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a) Schematic of the microfabrication of gold electrodes
b) Electrospinning with collector as pre patterned electrode
c) UV sensing with single aligned Gr-ZnO nanofiber device.
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One step in situ single aligned Graphene-ZnO nanofiber for
UV sensing

Parikshit Sahatiya,” and Sushmee Badhulika®t

Herein we report a simple, one step method for in-situ synthesis and alignment of a single graphene doped Zinc
oxide (Gr- ZnO) composite nanofiber fabricated by electrospinning across electrodes and its subsequent use for
ultraviolet (UV) detection. The study involves the optimization of calcination temperature and time dependent
electrospinning for alignment of Gr-ZnO composite nanofiber across gold electrodes. SEM analysis and Raman
studies revealed the presence of ZnO embedded within uniformly distributed Gr flakes throughout the surface
of the composite fiber. XRD of Gr-ZnO confirmed highly crystalline ZnO structure with amorphous graphene.
Different weight percentages of graphene flakes were taken to synthesize the composite to determine the
optimum composition that enabled the synergistic contribution of both ZnO and graphene for UV sensing. |-V
measurements under UV illumination showed the composite to exhibit superior UV sensing performance with a
~1892 fold increase in the conductance for 0.5 wt. % of graphene. Underlying mechanism of charge transfer of
photogenerated electrons and holes from ZnO to graphene under UV illumination was studied. The method
presented in this paper provides a simple, effective and economic viable strategy for alignment of various
composite fibers and can thus be used in a wide range of sensing applications.

addition, ZnO nanofiber based UV sensors have shown high on —off

1 Introduction

Near ultra violet detection is important for many applications such
as environmental monitoringl, military applicationsz, flame
detection® and industrial quality control®. In this regard, 1D Zinc
oxide (ZnO) nanostructures find wide usage mainly due to its
extraordinary electronic  properties which include room
temperature high bandgap of 3.37 eVS, high exciton binding energy
of 60mV°®, and high photoelectric properties by means of electron-

hole generation or recombination during UV illumination. In

®Indian Institute of Technology Hyderabad, Hyderabad 502205, India
+ Email: sbadh@iith.ac.in; Telephone: 040-23018443 Fax 040-23016032
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ratio and fast response7. To further enhance the properties and to
expand its application pool, efforts have been made to synthesize
ZnO hybrids. Hoa et alf synthesized 2D NiO sheets and 1D ZnO
composite by hydrothermal process for enhancing sensitivity of UV
sensor. Li et af reported polymer/ZnO hybrid for wavelength
selective response for near UV sensors. Xi et al'® electrospun
Zn0/Si0, nanofiber mat for flexible UV sensor. 1D ZnO hybrids exist
in different morphologies such as nanorods'’, nanowires and
nanofibers™ which can be synthesized using various methods such
as chemical vapour deposition“, hydrothermalls, electrochemical
deposition16 and eIectrospinning”. Among the methods mentioned,

electrospinning is simple and economic viable technique for
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synthesizing 1D ZnO hybrid nanofibers. More importantly, the
electrospun nanofibers are continuous, easy to align from wide
range of materials which could be processed into applications. The
main challenge in fabrication of single nanofiber based device is
their precise positioning between the electrodes and establishing
an effective near ohmic or ohmic contact. In most cases, nanofibers
are first synthesized and then metal contacts are carefully
positioned at their ends by E-beam Iithographym. However, such

techniques are complex, result in low throughput and thus hinder

the practical applicability of the senor.

In this study, we report one step in situ synthesis and alignment of
single graphene doped ZnO nanofiber by the use of electrospinning.
Graphene a two dimensional carbon monolayer has gained much
attention in electronics and optoelectronics because of its excellent
charge carrier transport mobility, high electrical conductivity, high
optical transmittance and high mechanical stabilitylg. Apart from
these mentioned properties, its work function plays an important
role in fabricating a UV sensor when used in conjunction with ZnO
as graphene’s work function being less than conduction band of
ZnO allows the transfer of photogenerated electrons to graphene.
We demonstrate time, which in this case is defined as the duration
of operation of electrospinning, to be a vital parameter for
alignment of a single nanofiber between the pre patterned
electrodes. Our key strategy involves optimization of the operating
time for fabricating a single aligned Gr-ZnO nanofiber device in a
controllable and reproducible manner. By varying the operating
time, the number of fibers deposited between the electrodes could
be controlled. The device was then evaluated for UV detection.
Unlike conventional ZnO based UV sensors which suffer from
recombination of charge carrier related issues, this approach
utilizes the excellent transport properties and high optical
transmittance of graphene to enhance the performance of the UV
sensor. To the best of our knowledge this is the first time that a
detailed study on the electrospinning time dependent behaviour on
the density of ZnO based fibers and subsequent in situ alignment of
a single graphene ZnO nanofiber composite for UV sensing has been

reported.

2 Experimental

2.1 Materials

2| J. Name., 2012, 00, 1-3
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Polyacrylonitrile (PAN, Mw 150 000), Dimethylformamide (DMF),
Zinc acetate dihydrate (ZnAc) were purchased from Sigma Aldrich.
Graphene flakes were procured from Graphene-supermarket, USA.
Positive photoresist $1813 and its corresponding developer was
procured from Shipley Inc. USA. All chemicals were analytical pure
and were used as received without any further purification. DI
water Millipore system (~ 18.2 MQ) was used throughout the

experiment.

2.2 Sensor design and fabrication

Microfabricated gold electrodes were fabricated on highly doped p
type silicon wafer using the cleanroom facilities available at IIT
Hyderabad, India. Briefly, a 300 nm SiO, was grown on a (100)
oriented p-type substrate by thermal oxidation technique to
insulate the substrate. It was followed by spin coating positive
photoresist S1813 to define the source and drain areas by
photolithography. Chromium layer (20 nm) for adhesion and gold
layer (180 nm) were deposited by DC sputtering. Finally, the
electrodes were patterned by lift-off technique by ultra-sonicating
with acetone. The radius and gap of the electrodes were fixed at

100 um and 50 um, respectively.

2.3 Preparation of electrospun Gr-ZnO nanofiber

Gr-ZnO nanofiber were synthesized according to the following
procedure. PAN (8 wt. %) and ZnAc (10 wt. %) were dissolved in
DMF. The mixture was stirred for 2 hours at room temperature.
Thereafter different weight percentages of graphene flakes i.e. 0.2
wt. %, 0.5 wt. % and 0.8 wt. % were added to the solution and
stirred for 24 hours at room temperature to obtain a homogeneous
viscous solution ready for electrospinning. The electrospinning set
up consists of a syringe, needle, grounded collector and high
voltage supply. ZnO and Gr-ZnO solutions were electrospun on
fabricated gold electrodes patterned on Si-SiO, substrate at room
temperature. The patterned electrodes were kept 10 cm away from
tip of the needle of 24 gauge. Voltage applied between the needle
and grounded collector was maintained at 18kV with a constant
flow rate of 8uL/min. In addition to the standard electrospinning
parameters, the operating time for electrospinning, was optimized
to obtain a single aligned nanofiber between the pre patterned
electrodes. Operating time for the current study was optimized to

be in the range of 3-5 seconds which produced well aligned single

This journal is © The Royal Society of Chemistry 20xx
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Fig 1: a) Schematic of the microfabrication of gold electrodes b) Electrospinning with collector as pre patterned electrode c) UV

sensing with single aligned Gr-ZnO nanofiber device.

Gr-ZnO nanofiber between the gold electrodes. Thereafter the
devices were calcined at various temperature such as 400°C, 500°C
and 600°C to remove the organic contents and residues. The
complete process which includes fabrication of gold electrode by

photo-lithography and electrospinning is pictorially shown in figl.

2.4 Device characterization and sensing

Field emission scanning electron microscopy, ZEISS Ultra-55
Scanning Electron Microscope, was used to study the surface
morphology of the Gr-ZnO nanofibers and to determine the
diameter range of the fibers at various calcination temperatures.
The electric conductivity of a single nanofiber was measured by
using cascade two-probe method, the current through the sample
was measured with a Keithley 4200 SCS. The sample was measured
four times in different directions by applying the potential of -1.0 to
+1.0 V and average value of resistance was calculated. Raman
studies were carried on a Senterra inVia opus Raman spectrometer
(Senterra, Bruker, UK) using 532 nm excitation and the optical
power delivered onto the sample was 10 mW/cmZ. XRD studies
(X'pert PRO) were performed using Cu Ka radiation. The electrical

measurements with UV illumination were performed by a custom

assembled UV light of 12 W.

This journal is © The Royal Society of Chemistry 20xx

3 Results and discussions

Electrospinning of Gr-ZnO composite was carried out at different
time intervals so as to observe the time dependence behaviour on
the alignment of fibers between the electrodes. Operating time of
electrospinning was varied from 15 seconds to 2 seconds. Fig 2
shows SEM images of the device wherein the nanofibers are
electrospun for 15, 12, 8, 4 seconds. As the operating time for
electrospinning was decreased from 15 seconds to 4 seconds,
randomly arranged high density nanofibers were converted to
perfectly aligned single nanofiber across the electrodes. For 15
seconds, a dense network of fibers randomly arranged between the
electrodes was observed. With decrease of the electrospinning time
to 12 seconds, there was a significant reduction in the number of
the fibers between the electrodes which still maintained random
orientation. Fibers electrospun for 7 seconds showed further
improvement in the arrangement and alignment of the fibers.
Finally, at 4 seconds we observed a single fiber aligned perfectly
between the electrodes. The procedure was repeated several times
(7 times) and 3-5 seconds period was found to be the optimum
period for aligning a single fiber. A suitable explanation to this
phenomenon of variation in the optimized time can be attributed to

several physical parameters such as temperature, humidity etc.

J. Name., 2013, 00, 1-3 | 3
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which affects the solvent evaporation rate and viscosity thereby e
changing the working parameters of electrospinning. This result L ]
was in close agreement with the work done by Sharma et al 20 12 } 5
wherein they reported the alignment of the 1-5 carbon nanowires 104 4
with the time to be in range of 3-5 seconds with the help of rotating g 8 i
drum. The use of rotating drum in alighment on the pre patterned E 6. ]
electrodes is not suggested as the position of the pre patterned zg o % 1
electrodes changes continuously thus making it difficult for getting

aligned fiber between the pre patterned electrodes. Further, in that i } 1
study, focused ion beam was used to discard extra carbon fibers if i : i — i : i

any. In the present study we optimized the parameters by carefully
Time (seconds)
studying the density of fibers between the pre patterned electrodes

electrospun at various operating times. For all the above mentioned Fig 3: Graph demonstrating the near linear relation between no. of

operating times, optimized electrospinning parameters as fibers and operating time of electrospinning for 0.5 wt. % of

mentioned in the experimental section were kept constant. Fig 3 graphene.

shows the near linear relationship between the number of fibers  pyre ZnO nanofiber exhibits smooth surface morphology, whereas
between the electrodes and operating time for 0.5 wt. % of composite shows flakes like structure uniformly all over the surface
graphene. As the electrospinning time increases we observe gradual  of ZnO nanofiber. The morphology of the composite as seen from
curling behaviour of the fibers which is in agreement to reports  fig 4 is ZnO nanofiber embedded in graphene flakes. Furthermore,
where the operating time of the electrospinning is kept high. as can be clearly seen, the flakes are transparent, which is an

inherent property of graphene. Diameter and morphology of the

Composite nanofibers synthesized at 4 seconds electrospinning composite fibers changes based on the composition of the solution

time were calcined at different temperatures to study the used for electrospinning. Upon addition of graphene, conductivity

morphology of the fibers with increasing temperature. Fig 4a and of the solution changes. Since the synthesis of the composite is by

fig 4b show the high magnification SEM image of pure ZnO and Gr- electrospinning, conductivity of the solution is an important

Zn0 nanofiber both calcined at 400°C respectively.

parameter in determining the nanofiber diameter. In
electrospinning, stretching of the polymer solution is caused by
repulsion of charges at its surface. Hence when the conductivity
increases, more charges are carried by electrospinning jet which
causes the polymer solution to stretch more, thereby decreasing

the diameter. In our work, upon addition of graphene, the

conductivity of the solution increases and this in turn decreases the
overall diameter and morphology of the composite. This

observation is in agreement with various studies reported on

21,22

electrospinning . In addition, the initial dispersion of graphene is

an important parameter that affects the nanofiber diameter and
23-26

morphology™™ . It is evident from fig 4a and fig 4b that initial

Fig 2: SEM images of the device electrospun for various time graphene concentration in the electrospinning solution affects both
segments a) 15 seconds b) 12 seconds c) 7 seconds d) 4 seconds. As diameter as well as morphology of the nanofiber. As can be seen
time deceases from 15 seconds, randomly arranged composite
nanofibers were converted to perfectly single aligned composite from fig 4b, graphene is uniformly dispersed all over the surface of

nanofiber between the pre patterned gold electrode. ZnO proving that 0.5 wt. % of graphene is sufficient to form a

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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uniform dispersion. The dispersion of higher wt. % of graphene was
not studied as a UV sensor demands dark current to be low.
Increasing the graphene content increases the dark current thereby
affecting the sensitivity of the sensor. This has been explained in
the later part of the discussions where optimization studies to
select the optimum Gr/ZnO composition for UV sensing have been

discussed.

To study the effect of calcination temperature on the composite,
fibers were calcined at elevated temperatures of 500°C and 600°C.
Fig 4c and fig 4d show the Gr-ZnO composite high magnification
image calcined at 500°C and 600°C respectively. As can be clearly
seen, there is a decrease in the fiber diameter (~ 250 nm) and also
the flake size. The decrease in the nanofiber diameter can be
attributed to the decomposition and evaporation of organic
components and residues. The decrease in the flake size of
graphene is caused due to burning of carbon content at high
temperatures which is evident from the raman spectra of the
composite nanofiber calcined at 600°C (Fig S1 in supplementary
information) which further decreases the overall diameter of the
nanofiber?’. Hence the optimized composite nanofiber calcined at

400°C was chosen for UV sensing application because of the higher

graphene content.

Fig 4: High magnification SEM images showing the morphology of
the fibres calcined at various temperatures a) Pure ZnO calcined at
400°C b) Gr-ZnO calcined at 400°C c) Gr-ZnO calcined at 500°C d)
Gr-ZnO calcined at 600°C. As calcination temperature increases,

decrease in the nanofiber diameter and flake size was observed.

This journal is © The Royal Society of Chemistry 20xx
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Fig 5 shows high magnification SEM images at the contact of gold
electrodes and Gr-ZnO composite nanofiber. The image was taken
at 45° tilt to ascertain that uniform contact has been established
between the fiber and the metal electrode which minimizes the
contact resistance between the two thereby enhancing transfer of
electrons from composite nanofiber to gold contact and vice-versa.
This was achieved by calcination after the in-situ alignment of fiber
which stabilizes the contact. |-V curves recorded further confirmed
the near ohmic contact. The in-situ alignment of fibers is
advantageous in forming near ohmic contact which involves heating
of both electrode as well as nanofiber simultaneously thus
discarding the additional heating steps often required when the

electrodes are fabricated after the electrospinning process.

Fig 5: SEM image of contact between the Gr-ZnO and gold electrode

Fig 6 reveals the X-ray diffraction (XRD) pattern of the graphene,
pure ZnO nanofibers and Gr-ZnO nanofiber composite calcined at
400°C in the range 20° <26 <60°. 26 peaks at 31.8 (100), 34.4 (002),
36.3 (101), 47.5 (102) and 56.6 (110) indicate the hexagonal
wurtzite crystal structure of ZnO nanofibers. The diffraction peaks
at 26.1 and 54.71 denoted by G (002) and G (004) respectively,
indicate the crystal planes of graphene. The broad graphene peak at
26.1 in the Gr-ZnO XRD spectra indicates amorphous carbon, which
is due to defects induced by addition of ZnO. Also, the intensity of
peak being weak can be attributed to low concentration of
graphene in the composite. The XRD data thus confirms high

crystallinity of Gr-ZnO composite nanofibers.

J. Name., 2013, 00,1-3 | 5
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Fig 6: XRD spectrum of graphene, pure ZnO nanofibers and 0.5 wt.
% of Gr-ZnO nanofiber composite calcined at 400°C.

Detailed chemical/molecular analysis was performed in terms of
Raman spectroscopy to confirm the composite formation. Fig 7
represents the Raman spectra of the Gr-ZnO composite with 0.5 wt.
% of graphene flakes. The well know G peak (~1574 cm'l) which is
characteristic for sp2 hybridized carbon peak is well evident. The
other peak which is at ~ 1359 cm™ denoted as D band which
originates from structural imperfections is also prominent. The
intensity of D peak greater than G peak also confirms the formation
of composite due to increased disorder caused due to addition of
Zn0. Also, the addition of ZnO in the graphene makes it amorphous
which causes the G peak peak intensity to be low and not
uniform™. .With 0.5 wt. % of graphene in the composite, typical
Raman peaks of ZnO disappear. This is due to large number of
graphene flakes embedded in the ZnO nanofiber which conceals the

Raman signals of ZnO.

6 | J. Name., 2012, 00, 1-3
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Fig 7: Raman spectra of Gr-ZnO composite with 0.5 wt. % of Gr
calcined at 400°C.

As a part of optimization studies to select the optimum Gr/ZnO
composition, 3 different weight percentages of graphene flakes i.e.
0.2 wt. %, 0.5 wt. % and 0.8 wt. % were used to synthesize the
composites and subsequent UV sensing was performed. It was
found that for the sample containing 0.2 wt. % of graphene, the
dark current value recorded was the least but upon UV exposure
the resulting current saturated after 30 minutes thus yielding ~ 586
fold change in conductance as opposed to ~ 1892 fold change for
sample with 0.5 wt. % of graphene. For 0.8 wt. % graphene, the
dark current recorded was high making it unsuitable for UV sensing
applications. Hence, in order to achieve better sensitivity, 0.5 wt. %
graphene composition was selected to synthesize the composite.
The figures demonstrating the dark resistance values measured as a
function of different compositions and |-V response of a typical
device with 0.2 wt. % of graphene can be found in the
supplementary information (Figures S2 and S3 respectively). Fig. 8
shows the current — voltage (I-V) response of a typical single aligned
Gr-ZnO composite nanofiber device at 0.5 wt. % of Gr calcined at
400°C. The reason for choosing sample calcined at 400°C was
greater flake size visibility in the SEM images, explaining more
graphene presence which helps in enhancing the transport
properties of the photogenerated electrons. Moreover graphene
decomposes above 500°C, which is evident from the raman spectra
as discussed earlier in this section. |-V response under UV
illumination was taken at 5, 15, 30, 45 minutes to study the

response of current with time. Under UV illumination, electron-hole

pair are generated when the energy of illumination is greater than

This journal is © The Royal Society of Chemistry 20xx




or equal to band gap of ZnO. For pure ZnO, photogenerated
electrons tends to recombine which decreases the carrier lifetime
and hence the current. Hence the need for graphene as a transport
material arises for capturing the photogenerated electrons, thereby
preventing them from recombination, ultimately increasing the
carrier lifetime. In case of Gr-ZnO nanofiber composite, since work
function of graphene is less than conduction band of Znozs,
photogenerated electrons get readily transferred to graphene, and
higher electron mobility of graphene enables faster collection of
charge carriers at the gold electrodes, thereby enhancing the carrier
lifetime of the photogenerated electrons. For pure ZnO nanofibers,
in the absence of UV light there is formation of depletion layer due
to oxidation of n type ZnO nanofibers by adsorption of atmospheric
oxygen molecules thereby decreasing the conductivityzg. Before
starting to measure the current under UV illumination, samples
were kept in dark for 12 hours so as to stabilize. Under exposure to
UV light for 5 minutes there is 69% decrease in the resistance for
0.5 wt. % of graphene respectively indicating a quick response to
the UV illumination for both devices. After 15 minutes, 98.67 %
decrease in resistance for 0.5 wt. % of graphene was observed. This
increase in conductance can be attributed to faster collection of
photogenerated electrons by graphene. As the time of illumination
was increased to 30 minutes, 99.8% and finally at 45 minutes, 99.9
% decrease in the resistance was observed. As time increases, the
amount of photogenerated electrons transferring to graphene
increases thereby increasing the current. After 30 minutes of UV
exposure, the decrease in the resistance is less compared to the
decrease in 15-30 minutes for 0.5 wt. % of graphene and it
saturates after 40 to 45 minutes of UV illumination. The above
phenomena can be attributed to the decomposition of graphene
due to photogenerated hole and electrons, which react with the
atmospheric oxygen and moisture, thereby forming oxygen reactive

species which oxidizes grapheneso.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 9 provides a schematic representation of the process.
Photogenerated electrons tends to transport towards the gold
electrode due to very high charge transport mobility of graphene,
but few electrons react with atmospheric oxygen and forms O,
radicals. Also, the photogenerated holes react with the atmospheric
oxygen and form hydroxyl (OH) radical. These oxygen reactive
species generated at the surface of the graphene are responsible
for oxidation of graphene, thereby reducing the carbon content and
increasing the oxygen content, hence saturating the conductivity.
There have been few studies reporting the use of ZnO graphene
composite for UV sensing. Dang et al’! fabricated phototransistor
with channel based on vertical ZnO nanorods and graphene. Boruah
et al> demonstrated UV sensor based on ZnO nanowire grown on
graphene foam. Fu et al® reported high performance single ZnO
nanowire using chemical vapor deposition sandwiched between

graphene sheets with on-off ratio of 800.
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6.0x10° - : E
—e— 5 mins
—&— 15 mins
4.0x10° —w»— 30 mins i
< —— 45 mins
S 2.0x10° .
E
3
(6]
0.0 e
-2.0x10° -
T T T T T
1.0 05 0.0 05 1.0
Voltage (V)

Fig 8: I-V curves of a typical Gr-ZnO device at 0.5 wt. % of Gr with
and without UV illumination at various time instants.

J. Name., 2013, 00, 1-3 | 7

Page 8 of 11



Page 9 of 11

RSC Advances

Journal Name

ARTICLE

:
i

L5

Al
G
TS

o
05

4,

'

"

“

o

Au Graphene Zn0

(®)

Fig 9: a) Schematic of the charge separation of photogenerated electrons and holes and their role in oxidation of graphene under UV
illumination b) Band structure of Gr-ZnO nanofiber composite with gold electrodes

Liang et aP* demonstrated one step synthesis of SnO,/Graphene
nanocomposite by solvothermal method for application in Li-lon
batteries, but in our approach we demonstrated in a single step, not
only the in situ synthesis of ZnO/graphene nanofiber but also the
alignment of a single composite fiber across the electrodes thus
integrating into a device. This controlled approach in synthesis and
precise positioning of the fiber can be performed simultaneously
across multiple electrodes on a wafer thus making this technique

suitable for large scale commercial applications.

Zhang et al® synthesized ZnO nanowire using electrodeposition
method with transparent graphene contact. Chang et af®
demonstrated the use of ZnO nanorod/graphene composite by
solution growth method which was then drop casted between
metal electrodes. Wang et al’’ fabricated flexible UV sensor with
reduced graphene oxide ZnO composite synthesized by
hydrothermal method. Unlike most of the above mentioned works,
which involve working with high density nanofibers in forms of

mats, nanorods, complex fabrication techniques such as defining

This journal is © The Royal Society of Chemistry 20xx

electrodes using E-beam lithography, transfer process or drop
casting which in ideal conditions too will lead to device to device
variation, our work involves a simple, reproducible approach for
one step in situ alignment of graphene-ZnO using electrospinning.
The method is advantageous as it allows for precise manipulation of
the resistance of sensor upon UV exposure by aligning single
composite nanofiber across electrode. In addition, the current work
employs two terminal device configuration which can be easily
integrated further for an all-electronic readout signal for real time

applications.

4 Conclusions

In summary, a facile, one step in situ single aligned graphene-ZnO
nanofiber composite based UV sensor was developed. Time
dependent behaviour on the alignment of nanofibers was studied
and was optimized for alignment of single fiber across the pre

patterned electrodes. Structural and chemical characterization

revealed that uniform morphology of the composite consists of ZnO

J. Name., 2013, 00, 1-3 | 8
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embedded in graphene flakes throughout the surface of the fiber. It
was observed that approximately 4 seconds of electrospinning time
is required for obtaining a perfectly aligned single graphene-ZnO
fiber. Under UV illumination for 45 minutes, significant decrease in
the resistance of the device was observed. Our proposed approach
for in situ aligned composite provides a simple, cost effective
alternative for developing an integrated UV sensor and can be

extended for a variety of other sensing applications.
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