this flexible
UV photodetector based on a ZnO NRs/Gr hybrid FET indicate promising potential for future flexible optoelectronic devices.
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B INTRODUCTION

With the advent of smart wearable electronics, sensing devices
are emerging with the potential to play critical roles in the
monitoring of humans and their surrounding environment."
For the realization of smart wearable electronics for pervasive
computing, a multitude of sensors must be integrated into
various formats of wearable systems,z_4 including clothing,
watches, glasses, rings, contact lenses, badges, electronic skin,
and patches. In order to integrate the sensing devices into
wearable formats that require mechanical deformability and
transformability (such as clothing, contact lenses, or body
patches), flexible or stretchable sensing devices have been
attracting rapidly increasing attention. Flexible sensors with
simple processing, low cost, lightweight, shock resistance,
durability, and flexibility™® can create new possibilities for on-
body wearable systems.” In particular, flexible photodetectors
for ultraviolet (UV), visible, or infrared (IR) light are of great
technological interest for the monitoring of humans and their
surrounding environment in a new and unobtrusive way,
because they may overcome the limits of rigid photodetectors.
Flexible visible and IR photodetectors were demonstrated to
detect the pulse rate in combination with light-emitting diodes.”
Among photodetectors, UV detectors are attracting interest for
the detection of UV during daily activities; for example, UV
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photodetectors can be used to monitor the level of UV
intensity on human skin."’

For highly sensitive UV photodetectors on rigid substrates,
ZnO nanostructures (including quantum dots,'" nanotetra-
pods,'* nanowires (NWs),">'* and nanorods (NRs)"*~"”) have
been used primarily. In particular, ZnO NRs have been
extensively investigated for UV photodetectors because they
have photoabsorption in the UV range'®'® and high exciton
binding energy of 60 meV,'>*° and they are relatively easy to
synthesize. Although the low photocurrent of single ZnO NW
photodetectors results in low responsivity and limits their
practical applications,”* ZnO NR photodetectors have exhibited
a fast photoresponse time (<0.4 ms)'* and extremely high
sensitivity to UV light exposure."

For the realization of flexible UV photodetectors based on
ZnO nanostructures, integration of ZnO nanostructures into a
flexible substrate is critically important. Flexible integrated ZnO
NW photodetectors showed the same photocurrent as UV
photodetectors built on rigid substrates and their performance
in the UV region exhibited near invariance under flexure.'®
Although ZnO NW UV sensors on a polyethylene tereph-
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Figure 1. (a) Cross-sectional schematic of the hybrid FET photodetector on a flexible polyimide substrate. (b) Cross-sectional FE-SEM image of
ZnO NRs grown on the Gr channel on a flexible polyimide substrate (inset shows a top-view FE-SEM image of the ZnO NRs).

thalate (PET) substrate presented high sensitivity and fast
response speed under UV light exposure, a nonsmooth signal
current was observed during UV exposure.”” In addition,
because the contact between metal electrodes and ZnO NWs
was weak, the performance of ZnO NW devices was easily
degraded after high cyclic bending.”® Furthermore, to enhance
the photocurrent, the number of ZnO NWs must be increased,
but the integration of many ZnO NWs on a flexible substrate
and the collective electrical contacts to them are limited. In
contrast, ZnO NRs are promising candidates for flexible?* >
and stretchable’” UV photodetectors, because they exhibit not
only excellent UV absorption and high elastic modulus, but can
also be fabricated with a simple synthesis method of a
hydrothermal process that is low-cost, compatible with low
temperatures, easy to control and fast. Specifically, one way of
achieving a flexible ZnO NR photodetector is to integrate ZnO
NRs with flexible transport channels in a flexible field-effect
transistor (FET) platform, which may enable the generation of
a flexible UV photodetector.

One of the candidates for a flexible channel material in
phototransistors is two-dimensional graphene (Gr), which has
high mobility (up to ~10° cm™ V™' 57! at room temper-
ature), 2% high mechanical ﬂexibility,31 and is an excellent
template for the vertical growth of dense ZnO NRs.*>
Moreover, Gr FETs exhibit ambipolar behavior in transfer
characteristics,®> which enables investigation of the charge
transfer mechanism between the Gr channel and ZnO NRs.
Recently, rigid ZnO NRs/Gr hybrid UV sensors have been
investigated.>* For example, the Schottky junction UV
photodetector with a coating of a free-standing ZnO NR
array on a single layer of Gr exhibited high sensitivity to UV
light exposure, good reproducibility, and fast response speed.*®
The reported responsivities of UV sensors are ~22.7 AW~ for
in situ solution-grown ZnO NR/Gr heterostructure on a silicon
substrate®® and 1.6 A W™! per volt for vertically aligned ZnO
micro/nanowires on Gr UV photodetectors.”® A higher
responsivity (>10* A W™') was achieved with a ZnO NW
device using a transparent Gr top electrode,” whereas this
value was only 860 A W' for the ZnO NR MSM
photodetector with Ag/Au contact electrodes.® Most of the
rigid UV photodetectors based on a hybrid structure between
Gr and ZnO NRs cannot be directly converted to flexible UV
photodetectors, because the processes and components must
be adapted for mechanical flexibility. Furthermore, most of the
ZnO NR/Gr hybrid UV photodetectors used a Schottky
diode,* photoconductor,zo’3 37 or a core—shell structure of the
detector,”® which makes it difficult to extract the sensing

mechanism in detail. Therefore, a clear understanding of the
UV photoresponse mechanism and design of flexible UV
photodetectors for practical applications have been the biggest
challenges to date. To overcome those problems, flexible FET
photodetectors with ZnO NRs on a flexible Gr channel are an
interesting option.

Here, we demonstrate a transistor device that combines
highly UV-absorbing ZnO NRs and Gr channels as a charge
transport layer of the UV photodetector on a flexible polyimide
(PI) substrate. In this case, Gr also works as a template for the
growth of ZnO NRs and allows their integration into a flexible
format. ZnO NRs on Gr are mechanically stable and are formed
with a strong interaction at the atomic/molecular level. >
Indeed, the C atoms of Gr directly bind to the Zn atoms of
ZnO NRs at the ZnO NRs/Gr interface and the destabilization
energy of ZnO—Gr binding is low, indicating that ZnO has a
stable bond with Gr.>* The dependence of the photocurrent on
the excitation UV intensity at different gate voltage and
photovoltage is investigated. The negative shifts of the Dirac
point in the transfer characteristics under UV exposure provide
an in-depth understanding of the photoresponse mechanism in
ZnO NRs, coupled with Gr transport channels. The average
electron concentration transferred from ZnO NRs to Gr is
calculated as 6 X 10" electrons per mW cm ™2 The maximum
response around a wavelength of 365 nm affirmed the selective
property of our device. The flexible ZnO NRs/Gr hybrid FET
photodetector shows that the responsivity (R;) and photo-
conductive gain (G) at a positive gate voltage are higher than
those at a negative voltage. The maximum values of R; and G
are 2.5 X 10° AW and 8.3 X 10°, respectively, at a gate bias of
5 V. Investigation of the photoresponse under strain showed
high stability after cyclic bending of 10 000 cycles at a strain of
0.5% under a bending radius of 12 mm. The successful
fabrication of a flexible UV photodetector based on ZnO NRs/
Gr hybrid FET has promising potential for wearable or
curvilinear devices and opens up a broad range of real-life
applications.

B RESULTS AND DISCUSSION

A flexible hybrid FET photodetector was fabricated on PI
substrates with a sandwich dielectric of 400 nm-thick
polyvinylpyrrolidone (PVP) between two bottom and top
layers of 20 nm-thick Al,O; and 60 nm-thick Ni gate electrodes.
The sensing antenna of ZnO NRs was vertically grown on a Gr
transport layer. Cr/Au layers of S nm/50 nm thicknesses were
used as source-drain electrodes. The cross-sectional view of the
hybrid FET photodetector is schematically depicted in Figure
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Figure 2. (a) Transfer characteristics of the ZnO NR/Gr hybrid FET photodetector. The gate voltage (V;) was varied at a source—drain voltage
(Vp) of 1 V. (b) Sensitivity in Dirac point shifts (AVp;../ Vi) and electron concentration transfer from ZnO NRs to Gr (An) in a hybrid FET
phototransistor under varying UV intensity. (c) Responsivity of photovoltage (Ry) at various UV intensities. (d) Photocurrent response (AI,/I,) of
the devices at different V;, measured as a function of UV intensity. (e) Dependence of response on the Vj; at a fixed incident illumination intensity of

1 mW cm™2

la. A key aspect of the hybrid FET photodetector fabrication is
to achieve the bottom-gated configuration for integration of
ZnO NRs on the Gr channel. Growth process of ZnO NRs on
Gr was similar to that reported previously.>****" The process
for fabricating the bottom-gated FET device is described in
more detail in the Methods section. Figure 1b shows the cross-
sectional FE-SEM image of ZnO NRs on a Gr layer, and the
top view of it is shown in the inset in Figure 1b. The average
length and diameter of ZnO NRs are ~2 ym and a few tens of
nanometers, respectively. The size of ZnO NRs affects the
performance of the UV detector. If the length of the rods is too
short, the surface area absorbing UV radiation becomes small,
resulting in low response. However, ZnO NRs are easily
overlapped together, deformed, or even broken if the length of
the rods is too long. In this case, the length of ~2 ym was
found to be reasonable for our photodetector, because of the
limit of growth conditions, as well as the device fabrication
processes. The hexagonal morphology of ZnO NRs is clearly
observed in the inset of Figure 1b. The single-crystalline nature
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of ZnO NRes, as well as the interface between ZnO NRs and Gr,
were clearly verified in the previous works.*>*

To study the performance of the flexible ZnO NRs/Gr
hybrid FET photodetector, the transfer characteristics were
measured at a wavelength of 365 nm with intensity ranging
from 87 W cm™ to 2 mW cm™2, and the drain current (I,)
was plotted as a function of the gate bias voltage (V) (see
Figure 2a, as well as Figure Sla in the Supporting Information).
The Dirac point (Vp,,.) was shifted to the negative direction
and the minimum currents (Ip ) at Vi, increased with the
increase in UV light intensity. Here, Vp,,. is the gate voltage
value at the minimum drain current I in the transfer curve.
The two curves of “p = 0” and “release” overlap together, which
proves a good recovery characteristics of our device. The shift
of the transfer characteristics was attributed to the accumu-
lation of electrons in the Gr transport channel that were
transferred from ZnO NRs under UV light illumination.

Based on the shift of V. in the transfer characteristics, the
sensitivity was plotted as a function of UV intensity (Figure
2b). The sensitivity, which is defined as the ratio of the shift of
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Figure 3. (a) Photoconductive gain (G) and (c) photocurrent responsivity (R;), as a function of UV intensity at various Vg values. (b) Maximum G

and (d) R; of the ZnO NR/Gr hybrid FET under different V; values.

Vpiree under UV exposure to Vp,,. under dark conditions
(AVpiae/ Viirac), increased with the increase in the UV intensity
and nearly reached a saturated state at high UV intensity. This
result was attributed to the carrier transfer mechanism that is
discussed in more detail below. The electron concentrations
transferred from ZnO NRs to the Gr channel under UV
radiation were calculated from the shift of Vp,,:**

"= CO|VDirac - VDirac,Ol
e (1)

where C; is the capacitance of the gate dielectric per unit area.
For a sandwich dielectric Al,O5/PVP/AL,O; (20 nm/400 nm/
20 nm), the measured value of C, was ~198 nF/cm” The
dependence of transferring electron concentration on UV light
intensity is also presented in Figure 2b. The higher the
illuminating UV intensity, the larger the electron concentration
transferred from ZnO NRs to the Gr. At a UV intensity of 1
mW cm™?, this value is ~6 X 10'? electrons/cm?

Interestingly, our FET structure exhibits high photovoltage
responsivity (Ry) based on the shift of Vpy,.. Ry, which is an
important parameter in a photodetector, is used to characterize
the generated photovoltage (Vph) per incident UV intensity (P)
at a certain wavelength, Ry = (V,;,/P).** Figure 2c illustrates Ry
with exposure to 365 nm UV wavelengths of different
intensities. A decrease in Ry was observed with an increase in
UV intensity. From the fitting curve of the dependence of Ry
on the UV light intensity (see Figure S1b in the Supporting
Information), as the UV intensity approached zero (P — 0),
the Ry values of the flexible ZnO NRs/Gr hybrid channel FET
photodetector reached a maximum of 3 X 10° VW™

In addition to the negative shift in Vp,,, the I, value at
various gate voltages also increases under UV light exposure.
The response is described as the ratio of the photocurrent
(AIp) to the dark current (Ip),

11035
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where I, is the change of current under UV light radiation.
Specifically, with the transistor structure, the photocurrent
response can be studied under different gate voltages. Here, we
plotted the relationship between the response and UV intensity
at negative Vp,,. and positive gate voltage (see Figure 2d, as
well as Figure S2 in the Supporting Information). With the
same UV intensity range, the photoresponse became higher at a
positive V; and lower at a negative V. This result is explained
by the internal electric field that came from the applied V. It
was already known that the photoresponse is caused by transfer
of electrons from ZnO NRs to Gr under UV light exposure.
The positive back gate voltage formed an internal electric field
that caused a drift of electrons from ZnO NRs to Gr.
Consequently, the transferred electron concentration was
enhanced. In contrast, the internal electric field caused by a
negative V; restrained the drift of electrons from ZnO NRs to
Gr. That is why the UV response of the flexible hybrid
phototransistor under positive V; was higher than that under
negative V. Figure 2e shows the dependence of the
photocurrent response on Vg at the same UV intensity of 1
mW cm ™2 The response was increased with the change from
negative to positive gate bias; however, it decreased at a high
positive gate voltage of 5 V. This increase in response is related
to the enhancement of the number of transferrable electrons
from ZnO NRs to Gr, which will be discussed in more detail
later in this work, in connection with Figure 5.

In order to characterize the performance of a UV
photodetector, the photocurrent responsivity (R;) and photo-
conductive gain (G) were investigated. R; of the photon
detector was defined as the ratio of photocurrent to the UV
light intensity,*”*
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Table 1. Comparison of Responsivity of the ZnO Nanostructure-Based Photodetectors

active layer (channel) structure wavelength (nm) gate bias (V) responsivity (A W) ref
ZnO wire MSM 372 4.5 x 10* 59
n-ZnO/p-Si photodiodes 365 0.63 60
mechanically exfoliated SLG/ZnO QDs FET 325 0 10* 47
CVD Gr/ZnO NR array Schottky diode 365 113 35
ZnO/Ag NW/ZnO composite 365 2.4 61
CVD Gr/vertically aligned ZnO wires photoconductor 365 13.8 20
ZnO NRs/CVD Gr FET 365 0 3% 10° 34
ZnO NRs/CVD Gr FET 365 0 1.89 x 10° this work
(flexible) 365 5 2.5 x 10° this work
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Figure 4. (a) Time-dependent responses of the flexible ZnO NR/Gr hybrid FET photodetector measured as a function of UV intensities at a fixed
Vi of 0 V and V}, of 1 V. (b) Responses of the ZnO NP/Gr hybrid FET photodetector at various UV intensities.

AL L — 1
R, = D _ P D

p p

whereas G was described as the number of detected carriers per
absorbed photon and calculated by the ratio between the
number of electrons collected per unit time and the number of
absorbed photon per unit time,>”***
G = i = Ip;h X h_l/
Ny p ed

where e is the elementary charge and hv is the photon energy of
incident UV light. Figures 3a and 3c display the UV intensity
dependence of G and Ry, respectively, at various V. At low UV
intensity, an extreme decrease in G was observed (Figure 3a),
whereas G reached saturation at high UV intensity. With
increasing UV intensity, G is decreased because of the oxygen-
related hole trapping states. Indeed, the reduction of G at low
light intensities is consistent with charge carrier photo-
generation efficiency, which is proportional to the absorbed
photon flux.*”*® As the excitation UV intensity increases, more
and more electron—hole pairs are generated. After separating,
the photoholes migrate to the ZnO NR surface and are trapped
at the surface,*” until they fill the entire surface state. The
trapped photoholes occupying the surface state modify the
potential profile and reduce the depletion region near the ZnO
NR surface.”” This causes a change in the conducting surface of
ZnO, which is the key mechanism responsible for G.*7*¢ At a
certain UV intensity, when all of the surface states are filled, the
extra holes that are separated from photogenerated electron—
hole pairs immediately recombine with unpaired electrons
instead of moving to the surface states.*” Therefore, G reaches a
saturated state at high UV intensities. Remarkably, in
agreement with the theory,**” the experimental data of UV
excitation intensity-dependent G (Figure 3a) could be fitted by
the reciprocal function,

11036

a

1+ (bP)"

where a and b are constants and 7 is a phenomenological fitting
parameter (n ~ 1) (see Figure S3a in the Supporting
Information). From the fitting curves, the maximum G
(Gpnax) value of a flexible ZnO NRs/Gr hybrid phototransistor,
calculated at very low excitation intensity (P — 0), was plotted
as a function of Vi (Figure 3b). At V; values from —5 V to +3
V, G, exhibited an almost-linear increase, from 1.94 X 10° to
8.3 x 10°. However, G,,,, seemed to be nearly invariant at Vg =
5 V, because of the leakage current. Indeed, the potential
between the gate electrode and the drain electrode became very
large at a high positive V. Hence, the leakage current in the
dielectric increased.

To estimate the maximum value of R; (Ry,,,,), the reduction
of R; with UV intensity at different V; (Figure 3c) was also
fitted by the reciprocal function (see Figure S3b in the
Supporting Information). As P approaches zero (P — 0), R; of
the ZnO NRs/Gr hybrid photodetector reached the maximum
value. The dependence of Ry, on V is presented in Figure 3d.
Ry at positive Vi; was higher than that at negative V. At a
high positive Vi, Ry, displayed an almost-saturated state and
reached 2.5 X 10° A W™" at V; = 5 V. The responsivity in our
work was compared with other reports in Table 1.

The increase in I, under UV light exposure was also verified
by time-dependent measurements of the UV response. The
time-resolved photoresponse of the flexible ZnO NRs/Gr
hybrid FET photodetector at various UV intensities is depicted
in Figure 4a; the results show an increasing photoresponse with
increasing UV light intensity. Based on the time-dependent
spectra (Figure 4a), the relationship between photoresponse
and UV intensities was plotted in Figure 4b. A rapid increase in
photoresponse was observed with an increase in UV intensity,
because the concentration of the photogenerated electron—hole
pairs was proportional to the absorbed flux.*”* However, at
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1V, respectively.

high UV intensities, the photoresponse reached an almost-
saturated state, because of the balance between recombination
and the generation of electron—hole pairs under UV
radiation.*” More importantly, our device with the encapsula-
tion of source and drain electrodes exhibited good reproduci-
bility and stability. The sensing performance showed very little
change after numerous repetitions of switching between UV-on
and UV-off states (see Figure S4 in the Supporting
Information) and stable responses after long-term storage in
the air.

Generally, based on the operational principles, the photo-
detector can be classified into two categories: a photon detector
or a thermal detector.** Photon detectors or quantum detectors
are based on semiconductors in which electron—hole pairs are
generated by the absorbed photon, whereas thermal detectors
convert incident light into heat within the sensing material,
which leads to an electrical signal change.** For UV
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photodetectors based on a hybrid structure between Gr and a
wide-bandgap ZnO NR, photon detection plays a dominant
role. ZnO NRs absorb UV light to generate electron—hole pairs
and form the photocurrent after efficient charge separation and
transfer of electrons to Gr.

The sensing mechanism of UV photodetectors based on
ZnO NRs has been extensively studied.'>****=*" However,
very few reports have presented the photoresponse mechanism
of UV sensors based on a hybrid channel between ZnO NRs
and Gr. For the FET structure, the sensing mechanism of the
photodetector of ZnO NRs/Gr was fully explained in our
previous report.>* Here, we focused on explaining the
dependence of the response, responsivity and photoconductive
gain on gate bias. Indeed, ZnO NRs and Gr have different
Fermi levels and the equilibrium state will be reached upon
contact between ZnO NRs and Gr; therefore, a new quasi-
Fermi level is formed and the barrier at the interface ZnO NRs
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and Gr is @, (Figure Sa). If the applied Vg is negative, the
quasi-Fermi level is imbalanced and moves to the closer valence
band of Gr (Figure Sb). Consequently, the barrier (®,)
between ZnO NRs and Gr is larger (®; > ®,) and the
photogenerated electrons have difficulty drifting from ZnO
NRs to Gr, resulting in a low response. When V; becomes zero
in this region, the barrier is narrower and the response
increases. In contrast, if a positive V is applied, the quasi-Fermi
level approaches closer to the conduction band of Gr, and the
barrier (®,) between ZnO NRs and Gr is smaller (®, < @)
(Figure Sc), leading to enhanced transfer of electrons from
ZnO NRs to Gr and an increased response. However, the
electric field caused by a positive V results in drift of electrons
to the gate electrode forming a leakage current. At low gate
bias, the leakage current is negligible, but the larger leakage
current at a high gate voltage decreases the response. This
explains why the response decreases at V; = S V in Figure 2e.

Another important parameter of a photodetector is wave-
length selectivity, defined as the wavelength of the optical light
where the maximum photoresponse is obtained.”’ To
demonstrate the excellent selectivity, the spectral photo-
response of the flexible ZnO NRs/Gr hybrid FET photo-
transistor for a bias of 1 V at different wavelengths is
investigated in Figure 6a, as well as Figure S5 in the Supporting
Information. It can be seen that the maximum response is
observed at a wavelength of ~365 nm, while the very small
response in the visible region can be neglected. This
observation is related to the band-edge absorption, followed
by generation of charge carriers.”® Indeed, only optical light
with a hi%her excited energy than the bandgap of ZnO NRs
(3.37 eV) "3 js able to generate electron—hole pairs to form
a photocurrent. For UV light, the incident photons have
enough energy to elevate electrons from the valence band to
the conduction band to transfer to the Gr channel.*>*° Besides,
the highest photoabsorption of ZnO NRs was observed at a
wavelength of ~365 nm.>>**** These features explain why the
device exhibited a high response in the UV light range and
reached a peak in response at ~365 nm. Regarding the visible
region, the photon energy was insufficient to generate
electron—hole pairs,>*** compared with the UV response;
hence, the visible response was too small to be observed, as
seen in Figure 6a.

In order to study the electrical behaviors of the mechanically
bent flexible phototransistor, the UV responsivity was
investigated under compressive and tensile bending with varied
strain. Figure 6b compares the UV responsivity at the same
intensity of UV under straining from compressive to unbent to
tensile situations. Under UV irradiance of 0.48 mW cm ™2, the
deflected phototransistor showed high responsivity and near-
invariance of the electrical response under flexure. The almost-
unchanged responsivity was ascribed to the lack of significant
change in electrical contact at the interface between adjacent
ZnO NRs and ZnO NRs/Gr and lack of mechanical
deformation of free-standing ZnO NRs on the device channel,
instead of mechanical deformation within the body of ZnO
NRs.'®

In addition, to evaluate the reliability and electrical
performance of the flexible UV photodetector, the UV response
of the device was investigated after cyclic bending of the device.
Figure 6¢ presents the photoresponse of the flexible UV
photodetector before and after bending to a strain of 0.5% with
various bending cycles under 365 nm UV light exposure. The
photoresponse values at 1 mW cm™ UV light intensity were

inferred from the fitted response curves (Figure S6 in the
Supporting Information). The results indicate that the response
characteristics of the flexible photodetector for UV are virtually
unchanged (fluctuation of ~11.5% after 500, 1000, 3000, S000,
and 10 000 bending cycles). Therefore, it can be presumed that
the ZnO NRs/Gr hybrid photodetector exhibits high
endurance and stability after cyclic bending for practical
applications.

B CONCLUSION

In summary, the work presented here describes the successful
fabrication of a flexible ultraviolet (UV) photodetector based
on a hybrid field-effect transistor (FET) structure composed of
ZnO nanorods and graphene (ZnO NRs/Gr). The high
selectivity of the flexible phototransistor device was demon-
strated with a maximum response observed at a wavelength of
~365 nm. From the negative shift of the Dirac point, the UV
sensing mechanism of the device was attributed to the transfer
of electrons from ZnO NRs to Gr with a transferred electron
concentration per unit of UV intensity of 6 X 10'* electrons per
mW cm™ Under 365 nm wavelength exposure and with a
transistor structure, our device exhibited higher photocurrent
responsivity and photoconductive gain at a positive gate bias
than it did at a negative gate voltage, with maximum values of
2.5 x 10° A W' and 8.3 X 10 respectively, at a gate bias of 5
V. Interestingly, the responsivity of the flexible UV photo-
detector was almost entirely unaffected under mechanical
deflection. The endurable response of the flexible ZnO NRs/Gr
hybrid FET photodetector remained stable after 10 000 cycles
of bending. These results suggest high flexibility, long-term
electrical stability, and reproducibility, and they also indicate
that the flexible UV phototransistor would be acceptable for
application in wearable electronics.

B METHODS

Fabrication of the Flexible Graphene Field-Effect Transistor
(GFET). The architecture of the FET photodetector device is
presented in Figure la. First, a bottom-gated GFET structure was
fabricated. After cleaning the PI substrate with acetone, ethanol, and
deionized (DI) water, a thin film of PVP was spin-coated onto the
substrate to reduce the roughness of the surface. Next, a 60 nm Ni gate
electrode was deposited onto the PI substrate through a shadow mask
by e-beam evaporation. To fabricate the ZnO NRs/Gr hybrid FET
structure on a flexible device, we optimized many process parameters,
including, in particular, the formation of flexible gate dielectric. Here,
the sandwich structure of PVP between two layers of 20-nm-thick
Al,O; was used as a gate dielectric in which the Al,O; layers were
deposited by atomic layer deposition (ALD) at 200 °C, and 400-nm-
thick PVP was spin-coated onto the first Al,O; layer. The second
Al O; layer provided a hydrophilic surface for convenient transfer of
Gr onto the device. A single layer of Gr was synthesized on a copper
foil 75 pm thick, using a chemical vapor deposition (CVD)
method.>*** The synthesized high-quality Gr was transferred to the
target substrate via a gold (Au) transfer processf“’“’56 In the Au
transfer method, 20 nm of Au was deposited onto the Gr film grown
on copper foil. The Cu catalyst layer was etched with a FeCl; solution,
and the Gr film supported by the Au layer was then transferred onto
the device. The Au layer was completely removed by using a wet
etching process (KI/L, solution) to avoid impacts of the residue on the
device performance.ss‘56 Cr/Au (5 nm/50 nm) as the source and drain
electrodes were deposited on the Gr layer with a shadow mask by
thermal evaporation. The channel length of the device was in the range
of 80—110 um, and its width was 600 ym. Finally, the GFET was
dipped into 20% polyethylenimine (PEI) in ethanol solution for 3 h to
dope electrons into the Gr channel.**”3®
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Growth of ZnO NRs on the Gr Channel for a Flexible Hybrid
Channel FET. Before growing ZnO NRs, source-drain encapsulation
(tetratetracontane, TTC) was deposited using a thermal evaporator
with a shadow mask to prevent direct contact between ZnO and the
electrodes. To obtain high-density ZnO NRs, a 5 wt % dispersion of
ZnO nanoparticles (ZnO NPs) was spin-casted onto the Gr channel
for S min. Notably, the ZnO NPs were modified by oligomeric acidic
esters to enhance the adhesion between ZnO NPs and PEI-treated Gr.
Finally, ZnO NRs were grown in aqueous solution containing 20 mM
zinc nitrate hexahydrate (Zn(NO);-6H,0), hexamethylenetetramine
(C¢H,N,, HMTA) and 200 mL of DI water at 90 °C for 3 h.

Characterization of Flexible Hybrid FET Photodetector. After
the growing process, the density of ZnO NRs was checked by field-
emission scanning electron microscopy (FE-SEM) (JEOL, Model
JSM-6500F). A UV light-emitting diode (LED) was used for exposure
during sensor measurement. All electrical and photoresponse
characteristics of ZnO NRs/Gr hybrid photodetectors were measured
using a semiconductor parameter analyzer (Agilent, Model 4145B)
under dark and illuminated conditions. All electrical measurements
were carried out in air at room temperature.

B ASSOCIATED CONTENT

© Supporting Information

These materials include the detailed fitting process and the way
to calculate the maximum of photovoltage responsivity,
photocurrent responsivity and photoconductive gain; the
stability; the figure of dependence of photoresponse on UV
intensities at different gate bias and on various wavelengths of
incident light. The materials are available free of charge via the
Internet at The Supporting Information is available free of
charge on the ACS Publications website at DOIL: 10.1021/
acsami.5b02834.
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