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Abstract: Graphene has emerged as one of the strongest candidates for post-silicon technologies. One of the most important
applications of graphene in the foreseeable future is sensing of particles of gas molecules, bio-molecules or different chemicals or
sensing of radiation of particles like alpha, gamma or cosmic particles. Several unique properties of graphene such as its extremely
small thickness, very low mass, large surface to volume ratio, very high absorption coefficient, high mobility of charge carriers, high
mechanical strength and high Young’s modulus make it exceptionally suitable for making sensors. Graphene based materials have
considerable attention for the fabrication of non-enzymatic sensors due to their low cost, high catalytic ability and good stability use in

sensor technology.
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1. Introduction

Graphene has been extensively investigated for the
development of optoelectronic devices, super capacitors and
various types of high performance sensors, due to its large
surface-to-volume ratio, unique optical properties, excellent
electrical conductivity, remarkably high carrier mobility (in
excess of 20000 cm?V-1s™), high carrier density(1013 cm™),
high thermal conductivity, room temperature ,Hall effect,
ambipolar field-effect characteristics, high signal-to-noise
ratio (due to low intrinsic noises), and extremely high
mechanical strength (200 times greater than steel, tensile
modulus of 1 TPa).

The large surface area of graphene enhances the surface
loading of desired biomolecules, either through passive
adsorption, or by covalent crosslinking to the reactive
groups of biomolecules. On the other hand, the excellent
conductivity and small band gap of graphene are beneficial
for the conduction of electrons between the biomolecules
and the electrode surface. Graphene has about two-fold
higher effective surface area and greater cost-effectiveness
than carbon nanotubes. Additionally, it has greater
homogenous surface that is responsible for highly uniform
and efficient functionalization higher elasticity than
membrane materials like silicon nitride commonly used in
NEMS [1].

Graphene is another class of carbon based material. It has a
two-dimensional (2D) network of SP2 hybridized carbon
atoms packed into a hexagonal structure, and recently, it has
become a potential candidate for strain sensor because of its
good mechanical properties [1]. Enormous efforts have been
devoted to exploration of its many applications in the field
of science and engineering [2-6]. Graphene is novel material
all properties of graphene excellent, sensor technology
graphene excellent response very high performs, sensitive
nearly 100% accurate, efficient sensor are manufacture.

(1) Oxidation of graphite to graphite oxide according to the
Hummers, Staudenmeier or Brodie method [10]. (2)
Stepwise exfoliation of graphite oxide to give graphene
oxide in aqueous colloidal suspensions by sonication and
stirring [10].(3) Reduction of graphene oxide by chemical
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Figure 1: Classification of graphene family materials.
X axis - Number of layers
Y axis - Oxidation layer
reactions [28], thermal annealing [14], flash reduction [15],
enzymatic reduction [16] or electrode position [12]. (4)
Mechanical exfoliation of graphite to give graphene (tape
method)[19]. (5) Oxidation of graphene sheets to graphene
oxide. (6) Thermal decomposition of a SiC wafer [8]. (7)
Growth of graphene films by chemical vapor deposition [9].
(8) Total synthesis routines with precursor molecules [11,
13, 17, 18]. Group A includes graphene materials primarly
used for their electronic properties, group B for their optical
properties.

2. Graphene Biosensor

The detection of biologically active molecules is of critical
importance from a biomedical, environmental, and security
point of view. Such detection can be carried out by
biosensor or by bio analytical protocols. A chemical sensor
is a device that quantitatively or semi quantitatively converts
information about the presence of a chemical species to an
analytically useful signal [20]. Sensors consist of two
elements: a receptor and a transducer (Figure. 2). A receptor
can be any organic or inorganic material with (preferably) a
specific interaction with one analyte or group of analytes. In
the case of biosensors, the recognition element is a bio
molecule. The second key element of the sensing platform is
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the transducer, which converts chemical information into a
measurable signal. Bio analytical protocols usually include
more than one processing step. In this review, we will
describe biosensors and bio analytical systems that utilize
graphene as a key component.

Receptor

<~ Transducer

{} Signal

Figure 2: Scheme of a biosensor. The biosensor consists of
a receptor layer, which consists of a bio molecule (e.g.,
DNA or protein), and a transducer, which is a graphene-

based material.

Neither CVD-produced graphene nor mechanically
exfoliated graphene contain large quantities of defects or
functionalities. However, bulk quantities of graphene-based
nanomaterials are typically prepared by different methods,
such as the thermal exfoliation of graphite oxide [21] which
leads to a material called thermally reduced graphene
(TRGO) or, for example, sono-assisted exfoliation of
graphite oxide to graphene oxide (GO) [22]. Graphene oxide
can be further reduced chemically or electrochemically.
Thermally reduced graphene oxide (TRGO) contains large
amounts of defects and significantly differs from pristine
graphene, which has a perfect honeycomb lattice structure
[23]. The presence of the defects is not disadvantageous. To
the contrary, it is well known that heterogeneous electron
transfer in the electrochemistry of sp2 carbons occurs at the
edges and defects, and not at the basal plane of graphene
sheets [24]. Graphene oxide has a structure that is not fully
planar because the sp2 carbon network is heavily damaged.
It contains large amounts of oxygen-containing groups,
which can be beneficial to the functionalization through the
action of the biomolecules for bio recognition events during
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biosensing [22]. Graphene oxide can be chemically or
electrochemically reduced. Such products have a partly
restored sp2 lattice that also contains some degree of
oxygen-bearing groups. The products are typically referred
to as chemically reduced graphene oxide (CRGO) or
electrochemically reduced graphene oxide (ERGO) [25].

3. Graphene in Electrochemical Biosensors

Electrochemical detection is highly sensitive to electro
active molecules. In addition to sensitivity (which is also a
property of electrical detection), it also offers detection
selectivity as different molecules can be oxidized/reduced at
different potentials. Graphene is an excellent Conductor of
electrical charge. Heterogeneous electron transfer (the
transfer of electrons between graphene and the molecule in
the solution necessary for the oxidation/reduction of said
molecule) occurs at the edges of the graphene or at defects
in the basal plane.
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Figure 3: Impedimetric biosensor based on a graphene
platform for Hairp in DNA based detection

Schematic of the protocol and Nyquist plots, -Zi vs. Zr, of
the graphene surface (gray), hpDNA (blue), complementary
target (red), 1-mismatch target (green), and negative control
with a non-complementary sequence (black) (concentration
of DNA probes, 1 x 10-5 M; concentration of DNA target, 3
x 10-8 M). All measurements were performed in 0.1 M PBS
buffer solution containing 10 mM K3 [Fe(CN)6 ]/K4
[Fe(CN)6][26].
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Figure 4: N-doped graphene for electrochemical biosensing.
(@) Schematic representation of N-doped graphene. Gray for
the carbon atom, blue for the nitrogen atom, and white for
the hydrogen atom. A possible defect structure is shown in
the middle of the ball-stick model. (b) Current-time curves
for GOx immobilized on (1) a glassy carbon electrode, (2) a
graphene electrode, and (3) A N-doped graphene electrode
with the successive addition of 0.1 mM glucose.

Thus, the high surface area of graphene facilitates large
amounts of defects and thus, electro active sites [27].
Graphene has been employed in many schemes for sensing
glucose[28]. This is reflected by the fact that
electrochemistry is paramount to sensing glucose for
diabetic patients (reflected by the multibillion USD gluco
sensing market) [29]. The glucose oxidase enzyme is used as
a bio recognition element glucose oxidase oxidizes glucose
to gluconic acid and shuffles electrons into the oxygen
which is dissolved in the solution, and then reduced to
hydrogen peroxide. Hydrogen peroxide is typically detected
electrochemically. However, in several examples, direct
electron transfer from the enzyme (without the need of O2 as
an electron acceptor) is possible, making this an analytically
valuable sign al[29]. Ultrathin multilayer graphene platelets
(also called graphite nanoplatelets) have been used as a
transducing material for the biosensing of glucose[30].

Table 1: Summary of relevant quantitative parameters of
selected sensors and biosensors Analyte

Analyte [Electrode material Limit of |Linear range |Ref.
detection

Pb2* Glucose 0.02 ug/L |0.5-50 pg/L  |[39]

cd?* Glucose 0.02 pg/L |1.5-30 pg/L  |[39]

H,0, Graphene/AuNPs/chitosan[180 pM  (0.2-4.2 mM  |[47]

H,0, Reduced graphene oxide [0.05 pM [0.01-10 mM |[38]

Dopamine|Glucose NA 5-200 uM [40]

Dopamine|Glucose 2.64 uyM |4-100 pM [41]

NADH |lonic liquid-graphene 5 uM 0.25-2mM |[42]
(ethanol)
Glucose |Graphene/Au/Nafion 5uM 0.015-5.8 [46]
mM
Glucose |Reduced graphene oxide |2 pM 0.01-10 mM |[38]
Glucose |Graphite NA 0.2-1.4mM |[43]
nanosheet/Nafion
Glucose |N-doped graphene 0.0l mM [0.1-1.1 mM |[44]
Glucose |Graphene oxide 1uM 1-20 uM [45]

In another example, it was shown that N-doped graphene
provides significantly enhanced oxidation currents for the
enzymatic detection of glucose, compared to ordinary
graphene materials (Figure. 4). [32]. Direct electron transfer
from glucose oxidase has been reported by several authors.
Glucose oxidase enzyme was immobilized on a Nafion
polymer film with graphene nanoplatelets [33]. It was
demonstrated that such simple non-covalent bonding
enhances the redox current of a ferrocyanide solution and
leads to a lowering of the over potential of hydrogen
peroxide[33]. In another example, direct electron transfer
was observed in graphene/ionic liquid/glucose oxidase
systems [34]. Other schemes for enzymatic detection of
glucose have been reported using Au NPs/graphene/chitosan
composites[35]. Another biosensor was developed for the

detection of pesticides [36] and hydrogen peroxide (using
horseradish peroxidase[37] or hemoglobin[38]).

4. Graphene Chemical Sensor

Graphene, as a new member of carbon family, has emerged
as a promising candidate for sensing because of its unique
electronic, excellent mechanical, chemical, and thermal
properties [48-57]. Excellent sensing performance of
graphene towards different kinds of gases, including NOz2,
NH3, H,0, CO, trimethylamine, 12, ethanol, HCN, dimethyl
methylphosphonate (DMMP), and DNT, have been reported
[58-64]. Generally, there are three main methods to prepare
graphene materials: micromechanical exfoliation of graphite
[72], chemical vapor deposition [65], and reduction of
graphene oxide (GO) [66]. The resultant graphene materials
can be considered as excellent candidates for gas sensing,
especially for chemically reduced graphene oxide (rGO).
The rGO sheets have great potential for using as
chemiresistors [67-70] due to their scalable production, easy
process ability in solution, large available surface area, etc.
Hydrazine and ascorbic acid have been reported as excellent
reducing agents for the reduction of GO, and the resultant
rGO sheets show excellent responses to different vapors [59,
70]. Although many reports have been reported on the rGO
sensing devices, it is still a great challenge to develop
chemiresistive sensors based on rGO with miniature, low-
cost, and portable characteristics.

Herein, we report a facile and controllable self-assembly
technique to fabricate rGO sensors, which could be used as
an excellent NH3 gas sensing device. Negative GO sheets
with large sizes (>10 um) can be easily electrostatically
attracted onto positive Au electrodes modified with
cysteamine hydrochloride in aqueous solution. The
assembled GO sheets on Au electrodes can be directly
reduced into rGO sheets by hadrazine or pyrrole vapor and
consequently provide the sensing devices based on self
assembled rGO sheets. In addition, pyrrole-vapor-reduced
rGO-based sensor exhibits excellent response to NH3. We
expect the easy, reproducible, green, and scalable fabrication
of the sensors based on rGO reduced by pyrrole, with
excellent performance, miniature, low-cost, and portable
characteristics, can pave a new avenue for the application of
assembled rGO devices in gas sensing field.
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Figure 5: AFM image (a) and height profile (b) of GO
sheets deposited on mica surfaces.

o 5

In order to make sure the rGO sheets bridge the gaps of the
parallel Au electrodes, GO sheets with large sizes were
prepared in this work. Natural graphites with large sizes (32
meshes) were used as original materials, and a modified
Hummers method was exploited similar with the work
reported by Zhao et al. [73]. Dialysis was carried out for the
purpose of complete removal of acid in the suspension, and
mild sonication was applied in order to avoid the destruction
of GO sheets. As a result, single GO sheets were formed in
aqueous solution and large sizes were maintained as well.
The morphology of GO sheets was observed by AFM; the
results were shown in Figure 6. As shown in (Figure 6a), the
sizes of the majority of GO sheets were larger than 10 pum,
which was in consistence with the results of SEM images of
electrodes discussed later. Furthermore, the height profile of
the AFM image (Figure 6b) indicated that the thickness of
the obtained GO sheet was about 0.97 nm, suggesting the
successful achievement of the single-layer GO sheets [75].
As we know, GO sheets contain a large number of negative
functional groups (e.g., hydroxyl and carboxyl groups) [76],
which can be a benefit for their electrostatic attraction with
positive surfaces during the self assembly process.

Figure 6: (a) Pre-patterned electrode

Figure 6: (b) Immersion into cysteamine hydrochloride
aqueous solution

“NHaCIT NH3CI-
NH3SI" NH;CI™

Figure 6: (c) Positive charged Au electrodes
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Figure 6: (d) Immersion in to negatively charged GO
aqueous solution

Figure 6: (f) Assembled rGO sheets based sensing device

Figure 6: Schematic illustration of the fabrication of sensing
devices based on self-assembled rGO sheets.

The sensing devices were fabricated by self-assembly of the
obtained GO sheets on Au electrodes, followed by in situ
reduction by hydrazine or pyrrole vapor. The process was
schematically illustrated in Figure 6.

The parallel Au electrodes on SiOz2 (300 nm)/Si wafers were
easily patterned by a standard micro fabrication process, and
the distance of the gap was fixed at about 1 um in order to
make sure GO sheets be easily bridged on between
paralleled Au electrodes. Since electrostatic attraction was
applied as driving forces for self-assembly of negative GO
sheets on Au electrodes, Au electrodes were treated by
cysteamine hydrochloride aqueous solution in advance to
attach positively charged amine groups. As we know,
organic molecules with thiol groups can be assembled on the
surface of Au through forming self-assembled mono layers
(SAMs) due to the strong affinity between sulfur and Au
[77,78]. Hence, SAMs with positively charged amine groups
on the surface of Au electrodes were formed during this
assembly process. The resultant Au electrodes assembled
with GO sheets were further put in sealed vessels and
reduced by hydrazine or pyrrole vapor at 90°C the GO
sheets on Au electrodes were in situ reduced into rGO and
consequently formed the sensing devices based on
assembled rGO sheets.

5. Graphene ph sensor

Figure 7 sketches the entire mask-free fabrication process of
our graphene sensor. Graphene sheets were first made by
mechanical exfoliation of bulk graphite (Kish Graphite,
purchased from Graphene Supermarket) with scotch tape
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and randomly deposited onto a 285 nm SiO2 layer on a
silicon wafer (P/B(100), 1-10ohm-cmpurchased
fromuniversitywafer.com). This specific SiO2 thickness is
chosen because it can provide the best visibility of graphene
sheets, which can be explained by Fresnel-law-based models
as developed in [79, 80]. An optical microscope and a
camera (Nikon MM-40 and DXM 1200) were then used to
identify and locate individual graphene sheets (as sketched
in Figure 1a). This is currently the easiest and most popular
way to spot graphene crystallites among copious thicker
flakes. Usually,

(a) Graphene
Sio2
Si substrate
(b) Pt electrode
©

Silver testing electrode

@

PDMS cover

Figure 7: The mask-free fabrication process of a graphene
sensor.

Figure 7a few micron-sized graphene can be found over a 4
millimeter-sized area, which is already sufficient for our
purpose, because only one graphene sheet is needed on each
wafer piece for device fabrication. A dual beam system (FEI
Quanta 3D 200i) was used for the fabrication of electrodes
and observation of the sample: an ion beam for electrode
deposition and an electron beam for imaging. The area of
interest on the sample was positioned at the eucentric point
where the two beams cross, as shown in Figure 7a. At this
location, the electron beam could provide in situ imagining
of the graphene. The sample was tilted at 52° for optimized
ion incident angle. The FIB employs highly-focused Pt+ ion
beam scanned over the desired areas of the sample surface.
The Pt metal organic precursor (methylcyclopentadienyl
trimethyl platinum) is introduced by a gas-injection system
during the ion beam scanning, providing the well-controlled
ion-assisted deposition of the metal. Therefore, the Pt lines
can be fabricated directly over the desired area of a graphene
with approximately 20 nm precision. In this study, to
prevent the graphene from being damaged by the Pt* ions,
two contact electrodes (10 pm=100 nm x 100 nm) were first
deposited on two sizes of graphene under 16.0 kV
acceleration voltage and 4.0 pA ion current. Then, another
two rectangular electrodes (200umx 10um % 100 nm) were
deposited to expand the contact electrodes under 30.0 kV
acceleration voltage and 0.5 nA ion current.

Figure 7b shows a microscopic image of the fabricated
electrodes on both sides of a graphene sheet. To expand the
contact platinum electrodes, two millimeter sized testing
pads, as sketched in Figure 7c, were conveniently made by
carefully painting a layer of silver on the wafer using high-
purity conductive silver paint (SPI 05001-AB), operated
under a stereo microscope (Nikon S2800). To eliminate the
5 potential contamination of silver particles from dissipating
into the testing samples, a layer of polydimethylsiloxane
(PDMS) (Dow Corning Sylgard 184) was carefully cured on
top of the silver electrodes and leaves a 200-300um gap
large enough for future experiments on the graphene sheet.
The configuration of a fabricated graphene device is
sketched in Figure7d.

To perform pH sensing experiments, a wetting and drying
process was used. After the resistance of the device in the air
was stabilized, the first pH buffer drop was carefully placed
on top of the graphene sheet as shown in Figure 8. After
approximately 1~2 minutes when the resistance became
stable, this pH buffer drop was carefully sucked up by
vacuum, and then more buffer drops with different pH
values were applied and removed repeatedly in the same
way. In our experiments, buffers with pH values from 4 to
10 (standard buffer solutions from Fisher Scientific) were
tested. During the experiment, the resistance of the device
under 7a constant current were monitored and recorded in
real time by a semiconductor analyzer.
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Figure 8: Configuration of the experimental system.
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Figure 9: (a) Real-time resistance measurements of the
graphene sensor when exposed to pH buffers from pH-4 to
pH-10; (b) complied resistance data from multiple
measurements plotted as a function of pH values.

Figure 9a reports a real time measurement of the resistance
of our graphene device under a constant current at 10 pA.
The resistance of the device in the air is approximately 86
kQ When a drop of pH-4 buffer was placed on the graphene,
the resistance rapidly decreased to 59.2 kQ. The resistance is
then decreased by 2.2 kQ when pH-5 buffer was placed on
the graphene. Similar amount of decrement is observed
when the pH buffer was changed to pH-6, pH-7, pH-8, pH-9
and pH-10. Figure 9b shows the average values (dots) and
standard deviations (error bars) of the resistance from
multiple measurements on this specific device. A linear
correlation can be used to describe the curve in Figure 5b: R
= (-2.13 x pH + 66.11) kQ This equation indicates that the
sensitivity of the particular device is 2.13 kQ/pH [111].

6. Graphene Image Sensor

Graphene is a material composed of pure carbon with atoms
arranged in a regular hexagonal pattern. It is a one-atom
thick layer of the mineral graphite, a million times smaller
than the thickest human hair and is known to have a high
electrical conductivity and is very light, with a 1-square-
meter sheet weighing only 0.77 milligrams.

Figure 10: Graphene is the bsis of the new image sensor.

Asst. Prof Wang has devised a novel way to create
nanostructures on graphene which “trap” light-generated
electron particles for a longer period of time, translating into
a stronger electrical signal. These electrical signals are then
processed into an image, such as a photograph captured by a
digital camera. The "trapped electrons" are the key to
achieving high photo response in graphene, which makes it
far more effective than the normal CMOS or CCD image
sensors, said Asst Prof Wang. Essentially, the stronger the
electric signals generated, the clearer and sharper the photos.
"The performance of our graphene sensor can be further
improved, such as the response speed, through nanostructure
engineering of graphene, and preliminary results already
verified the feasibility of our concept,” Asst. Prof Wang
says.

A team of scientists at Nanyang Technological University
(NTU) in Singapore has developed a new image sensor from
graphene that promises to improve the quality of images
captured in low light conditions. In tests, it has proved to be
1,000 times more sensitive to light than existing
complementary metal-oxide-semiconductor (CMOS) or
charge-coupled device (CCD) camera sensors in addition to
operating at much lower voltages, consequently using 10
times less energy.

Camera ISO is one of the three pillars of photography (the
other two being aperture and shutter speed). In simple terms,
ISO is the level of sensitivity of your camera’s image sensor
to available light. The majority of people taking pictures
have probably never adjusted the 1SO setting on their
cameras so here is an explanation. Essentially, a lower I1SO
setting reduces your cameras sensitivity to light creating
higher quality images, while a higher 1ISO number increases
sensitivity and your camera sensor can capture images in
low-light environments without having to use a flash. But
higher sensitivity comes at a cost it adds grain or “noise” to
the pictures. of course, not all grain is bad and we often see
creative uses of it in black and white photography. But if
you are a sports photographer shooting in a poorly lit indoor
stadium, in order to freeze action, you have to shoot with a
wide aperture (f 2.8 or lower) and try to keep your shutter
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speed above 500. The only way to do this is to increase ISO
and live with the resulting grainy pictures. Asst. Professor
Wang’s graphene sensor, being more sensitive, will negate
the need to increase ISO in low light settings [81].

7. Graphene Magnetic Field Sensor

The spatially localized detection of magnetic fields at nano
scale resolution is a considerable technological challenge,
with potential applications ranging from sensors for
magnetic storage to bio sensing and scanning probe
microscopy. The most common approaches employ magneto
resistive devices fabricated from ferromagnetic materials
such as GMR and TMR spin valves and Hall devices.
However, as the size of the magnetic domain to be detected
decreases, the magnetic spacing and the size of the sensor
need to be reduced accordingly in order to maintain high
spatial resolution and signal-to-noise ratio (SNR).

Graphene, a two-dimensional honeycomb lattice of carbon
atoms, is a material that provides a conductive layer only
one atom thick that can be located at or near a sensor
surface, and has high mobility and high current carrying
capabilities [82]. These characteristics uniquely position
graphene as a candidate material for high spatial resolution
magnetic field sensors based on the Lorentz force. devices
consisting of hybrid graphene-metal structures in which the
redistribution of current flowing through a metal shunt and
graphene channel in a magnetic field modulates the
resistance of the device[83].
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Figure 11: Single layer (a) and bilayer (b) graphene EMR
devices, scale bar 500 nm. The Raman spectra at 514 nm
excitation associated with devices in (a) and (b) are shown in
(c) and (d) respectively. The 2-D band in the bilayer device
in (d) is composed of four lorentzian components, as shown.

The graphene EMR devices were fabricated by exfoliating
HOPG graphite on 1 cm n-doped crystalline Si substrates
covered by 300 nm thermally grown. The low resistivity Si
serves as a back gate electrode. Single layer and bilayer
graphene flakes were first selected by optical microscopy
and the number of layers confirmed by Raman spectroscopy
[84]. The device fabrication was completed by defining
electrodes and shunt by e-beam lithography through a
PMMA mask, depositing Ta/Au (2.5/20 nm) and lifting-off.

Figure 11 show typical single layer and bilayer EMR
devices and the associated Raman spectra. The Raman
spectrum contains the G peak near 1580 ¢m™, associated
with the zone center E, mode, and the 2-D peak near 2700
cm™t , associated with the second order breathing mode of
the bonded carbon atoms in the honeycomb lattice. The first
order breathing mode, referred to as the D peak, near 1350
cm! requires a defect for its activation, and can be seen
when probing the graphene flake edges or when structural
defects are present. The lack of the D peak in our samples is
an indication of good crystalline structure. The 2-D peak
does not require defects to be Raman active and can be used
to count the number of graphene layers in a flake. The
presence of a single lorentzian peak (Figure 11(c)) in the 2-
D band indicates single layer graphene. On the other hand,
the four lorentzian components in the 2-D band in Figure
11(d) are indicative of bilayer graphene, as determined by
their relative position and intensities [85].

8. Graphene Strain Sensor

Piezoresistive effect has been widely used for sensor devices
employing various metals and semiconductors.[86—88]
Along with the relentless pursuit of low-cost and
miniaturized devices, different candidate materials have
been developed including low-dimensional carbons.[89-93]
Carbon nanotubes (CNTSs) and graphene are two examples
applicable for piezoresistive strain sensors and have
attracted enormous attention in recent years. A piezoresistive
sensitivity gauge factor (GF) up to 2900 has been achieved
for CNTs-based strain sensors[94,95] in comparison,
graphene-based strain sensors have lower sensitivity.[96-98]
Compared with the quasione- dimensional structure of
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CNTs, graphene is an ideal two-dimensional structure thus
has advantages in scalable devices fabrication via top-down
approaches, which is compatible with existing fabrication
technology. Graphene, a one-atom-thick carbon honey-comb
network, is one of the most stable structures and has novel
electrical and mechanical properties[97-105]. For perfect
graphene, its electrical conductivity could change under
strain induced structural deformation thus this piezoresistive
effect can be used for diverse strain sensing applications.
Various graphene strain sensors have been developed so far,
and the piezoresistive sensitivity, represented by the GF, of
grapheme is low due to its semi-metal nature. For example,
suspended graphene shows a GF 1.9 with the applied strain
<3% [106] chemical vapor deposition (CVD) graphene on
polydimethylsiloxane (PDMS) shows a GF of 6.1[107] and
graphene ripples on PDMS shows a GF~2 with the applied
strain up to 30%.[108] Semiconducting graphene may have
large piezoresistive sensitivity,[88] however, the metal-to-
semiconductor phase change under strain is not observed yet
experimentally. Alternatively, graphene/epoxy composite
has been developed with a GF~11.4 in order to increase the
sensitivity of graphene-based strain sensors [109].

nanographene

mica

uvL

resist

mica

deposited

uvL metal

Figure 12: (a) The fabrication process of NG-based strain
sensor devices.

The fabrication progress for NG strain sensors is shown in
Figure 12(a). NG film on mica was used as the starting
material. S1813 resist was spin-coated at 4500 rpm on the as
prepared samples, and then was patterned into strips by
ultraviolet (UV) lithography (MAG6, Karl Suss). NG patterns
were then formed by O2-plasma etching, which was carried
out in a reactive ion etching system (Plasma Lab 80 Plus,
Oxford Instruments Company) using plasma power of 100
W, O2 pressure of 0.1Torr, and etching time of 11 s,
respectively. In the following step, contact electrodes were
made for the patterned NG film by a second UV lithography,
Ti/Au (2 nm/ 30 nm) metal deposition via e-beam
evaporation, and standard lifting-off techniques. As-

fabricated devices were annealed in hydrogen atmosphere at
380 ° C for 1 h to improve contacts before any electrical
measurements.

it

Figure 12: (b) Optical images of the as-patterned

Devices with the zoom-in image of an individual device
shown on the right. The arrow marks the bending direction.
The optical image of a device array was shown in Figure 12
(b) in which the zigzag-shape NG strips are 2 Im-wide and
1.4mm-long with a sheet resistance of about 5.5 MX/w. The
as-made strain sensor devices were bonded by silver
conducting epoxy and wired out for electrical measurements,
and the applied strain was along arrow’s direction (marked
in Figure 12(b)) during measurements.

Figure 12: (c) Sketch map of the experimental setup for
applying strain to devices; the inset shows an optical image
of a real sample.

The experimental setup for measurements is shown in Figure
12 (c). Mica substrate with devices was mounted on a
micrometer caliper, which can push the mica substrate to
cause bending, and in this way the strain was applied. Note
that the NG films adhere to mica firmly due to strong vander
Waals force and no fracture failure was observed in all
measurements below a compressing or tensile strain less
than 0.5%. The bending direction is always along the
vertical direction marked in Figure 12 (b).
nanographene

mica

L= L,+AL

Figure 12: (d) lllustration of a mica substrate.

Volume 4 Issue 4, April 2015
WWW.ijsr.net

Paper ID: 04031501

Licensed Under Creative Commons Attribution CC BY

965



www.ijsr.net
http://creativecommons.org/licenses/by/4.0/

International Journal of Science and Research (1JSR)
ISSN (Online): 2319-7064
Index Copernicus Value (2013): 6.14 | Impact Factor (2013): 4.438

under bending Figure 12 (d) illustrates the bending of the
mica substrate. As 2Rh ¢ L0 and 2Rsinh L .where LO and L

represent

the length before and after deformation,

respectively; and DLPLO-L. R is radius of curvature and Dt
is half of the thickness of the mica substrate. The

corresponding electrical

properties were measured at

ambient conditions by semiconductor parameter analyzer
(Agilent 4156C) [110].

9. Conclusion

Graphene is very high electric conductivity, carrier mobility,
thermal conductivity, Mechanical properties, flexibility, and
chemical properties transparent cheekily and all other factor
of the graphene is excellent then other material and this
graphene properties and factors very match to development
high efficiency, flexible, low cost and sensitive sensor
technology.
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