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Abstract We report the optoelectronic behavior of a
novel reduced graphene oxide (rGO)/ZnO structure
which has been realized by photocatalytic reduction of
chemically exfoliated GO sheets. Lateral ZnO nano-
wires, which are grown between interdigital electrodes
by a novel plasma-assisted procedure, are utilized as
the photocatalyst metal oxide in the presented hetero-
structure. Raman spectroscopy and FTIR analyses are
utilized to show that photocatalytic reduction of GO
sheets, with few (less than 5) layers, occurs after about
30 min of UV-illumination. Low-temperature electri-
cal characterizations are applied to demonstrate one-
dimensional behavior of the realized rGO ribbons,
with an estimated width of around 30 nm. The
optoelectronic characteristics of the fabricated rGO/
ZnO hybrid structure also lead to high responsivity of
about 12 A/W and a sensitivity of about 5 x 10*~ %
(at the bias voltage of —5 V), which entitles the
fabricated structure as an efficient photodetector. All
in all, our experimental results open up a promising
simple approach to fabricate GNR-based devices by
assisting lateral ZnO nanowire, without involving
nanolithography issues.
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Introduction

Chemical exfoliation of graphite by powerful oxidiz-
ing agents has emerged as a viable route to prepare
graphene single sheets. Reduction of graphene oxide
restores its electrical characteristics greatly; however,
high temperature and harmful chemicals are among
the limitations of typical reduction approaches
(Schmidt 2001). Thus, it is of a great interest to find
low-temperature, safe, bio-compatible alternative
reduction methods to prepare graphene or graphene
nanostructures. In this regard, different methods have
already been proposed including catalytic and photo-
catalytic processes (Akhavan 2011). One of the
graphene research goals is to introduce an energy
band gap through fabrication of graphene nanoribbons
(GNR). The most straight forward method to produce
GNRs is through e-beam lithography; however, such
an approach is limited by poor scale resolution, large
edge roughness, low throughput, and high costs (Han
et al. 2007). Other approaches have been also reported
to produce GNRs including unzipping of CNTs (Jiao
et al. 2009), and nanoscale thermal reduction of
graphene oxide sheets (Wei et al. 2010). Regarding
photocatalytic patterning of graphene, Zhang et al.
applied TiO, photomask for photochemical tailoring
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of graphene (Zhang et al. 2011) and Akhavan utilized
ZnO nano-rods to realize graphene nano-mesh struc-
tures by photocatalytic reduction of graphene oxide
sheets (Akhavan et al. 2010). In this line of research,
we have recently reported the photocatalytic reduction
of graphene oxide (GO) in the presence of laterally
grown ZnO nanowires to achieve rGO/ZnO hetero-
structures (Darbari et al. 2013). The presented
approach is not limited by high temperature or
nanolithography expenses and does not involve any
harsh procedure which may lead to boundary defects/
roughness, like tearing or etching. Here, we have
pursued the related material study and fully investi-
gated the electrical and optoelectronic properties of
the achieved structure. Also, we have studied the low-
temperature electrical characteristics of the fabricated
device and demonstrated that the photocatalytic
reduction of GO/lateral ZnO nanowire can lead to
realize one-dimensional rGO structures. Then, we
applied this approach to fabricate a photodetector (PD)
which shows high sensitivity beside a significant
enhancement in responsivity, and proposed a mecha-
nism to explain the achieved enhanced optoelectronic
performance.

Fabrication process

Figure 1 indicates the fabrication process schemati-
cally, the process which was described in our previous
work with details (Darbari et al. 2013). A 100-nm
thermal oxide is grown on (100) Si wafer to isolate the
structure from the substrate. Then, a 500-nm Zn layer is
deposited (Fig. 1a) and patterned to the interdigital-
shaped electrodes with a spacing of 10 pm (Fig. 1b).
Zn will serve as the growth seed, at the next stage, so
that nanowires grow exclusively on the interdigital pre-
patterned electrodes. Sample is then placed in a plasma-
enhanced chemical vapor deposition (PECVD) cham-
ber to grow lateral ZnO nanowires. ZnO nanowires will
be utilized as the photocatalytic metal oxide semicon-
ductor to reduce the GO sheets. For this purpose,
sample is first annealed at the temperature of 350 °C for
about half an hour, at a base pressure of 1073 Torr.
Then oxygen is introduced to the chamber with 100
sccm flow rate, and the sample is exposed to oxygen
plasma with a power density of 7 W/cm? subsequently.
The substrate temperature is set at 350 °C, and the base
pressure is 7 Torr during this step. The appropriate time
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duration of this step is achieved at about 40 min, so that
ZnO nanowires grow long enough to reach the
neighboring electrode and provide an interconnection
(Fig. 1c).

Now, graphite powder is chemically exfoliated to
prepare GO suspension through Hummers’ method
(Hummers 1958). Then GO sheets are dispersed on the
base of lateral ZnO nanowires by dip-coating, as
shown in Fig. 1d. ZnO nanowires are assisted for
photocatalytic reduction of the GO sheets, along the
nanowire/GO interface (Fig. 1d). It should be noted
here that oxygen groups, which can remain partially
after photocatalytic process, can behave as a p-type
dopant and result in lightly doped rGO structures (Lv
and Terrones 2012). At this stage, a mercury lamp with
a maximum radiation wavelength of 365 nm and a
power density of 100 mW/cm? is used as the UV
source, for photocatalytic reduction. The top view of
the prepared sample is depicted schematically in
Fig. le.

Results and discussion

Figure 2a displays the GO sheets dispersed on the
interdigital electrodes. Arrow in this figure indicates a
nanowire with a thickness below 100 nm which is
highlighted in the inset. Figure 2b illustrates a GO
sheet suspended on two neighboring ZnO nanowires.

Figure 3 illustrates the Raman spectrum of the
realized rGO/ZnO structures, achieved by photocata-
Iytic reduction. This plot shows three individual peaks
called D, G, and 2D bands at 1,319, 1,580, and
2,620 cm ™!, respectively. The G band corresponds to
sp> carbon-type structures within the rGO sheets,
while the D band refers to the structural imperfections
in the hexagonal graphitic layers induced by the
attachment of hydroxyl or epoxide groups. Thus,
lower (higher) Ip/Ig can be assigned to lower (higher)
defects and disorders of the graphitized structures, or
equally lower (higher) fraction of sp’/sp”-bonded
carbon (Tuinstra and Koenig 1970; Ferrari et al.
2000; Graf 2007). The inset displays the Ip/Ig value as
a consequence of UV-irradiation time. Here, it can be
observed that more irradiation time decreases the I'n/Ig
value, which is attributed to the progress of photocat-
alytic reduction of GO sheets. However, irradiation
times greater than around 30 min do not lead to higher
reduction level and it seems that the reduction progress



J Nanopart Res (2014) 16:2798

Page 3 of 9 2798

C)) (b)

02 plasma UV illumination

Vi

\\\

\\\\\\\\
\\\

(e)

Fig. 1 Schematic of the fabrication process. a Zn layer
deposited on the thermal oxide layer; b patterning Zn layer to
achieve interdigital electrodes; ¢ growing lateral ZnO nanowires

Photocatalytic reduction of GO

Lno NW Graphene

[ zn

I Substrate
M ZnO-NW
[0 GO sheet
SiO2

between neighboring electrodes, by PECVD; d dispersing GO
sheets and UV-illumination to achieve photocatalytic reduction;
e top view of the final prepared specimen

Fig. 2 a Deposited GO sheets on the ZnO nanowires grown on
the pre-patterned interdigital electrodes. Inset displays a higher
magnification of the highlighted nanowire with a diameter

saturates. Figure 3b magnifies the 2D band in the
Raman spectrum of the synthesized rGO sheets. It has
been previously shown that few (less than 5) layers of
graphene have a broader 2D band (consisting of four
individual peaks) in comparison with graphene (Fer-
rari et al. 2006). Also, increasing of the number of
layers more than 5 leads to a significant decrease of the
relative intensity of the lower frequency 2D, peak.
Concerning these points, the observed 2D band is
attributed to few layers of reduced graphene.

below 100 nm. b The magnified view of a GO sheet suspended
between two ZnO nanowires

To further study the chemical bonds, during
photocatalytic reduction of GO sheets, FTIR analysis
has been utilized. Figure 4 depicts the achieved FTIR
spectra for the synthesized GO (red spectrum) and
rGO (blue spectrum) sheets.

The achieved spectra for both GO and rGO sheets
show oxygen trace in stretching vibrations from C-O,
C-OH, and O-H bonds at about 1,060, 1,220, and
3,400 cm ™', respectively (Li et al. 2008; Naebe et al.
2014; Choi et al. 2010; Ban et al. 2012). It can be
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Fig. 3 Raman spectrum of the synthesized rGO sheets; a D and
G bands at about 1,319 and 1,580 cm™ ! , respectively, and b the
magnified 2D band at 2,620 cm™", as the fingerprints of rGO
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Fig. 4 FTIR spectra corresponding to the synthesized GO (red)
and rGO (blue) sheets. A significant reduction can be observed
in the concentration of oxygen groups after photocatalytic
reduction. (Color figure online)

observed by FTIR spectroscopy that oxygen groups
are significantly reduced due to deoxygenation in rGO,
while the trace of C=C bonds (at 1,620 cm_l) are
approximately the same in both spectra.

To investigate the effect of photocatalytic reduction
on the electrical behavior of the fabricated structure,
we measure the electrical conductance of the device at
different stages. For this purpose, we monitor the
conductance of the fabricated structure (the conduc-
tivity between two interdigital electrodes of Fig. le),
as the photocatalytic process progresses. Figure Sa
displays the variation of the conductivity versus UV-
irradiation time, at room temperature. It can be
observed that conductivity increases significantly by
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sheets. Inset in part (a) shows that Ip/Ig value decreases as a
consequence of UV-irradiation time and reaches a steady state
after about 30 min of irradiation

photocatalytic reduction of GO sheets and saturates
after about 30 min of UV-illumination. The observed
increasing and then saturating behavior of the con-
ductivity during UV-illumination is in agreement with
the achieved Raman spectrum (inset of Fig. 3a); and
are both attributed to a significant increment of the
graphitized sp” structures over the disorders. The
conductivity enhancement (G/Gy) is measured about
100 £ 11. The tolerance is related to the variation of
structural parameters in different samples. The
observed significant conductivity enhancement
implies that the conductivity of the prepared rGO
region is significantly higher than ZnO nanowires or
un-reduced GO zone. As a result, the rGO region can
be considered as the equivalent conductive path
between interdigital electrodes. It is also worth
mentioning that we can assume the photocatalytic
reduction completed after about 30 min of UV-
irradiation. Hence, we have applied the samples with
30 min of illumination for the proceeding electrical
and optoelectrical investigations.

To evaluate the efficiency of the photocatalytic
reduction, we have compared our electrical result with
another report which took advantage of thermal
reduction. For instance, Wei et al. reported a tunable
local reduction of GO sheets by a hot scanning AFM
probe. They achieved G/G values of around 600 and
10, for hot probes with temperatures of around 1,200
and 600 °C, respectively (Wei et al. 2010). It is
notable that the observed 100-fold conductivity
enhancement is obtained by a simple room-tempera-
ture fabrication process, in this paper.
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temperature of about 80 K

Photodegradation of rGO sheets, in the vicinity of
ZnO nanostructures, is another concern that must be
considered in the proposed structure. Akhavan and
colleagues showed that when UV is irradiated on the
TiO,/GO structures, a rapid photocatalytic reduction
of GO sheets occurs first; and carbon content of the
rGO sheets decreases gradually after long irradiation
times (Akhavan et al. 2010). Regarding this, we have
investigated the photodegradation of the realized rGO/
ZnO heterostructure by monitoring variations of the
relative electrical conductivity (G/Gy), during about
20 h of UV-irradiation (Fig. 5b). It should be noted
that the investigated sample has been initially irradi-
ated for about 30 min to realize the rGO/ZnO struc-
ture. Figure 5b illustrates that the conductivity of the
realized rGO drops down to about 60 % after around
700 min of UV-irradiation and then decreases grad-
ually, which can be related to photodegradation of the
carbon contents in rGO sheets.

Note that the realized rGO structure, which is
realized at the GO/ZnO nanowire interface, is embed-
ded inside the GO sheet. Also, considering the
significant band gap difference between rGO and
GO, we can assume a lateral confinement for electrons
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inside rGO region (Wei et al. 2010). Due to the narrow
width of a ZnO nanowire/GO intersection in compar-
ison to the related length, we expect to observe one-
dimensional behavior for the achieved rGO structure.
In this regard, we study the electrical conductance of
the synthesized rGO structure at low temperature, to
observe the subband formation. For this purpose, we
apply a gate voltage to the underlying substrate and
investigate the electrical conductance of the rGO
structure while sweeping the gate voltage. It should be
noted that this measurement is carried out at a
temperature of about 80 K. Figure 5c shows the
achieved conductance plateau features. Simulation
results based on the Landauer approach have shown
that if quantization energy (AE) of the GNR is higher
than 6 kT, the conductance quantization can be
appeared in the measurements (Lin et al. 2008).
Hence, a minimum energy quantization (AE) of about
40 meV can be deduced from the clearly observable
conductance plateau of our synthesized rGO structure,
at 80 K (Fig. 5¢). According to these simulations,
band gap can be estimated byE, = 2o - AE, with
o ~ 0.4. Also, it is well established from both
experimental and theoretical articles that the ribbon
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width is inversely related to the band gap of graphene
nanoribbon (Han et al. 2007). Thus, a band gap of
about 32 meV and a ribbon width below 30 nm can be
estimated for the synthesized rGO structure.

In this line of research, we monitored the current—
voltage characteristic of the fabricated rGO/ZnO
nanowire device, as shown in Fig. 6. This measure-
ment is carried out, both at 80 K and at room
temperature (RT). It should be noted that no gate bias
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Fig. 6 1-V characteristics of the fabricated sample measured at

about 80 K (blue curve) and at RT (red curve). (Color figure
online)

has been applied at this stage. Blue curve (=80 K)
shows a rectifying electrical behavior, while red curve
(RT) shows an almost linear behavior in Fig. 6. We
believe that the narrow band gap of the synthesized
rGO structure leads to a metal-semiconductor and a
Schottky contact behavior, at low temperatures. Since
the thermal energy of the carriers is comparable with
the rGO band gap, the semiconducting behavior
diminishes at room temperature and a semi-metallic
behavior emerges. This hypothesis results in a nearly
linear and symmetric characteristic (red curve), as
shown in Fig. 6. Also, higher thermal generation leads
to higher carrier density and current level for the red
curve, as compared to the blue curve.

As shown in Fig. 6, the fabricated rGO-based
device shows a diode-like behavior at low tempera-
tures. Thus, we investigate the optoelectronic charac-
teristics of the fabricated rGO/ZnO nanowire-based
PD. It should be noted again that the prepared sample
isirradiated and investigated, at a temperature of about
80 K. Parts (a) and (b) of Fig. 7 illustrate the
optoelectric characteristics of the fabricated PD, in
forward- and reverse-bias regions.

It is observable that both red and green sources raise
the photocurrent, while the effect of red irradiation is
found to be more pronounced. Also, the induced
photocurrent is considerable in both reverse- and

forward-bias regimes, which shows the high
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Fig. 7 Effect of red and green laser irradiation on the -V

characteristic of the fabricated GNR-based device at a forward-
and b reverse-bias regions. The Inset highlights the dark current

@ Springer

versus the applied voltage of the photodiode. The measurements
are carried out at LNT



J Nanopart Res (2014) 16:2798

Page 7 of 9 2798

sensitivity of the fabricated PD. Figure 7b shows that
red light intensifies the dark current up to 5 x 10* %
at a bias voltage of —5 V. Also, the measured
sensitivity  (sensitivity = Ljgn/lgark) 1S about
8 x 10° % for green irradiation, at the same bias.
Parts (a) and (b) of Fig. 8 illustrate the achieved
sensitivity and responsivity ((Zjighi—Igark)/Pittumination)
versus the applied voltage. Previous reports have
demonstrated a maximum responsivity of about
1072 A/W for the graphene-based PDs (Mueller
etal. 2010). Here, we achieve a responsivity of around
12 A/W beside a sensitivity of about 5 x 10*~ % for
the fabricated PD (at the bias voltage of —5 V). Thus,
the fabricated GNR-based PD yields about three

orders of magnitude enhancement in responsivity
value, in comparison to the typical graphene-based
PDs (Mueller et al. 2010).

We believe that the achieved high responsivity can
be attributed to the effect of rGO/GO heterostructures.
The energy band bending occurred at the vicinity of
the heterojunctions can lead to a charge separation and
hinders recombination of the photogenerated carriers.
Due to the narrow width of the rGO region, this effect
can enhance the photocurrent and the output perfor-
mance significantly. Figure 9a and b displays the
investigated structure and the discussed hypothesis
schematically. Part (a) in this figure indicates the
investigated structure, in which rGO region is

Fig. 8 Variations of the 7 80
a sensitivity and 6. (@) 70 (b)
b responsivity of the
fabricated GNR-based :\o 5 - Red illumination % 601
photodiode versus the g < 501
applied voltage. High > 44 g, -
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can be achieved at relatively 2 8 301
low voltages & 2 o
Green illumination € 207
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[ —
0 T T r 0 T T
8 -6 4 2 0 -8 -6 -4 2 0
Applied Voltage (V) Applied Voltage (V)
Fig. 9 a The schematic of
the synthesized GO/rGO/ (a) (b)
GO heterostructure. b The
proposed band diagram and , GO Ly
the charge separation 1GO[> L S 4 \ . 2
process. ¢ Temporal s r
response of the fabricated 480 X L X
PD. The measured carrier
lifetime is around 1 ms
(c) 20
15 Laser ON imS Laser OFF
<
e ’—.,.ﬁ\
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e
-
5
0 \’\\‘ o an
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Time (mSec)
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embedded in the GO sheet. Also, Fig. 9b illustrates the
simplified band diagram in which the photogenerated
holes are drifted to the rGO/GO interfaces, due to the
built-in electric field. In this regard, Konstantatos et al.
have also reported an ultrahigh responsivity of about
10’ A/W by a hybrid graphene/QD structure (Kon-
stantatos et al. 2012). Similarly, they have attributed
this great performance to the charge separation
occurring at the graphene/QD heterojunction. To
investigate the discussed hypothesis experimentally,
we study the time-resolved photocurrent response of
the fabricated device as a result of illumination.
Figure 9c shows the measured temporal response,
which gives the photogenerated carrier’s lifetime of
about 1 ms. The measured lifetime is significantly
enhanced in comparison with the reported PDs based
on pristine graphene structures (tens of picoseconds)
(Xiaetal.2009). This observation is in agreement with
the proposed charge separation assumption in the
fabricated graphene-based PD.

Figure 10a shows the response of the fabricated PD
to different wavelength irradiations (at a bias of —
5 V). It can be seen that higher wavelength results in
higher output photocurrent and the output response
decays significantly for wavelengths lower than
around 500 nm.

To enlighten the role of the synthesized rGO in the
observed optoelectric behavior, we investigate the
behavior of the pure ZnO nanowire-based device.
Figure 10b shows the response of the bare ZnO
nanowire-based structure superimposed on the results
of the presented rGO-based structure, which have been
highlighted by red and blue arrows, respectively. Two
previously utilized sources (532 and 635 nm) are
applied for this measurement. As expected, the
sensitivity of the rGO-based structure is about three
orders of magnitude higher than the pure ZnO
nanowire-based structure, in response to red and green
illumination. Also, it should be noted that the observed
low response of the ZnO nanowire-based structure to
the visible range irradiation can be attributed to some
possible defect-induced trap levels (Sheetz et al.
2009).

The other worthy point about Fig. 10b is the
opposite trend of the measured sensitivity for pure
ZnO structure and rGO structure. It can be seen in this
figure that the bare ZnO nanowire-based device results
in higher sensitivity at lower irradiation wavelength;
however, rGO-based structure shows an inverse trend.
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Fig. 10 a The response of the fabricated PD to different
wavelength irradiations. A wavelength of around 500 nm can be
estimated as the lower limit of the operational wavelength.
b The achieved sensitivity of the bare ZnO-based structure in
comparison with the presented rGO/ZnO-based structure

Conclusion

We have applied photocatalytic reduction in a GO/
ZnO nanowire structure to realize rGO ribbons
embedded in GO sheets. Raman spectroscopy and
FTIR analysis are utilized to prove the photocatalytic
reduction of GO sheets. Electrical characterizations
show a 100-fold increment in the conductivity of the
reduced GO sheets, after about 30 min of UV-
irradiation. The reported approach has been directly
utilized to fabricate rGO-based PD which led to a high
responsivity of about 12 A/W, and a sensitivity of
about 5 x 10*~ % (at the bias voltage of —5 V). The
achieved responsivity was enhanced over three orders
of magnitude in comparison to previously reported
graphene-based PDs, which is attributed to the charge
separation of photogenerated carriers at the rGO/GO
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interface. All in all, the reported fabrication procedure
can be proposed as an environment-friendly, efficient,
and simple technique to realize efficient graphene-
based devices.
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