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Graphene has emerged as one of the strongest candi-
dates 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 ex-
tremely 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 suit-
able for making sensors. In this article we review the
state-of-the-art in the application of graphene as a
material and radiation detector, focusing on the
current experimental status, challenges and the
excitement ahead.
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THE demonstration of the existence of a perfectly two-
dimensional crystal, graphene was one of the most cele-
brated inventions in present-day condensed matter science'.
Since then, graphene has been a focus of research, both
from basic science as well as applied science. Most of the
interesting features of electrical transport characteristics
in graphene come from the linear dispersion of Dirac
electrons. In pristine graphene, the conductance is
expected to be a minimum, due to the Fermi energy lying
at the charge neutrality point (Dirac point). By applying
an electric field, which is usually done by the application
of a gate voltage in graphene field-effect transistors, the
entire band structure of graphene can be shifted with
respect to the Fermi level. The density of states close to
Fermi energy increases linearly with energy. Thus, by
application of gate voltage, either electrons or holes can
be induced in graphene channels which, in turn, give
increasing conductivity with increasing magnitude of gate
voltage on either side of the Dirac point”*. Graphene
layers are usually mechanically exfoliated from graphite'®
or are chemically grown using techniques like chemical
vapour deposition’ *. The field-effect transistor fabrica-
tion usually involves electron beam lithographic process
using polymer coating, exposure, metal deposition and
lift-off. The devices fabricated in this way are usually left
with residues of polymer or water, which cause signifi-
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cant shift in charge neutrality point. The properties of
these devices are observed to change upon exposure to
ambient environment due to impurity deposition on gra-
phene. This forms the motivation of applying monolayer
graphene as sensors detecting particles or molecules.

Several unique properties of graphene make it excep-
tionally suitable for making sensors. Being a pure two-
dimensional system, graphene represents the ultimate
NEMS system with all its atoms exposed to the surface.
In fact, the specific surface area (2630 m*/g) of graphene
is amongst the highest in layered materials'®. This makes
the conductance of graphene extremely sensitive to the
ambient and the presence of a single adsorbed molecule on
its surface can significantly modify its electrical charac-
teristics. Second, it is highly conductive even in very low
carrier density regimes with room temperature mobilities
of the order of 10,000 cm?/Vs routinely achievable'’ ™.
Coupled with the high carrier concentration (10'* cm™),
this makes the conductance of graphene monolayers
larger than any metal at room temperature. This ensures
that graphene-based sensors have extremely low levels
of Johnson—Nyquist thermal noise compared to semicon-
ductor-based sensors.

It also has fewer kinds of defects due to the high qua-
lity of its two-dimensional crystal structure'?*** and
hence has intrinsically low levels of 1/f noise arising out
of thermal switching of defects®. Third, it is relatively
easy to make four terminal measurements on graphene
strips making contact resistances much easier to deal with
than, for example, in carbon nanotubes, which share
almost all other advantages of graphene. All these factors
combine to give a very large signal-to-noise ratio in
graphene sensors even at room temperatures, providing it
the ability to detect changes in local charge concentration
of less than the charge of a single electron. Fourth,
graphene can interact with materials through a variety of
interactions, from weak van der Waals force to extremely
stable covalent bonds. This allows for detection of a wide
variety of materials using graphene with very high speci-
ficity.

At low temperatures, where most of the mobile defects
freeze out, the material and radiation sensitivity of gra-
phene is unprecedented. It is predicted that at low tem-
peratures, the charge sensing abilities of high-mobility
graphene monolayers will rival those of radio-frequency
single-electron transistors. On the mechanical side, sus-
pended graphene flakes have been shown to have a very
high Young’s modulus (~ 1 TPa)*** and to have a much
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higher elasticity than membrane materials like silicon
nitride commonly used in NEMS. Thus, despite thickness
of just one monolayer, graphene maintains a high crystal-
line order and can form the basis of NEMS of extremely
small thickness, very low mass, large surface to volume
ratio and high Young’s modulus. Properties like atomi-
cally thin layers, very high absorption coefficient, high
mobility of charge carriers and high mechanical strength
make it an ideal candidate for use as radiation sensors.
Making an effective sensor requires interface accessibi-
lity, good transduction, mechanical/electrical robustness,
ease of preparation and integration into existing tech-
nologies. Graphene seems to satisfy this entire list of cri-
teria and hence has the potential to emerge as the sensor
material of choice in the future.

In addition to graphene, reduced graphene oxide
(RGO) has also been tested as a sensor material®* ' and
found to be quite effective as a gas sensor. RGO, which
can be bulk synthesized using relatively cheap chemical
routes, can be made into ultra thin sensing layers by a
variety of wet techniques such as casting, ink-jet print-
ing’**?, Langmuir—Blodgett technique’*** and layer-by-
layer deposition®®. A big advantage of RGO over gra-
phene is the relative ease with which it can be functiona-
lized by other materials (like metal nanoparticles) to
increase the specificity of detection.

In this article, we review the physics and applications
of pristine graphene and RGO as gas and radiation sen-
sors. In addition to pristine graphene and chemically
modified graphene (e.g. RGO), composites of graphene
with metal, metal oxides and polymers have also shown
good promise as sensor materials™ "’ these are, how-
ever, outside the scope of the present review.

Graphene as a detector

The detection of gases by graphene materials is based
on the changes in its electrical conductance due to the
adsorption of gas molecules on its surface. These molecules
act as donors or acceptors and hence change either the
number density or the mobility of the carriers in graphene
leading to a change in conductance. The interaction of the
adsorbate with graphene depends on its electrical and
chemical nature. Molecules having a closed shell struc-
ture modify the conductance of graphene by changing
the local electronic distribution. Aromatic molecules, on
the other hand, modify the transmission coefficients of the
charge carriers and hence modify the conductance of the
device*’, and OH radicals can form covalent bonds with
graphene and effect the hopping of electrons along the
free bond.

The first successful application of graphene as a gas
molecule sensor was reported by Schedin et al.** in 2007.
The graphene field-effect transistor sensor devices were
fabricated by mechanical cleavage of graphite on the
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surface of highly doped silicon wafer having a 300 nm
oxide layer, followed by conventional electron beam
lithography process. The device was patterned in a hall
bar geometry to allow simultaneous measurement of lon-
gitudinal (p,,) and transverse (p,) resistivity. Measure-
ment of p,, in the magnetic field allowed one to calculate
the change in charge carrier concentration directly. Gases
like NO,, NH;, H,O and CO were diluted till concentra-
tion of 1 ppm in pure helium or nitrogen gas in atmos-
pheric pressure, and the graphene sensor devices were
exposed to them. Measurement of change in p,, with time
upon exposure of gas molecules revealed the sensor
action of the devices. Instant change in p,, was observed
as soon as gas molecules sat on graphene, and after a
short time, p,, saturated (Figure 1). The degassing pro-
cess, although, does not occur readily. It was required to
heat up the device to high temperatures (= 150°C) in high
vacuum environment.

The nature of charge carrier doping depends on spe-
cies, which is revealed from measurement of p,,. If the
sensing is started at either the hole-doped region or in the
electron-doped region of graphene conduction, increase
or decrease in resistivity will be observed depending
upon the nature of charge carrier induced by the molecule
sitting on it. The nature of charge carrier doping is pre-
sented in Table 1.

Subsequently, graphene has been successfully applied
to sense carbon dioxide, hydrogen, oxygen and other
gases. In 2010, Wu et al.* used graphene grown by
chemical vapour deposition to sense hydrogen gas in air
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Figure 1. Change in resistivity due to exposure of graphene device to
different gases (for details see text). Positive (negative) sign of change
indicates electron (hole) doping in graphene. Section I: Graphene
device kept in vacuum before exposure. Section II: Graphene device
exposed to different gas molecules. A sharp change is observed as soon
as the device is exposed. Section III: Resistivity reaches a steady value
and does not change much on evacuation of the measurement system.
Section IV: Degassing occurs on heating the graphene device to 150°C
and resistance comes to starting value, indicating that the device has
reached the pristine state (from ref. 48).
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with concentration in the range 0.0025-1% (Figure 2).
A 1nm thin layer of palladium was deposited on the
graphene by electron beam evaporation to enhance the H,
sensing activity. The sensitivity of the sensor is defined

Table 1. Nature of charge carrier
doping in graphene by different
common chemicals
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Figure 2. a, Change in resistance of graphene device from the pris-

tine state is observed when the device is exposed to hydrogen gas at
different concentrations (percentage of volume in dry air). The turn on
event of gas is shown by red arrow, while blue arrow indicates begin-
ning of flow of dry air. (Inset) Sensitivity of the device as a function of
H, concentration in log scale. b, Reproducible response is observed
when the sensor is exposed to a fixed concentration (0.05%) of H, six
times (from ref. 49).
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as (Rpeak — Ro)/Ro x 100%, where Ry is the highest
resistance of the sensor upon exposure to hydrogen gas,
and R, is resistance in ambient atmosphere. The sensiti-
vity was found to increase as the hydrogen concentration
in air increased. The behaviour is shown in Figure 2
inset, where the sensitivity is plotted with the logarithm
of hydrogen concentration, and a linear nature is
observed. The sensors show an increase of almost 10% in
resistivity to exposure of 1% of hydrogen concentration.
A measurable change in resistivity (0.2%) was also
observed corresponding to an exposure of 25 ppm hydro-
gen concentration. The presence of palladium is impor-
tant for the sensing action, as reported in similar works
involving hydrogen detection also****. The electron beam
evaporation leaves discrete palladium nanoparticles on
graphene. On exposure to hydrogen, these get converted
into PdHy, which is dipolar, with the hydrogen site being
positive. Now if we see the molecular structure of the
assembly, Pd sits directly on graphene, and the hydrogen
part of the formed dipolar PdHy sits on the top surface.
Thus, upon exposure to hydrogen gas, electrons accumu-
late in the interface between Pd and graphene carbon. The
induced electrons cause change in resistivity of graphene.
As the amount of hydrogen is increased, more electrons
are induced in the graphene channel, leading to enhanced
change in resistance. This is realized as increase in sensor
sensitivity. Without palladium, the sensors do not show
any appreciable change in resistivity, owing to the fact
that direct interaction of hydrogen and carbon is very
limited. Oxygen present in the air accelerates the
degassing, and Pd acts as catalyst.

Graphene FET solid-state sensors were used by Yoon
et al® in 2011 to sense CO,. The graphene flakes were
exfoliated from HOPG and transferred on oxidized sili-
con wafer with the aid of sticky polydimethylsiloxane
(PDMS) stamps. The desired amount of carbon dioxide
gas was mixed with highly purified nitrogen (79%) and
oxygen gas (21%) and the graphene sensor device was
exposed to it. CO, was found to get adsorbed on the gra-
phene surface much faster than other gases, because the
response time (time taken by the sensor to reach steady
state after exposure to gas) was much smaller. The sensi-
tivity of the sensor was linear, 0.17% per ppm of CO, in
air with concentration in the range 10-100 ppm (Figure
3). Chen et al.’' showed reproducible oxygen gas sensi-
tivity using wafer-scale CVD-grown graphene, trans-
ferred on oxidized silicon wafer. Oxygen gas molecules
attached on the surface of graphene enhance hole trans-
port, which in turn, causes change in resistivity.

Graphene-based sensors not only show high sensitivity
with good reproducibility, they also allow detection of
very small amount of subject gas molecule. Chen ef al.>
showed detection of sub ppt concentration of different
gas molecules like NH;, NO, NO,, N,O, etc. Ozone-
treated graphene allowed enhancement in performance of
the detection of NO, gas with extremely low, down to
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parts per billion concentration”. In another study, gra-
phene sensor was exposed to strongly diluted NO, gas.
The change in transverse resistivity (p,,) was observed to
occur not continuously, but in discreet steps. Similar
steps in p,, were also observed during the gas desorption
process*®. These steps were attributed to addition/subtrac-
tion of single electron from graphene channel (Figure 4).
Although there have been many reports showing sens-
ing application of graphene with good reproducibility, de-
tecting the type of gas molecule sitting on graphene with
confirmation was difficult. Rumyantsev ef al.”” reported a
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Figure 3. Change in conductance of graphene sensor device as a
function of CO, concentration. Similar result is observed when the
device is operated at the three mentioned temperatures (from ref. 50).
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Figure 4. The Hall resistance jumps during gas molecule absorption
and desorption on graphene. The green line is response obtained when
the device, after annealing, is kept in pure helium environment. Jumps
caused by single-electron addition (or subtraction) correspond to the
grid lines (from ref. 48).
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method based on low frequency conductance fluctuation.
Graphene field-effect devices, fabricated by mechanical
exfoliation followed by standard electron beam litho-
graphy, were exposed to vapours of different gases and low
frequency 1/f noise (conductance fluctuation) was meas-
ured using an spectrum analyser. Characteristic bulges
over the 1/f power spectrum were observed, where the
characteristic frequency is different for different types of
gas molecules (Figure 5). The appearance of the charac-
teristic frequency in 1/f noise spectrum can be attributed
to kinetics of adsorption—desorption mechanism of differ-
ent types of gas molecules, which has different timescales
for different species. Again, different gas molecules can
give rise to specific traps and scattering centres, which
give rise to conducting fluctuation with certain timescale,
which, in turn, may give rise to these characteristic
frequencies.

Graphene has not only been applied successfully for
detecting chemical vapours of different types; a lot of
effort is on going to apply graphene transistor as a radia-
tion sensor’**°. Foxe ef al.”® applied graphene transistor,
fabricated on SiC substrate, to detect alpha particle radia-
tion. A 3.4 um '°B conversion layer was chosen based on
Monte Carlo simulations to generate detectable a-particle
signal. Neutron hitting the layer of '°B of the specified
layer gives rise to a-particle with 1.78 MeV energy. A
measurable change in slope of transfer characteristics
(RV; curve) was observed after the device was exposed
to radiation. The observations are summarized in Table 2.

Electron beam radiation causes a shift in Dirac point of
graphene and changes the mobility of graphene. Gra-
phene, fabricated by electron beam lithography, usually
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Figure 5. The 1/f noise power spectrum of graphene device under

exposure to different gas vapours (shown in different colours). The
power spectral density is scaled by f/I* to make the spectrum independ-
ent of frequency and current passing in the device. Different vapours
introduce noise with specific characteristic frequency, which shows up
as a bulge over the expected flat scaled noise spectrum (from ref. 53).
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Effect of electron beam irradiation is summarized in brief. @, Dirac point is observed to shift

to the more negative gate voltage upon exposure of a device with electron beam, with mentioned dosage.
b, Disorder induced D peak shows up in Raman spectra after a similar device is exposed to electron
beam, indicating formation of defect in graphene sheet caused by the electron beam. The spectra have

been shifted for clarity (from ref. 56).

Table 2. Change in slope of RV
curve caused by a-particle radiation®

Event Slope (kQ/V)
No. post -135+10
a post 54 +3

becomes hole-doped at the end of the process, which is
related to residues of polymer and water molecules of the
environment left on graphene. Thus, low dosage of elec-
tron beam neutralizes the additional hole doped and shifts
the experimental Dirac point towards 0 V. As reported by
Childres et al.’®, for a typical graphene FET, the experi-
mental Dirac point was found to shift to 4.9V from
16.3 V after the device was exposed to a electron dose of
112.5 e/nm®. After the device was exposed multiple
times, accumulating a total dose of 4500 e/nm?’, the
Dirac point shifted to —3.8 V and the mobility was re-
duced by 5 to 6 times (Figure 6). The electron beam irra-
diation generated electron—hole pairs, and the holes,
being less mobile, get trapped in the graphene—SiO, inter-
face. This generated electron-hole pairs induce electric
field at the interface between SiO, and graphene, which
adds to the electric field applied by back gate. Similar
experiment on suspended graphene, where the oxide
underneath the graphene was chemically etched, shows
lesser shift in Dirac point, indicating the importance of
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the presence of SiO, substrate. Raman spectroscopy
revealed disorder-induced D peaks, revealing defects in
lattice structure caused by electron beam on graphene
layer””*® (Figure 6). This observation reveals that micro-
scopy of graphene like SEM, TEM causes additional
defects in it, which limit its mobility.

Conclusions

In terms of sensitivity and selectivity graphene-based
sensors are comparable to, and sometimes more effective
than the state-of-the-art solid-state sensors. They have
attractive features like room-temperature applications,
very low energy activation arising from zero band gap,
low fabrication cost, etc. However, there exist certain
limiting factors which inhibit its widespread commercial
application. Room-temperature hysteresis, which is
common in graphene devices, make the response of the
devices uncertain. Although the response time of the
devices is fast, the recovery time of these devices is slow;
it can take a graphene device up to thousands of seconds
to reach back to its pristine condition. Presence of impu-
rities on the surface from fabrication process causes the
devices to be different from each other, which makes ex-
tracting a universal behaviour difficult. Some theoretical
predictions and experimental results show that the pres-
ence of foreign chemicals or defects improves the sensor
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action

391 The highest quality graphene is still obtained

by exfoliation of graphite — a process not amenable to in-
dustrial-scale production. New graphene production tech-
niques, device fabrication methods and experiments must
be designed addressing these problems if graphene de-
vices are to emerge as the next-generation smart sensors.
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