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Abstract: The authors report a detailed investigation of the flicker noise (1/f noise) in graphene films obtained from chemical
vapour deposition (CVD) and chemical reduction of graphene oxide. The authors find that in the case of polycrystalline
graphene films grown by CVD, the grain boundaries and other structural defects are the dominant source of noise by acting
as charged trap centres resulting in huge increase in noise as compared with that of exfoliated graphene. A study of the
kinetics of defects in hydrazine-reduced graphene oxide (RGO) films as a function of the extent of reduction showed that for
longer hydrazine treatment time strong localised crystal defects are introduced in RGO, whereas the RGO with shorter
hydrazine treatment showed the presence of large number of mobile defects leading to higher noise amplitude.
1 Introduction

Graphene, which represents a truly two-dimensional (2D)
material consisting of a single layer of C atoms, has
attracted much attention owing to its unique electronic
properties [1, 2]. Ballistic transport with extremely high
mobilities of above 2 × 105 cm2/Vs have been reported in
suspended graphene [3] and on boron nitride substrate [4]
facilitating studies on many exotic physical phenomena
unique to graphene. Apart from the fundamental physics,
graphene also has potential applications as transparent
electrodes in solar cells [5], as ultra-highfrequency
transistors [6], in flexible electronics and optoelectronics [7,
8] and as sensors [9, 10]. Even though graphene obtained
from micromechanical exfoliation of natural graphite is
usually superior in quality and has been the backbone of
most of the basic research, technological applicability of
graphene relies in its large-scale production. Recent
advances in this direction include epitaxial growth of
graphene on SiC [11], thermal decomposition of
hydrocarbon gases/liquids on transition metals by chemical
vapour deposition (CVD) [12–14] and finally chemical
exfoliation and reduction of graphene oxide (GO) [15].
Among these the most promising technique has been that of
CVD because of its simplicity, cost-effectiveness and
tunability to produce large-sized grains [16–18] and has
resulted in industrial scale production of graphene films as
large as 30 inches, which can be transferred onto any
arbitrary substrate [19]. Another method which has recently
attracted immense interest is the chemical reduction of GO.
Even though reduced graphene oxide (RGO) has much
lower mobilities compared with the graphene grown from
CVD and epitaxial methods, by reducing the extent of
disorder, RGO can be used efficiently in nanoelectronics
applications [20–22].
The main challenge in the implementation of CVD grown

graphene is its polycrystallinity, which can affect the
electrical, mechanical and thermal properties of the
otherwise pristine graphene film and have been shown to
lead to strong carrier scattering at the grain boundaries
resulting in lower mobilities and localisation behaviour [23–
31]. However, a recent series of experiments have
established that the electrical and mechanical properties of
the graphene grain boundaries are governed entirely by the
arrangement of the defects at the boundary and can even
result in an enhancement of the properties for good
interdomain connectivity [32, 33]. There could also be
other structural defects in the large area graphene films,
which originate during the polymer-assisted transfer of
graphene from the Cu (or other transition metals) foil to the
substrate. These Stone–Wales defects and the grain
boundaries are known to be very reactive and can adsorb
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chemical species which can also result in enhanced scattering
[34]. Although this could be made useful for applications like
sensing, they could considerably degrade the electronic
transport.
An important aspect of the grain boundaries, which

remains essentially unknown but governs the device utility
for sensing and other nanoelectronic applications is the
intrinsic electrical noise known as the ‘flicker’ noise or the
1/f noise. The 1/f noise depends on the nature and dynamics
of the disorder and provides information that is very
different from that obtained from time-averaged transport.
In the case of polycrystalline graphene, it is thus very
important to understand and quantify the noise levels
arising from the grain boundaries and other structural
disorder. In RGO, it has been observed that the presence of
chemical disorder like oxygen functional groups leads to
the formation of localised states and can significantly
degrade the electronic transport [21, 22]. The effect of the
localised states on the electronic transport of various 2D
layered materials have been studied previously [35, 36]. In
this article, we study the origin of 1/f noise in large area
graphene films grown by CVD technique and those
obtained by chemical reduction of GO. We find that the 1/f
noise in polycrystalline CVD grown graphene is
significantly larger than in exfoliated graphene films. In the
case of RGO, a detailed investigation of the nature as well
as the kinetics of disorder was carried out using
low-frequency noise measurements.

2 Sample fabrication and characterization

2.1 CVD grown graphene

The large-scale graphene films synthesised using the CVD
technique are typically polycrystalline, and this arises
because of the uncontrolled nucleation of graphene domains
on the defect sites in Cu, which subsequently grow and
coalesce to form a polycrystalline film. Cu is preferred over
the other transition metals because of its low solubility of C
which results in predominantly single layers of graphene.
Recent studies have concentrated on studying the various
growth space parameters such as the temperature, precursor
gas flow rates and partial pressures which can result in
larger sized grains of graphene [17, 18]. Later, it was
reported that low-pressure CVD growth of graphene inside
copper enclosures resulted in single-layer graphene grains
of sizes reaching up to 0.5 mm [16]. This was followed by
a surge of various techniques to obtain millimetre-sized
single grains of graphene by improving the surface
morphology of copper through electropolishing and
annealing [37, 38]. In our experiments, we have varied the
annealing time of the Cu foil prior to graphene growth
which reduces the defect sites and thus results in lower
nucleation of graphene domains and larger growth rate
giving rise to large-sized grains. The CVD graphene was
grown by the thermal decomposition of methane gas in the
presence of H2 gas (5 sccm CH4: 1000 sccm of H2) at
1000°C for 30 s on 99.8% pure Cu foil. The pre-annealing
time of the Cu foils were varied from 5 min to 5 h leading
to the results shown in Fig. 1a. For a pre-anneal time of
5 min, we find that there is a large density of graphene
nucleations, which reduces considerably with increase in
the pre-anneal time to 2 h where we also observe larger
single crystal grains because of faster growth rate. Finally,
for large pre-anneal time of 5 h, we see a complete
graphene film coverage on Cu. These graphene films
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consist of 90% single-layer graphene and a few multilayer
patches, which grow especially at the nucleation sites. The
Raman characterisation (with green laser of l ∼ 514.5 nm)
of the graphene films on Cu showed a large D peak (at
1350 cm−1) at the grain boundary region, whereas inside a
single grain the D peak was absent as can be seen from
Fig. 1b. This is an indication that the grain boundaries can
act as strong short-range scattering centres. Graphene grown
on Cu foil was transferred onto Si/SiO2 wafer by coating
poly(methyl methacrylate) (PMMA) on the graphene/Cu
foil which was followed by etching out the Cu in ferric
chloride solution (1.75 g of FeCl3/5 ml of concentrated
HCl/50 ml deionised water). The PMMA/graphene film was
then rinsed thoroughly in deionised water and then
transferred onto Si/SiO2 wafer after which the PMMA was
dissolved using acetone leaving graphene on SiO2. Metal
contacts on the transferred graphene were defined using
standard e-beam lithography followed by thermal deposition
of 50 nm of Au or 10 nm Ti/50 nm Au. The standard
resistance against gate voltage characteristics of one such
device with Si as the backgate is shown in Fig. 1c for
various temperatures in which the sheet carrier density (n)
was estimated from the gate capacitance. We observe
field-effect mobilities ranging from ∼ 400 to 1500 cm2/Vs
in our devices of CVD grown single layer graphene (SLG)
on SiO2, which is much lower than that of exfoliated
graphene on SiO2 [1, 2] and is the consequence of the
polycrystalline nature of the CVD grown graphene films.

2.2 Reduced graphene oxide

GO was chemically exfoliated from graphite powder by
modified Hummer’s method [39, 40] and dropcasted on
SiO2 (90 nm)/Si(n++ ) substrate. After that the oxygen
functional groups of GO were reduced with hydrazine
vapour at 100°C for different durations of treatment time
[41]. Here, we have used three types of samples: (i) GO,
(ii) reduced GO with 5 min of hydrazine treatment (RGO:5)
and (iii) reduced GO with 30 min of hydrazine treatment
(RGO:30). Fig. 2a shows the Raman spectroscopy of these
three types of samples with highly intense D peak
indicating extensive structural disorder in the samples [42].
Interestingly, the intensity of D peak of RGO:30 is much
more than that of RGO:5 and GO. We have plotted the
value of the ratio of the intensity of D peak to that of G
peak (ID/IG) for three samples as a function of the time of
hydrazine treatment in Fig. 2b, which shows that on an
average the value of ID/IG is more in the case of RGO:30
than the others. This indicates that hydrazine treatment for
longer time introduces more disorder through localised
crystal defects leading to the reduction of in-plane sp2

domain size because of extensive reduction [43]. We find
that the ID/IG ratios of RGO:30 and RGO:5 have a median
value of 1.19 and 1.17, with a range of variation of 1.19+0.2

−0.1
and 1.17 ± 0.1 around this median value, respectively.
However, the relative standard deviations of ID/IG about the
average values for GO and RGO are about 4 and 8%,
respectively, which indicates that the fabrication process of
RGO and GO is quite reproducible.
To measure the transport properties, contact pads were

made on GO and RGO through standard e-beam
lithography followed by thermal evaporation of 10 nm Cr/
50 nm Au. At room temperature, the source–drain current
(ISD) of the samples RGO:30 and RGO:5 measured by
varying the back-gate voltage (VBG) showed a large
hysteresis as shown in Figs. 2c and d. The origin of such
53
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Fig. 1 Sample fabrication and characterisation of CVD grown graphene

a SEM images showing graphene growth on Cu foil where the pre-annealing time of Cu prior to graphene growth was changed to 5 min, 2 h and 5 h, respectively
b Comparison of Raman spectra obtained at the grain boundary region (GB) and inside a single grain (SG) shows a large D peak signifying large disorder at the
grain boundary
c Standard R–Vg characteristics for polycrystalline CVD grown graphene is shown for different temperatures
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large hysteresis can be attributed to the charge traps present at
the interface of RGO (GO) and the SiO2 substrate [44, 45] and
the adsorbed water molecules by SiO2 and RGO [46]. Since
hydrazine treatment cannot reduce all the oxygen groups
present in the GO sheets, these internal charged impurities
can also contribute to the large hysteresis observed in ISD
Fig. 2 Sample fabrication and characterisation of GO and RGO

a Raman spectroscopy of RGO:30, RGO:5 and GO which shows that the intensity
b Ratio of intensity of D peak to the intensity of G peak (ID/IG) for all three samp
ISD against VBG plot of
c RGO:30 and
d RGO:5
The direction of arrows indicates the sweep direction of VBG. The inset in (c) and (d)
and a typical device structure of RGO:5, respectively
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with changing VBG. Hydrazine treatment introduces some
nitrogen doping in RGO through reaction with the carbonyl
groups of GO resulting in electron doping which gives
Dirac point at negative back-gate voltages [43, 47]. We also
find that the resistance of the unreduced GO which is in the
order of gigaohm, decreases to the order of megaohm in
of D peak of RGO:30 is more than that of others
les with different timescales of hydrazine treatment

show the conductivity (σ) of the RGO:30 sample as a function of temperature
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RGO:30 and RGO:5 as GO undergoes the hydrazine
treatment. The conductivity of these samples increases with
increasing temperature as depicted in the inset of Fig. 2c,
indicating the insulating behaviour of these highly
disordered samples.
3 Experiment

The 1/f noise in the CVD graphene devices were measured
using an AC four-probe Wheatstone bridge configuration
with a dual-channel Lock-in amplifier (SR830) [48] under
high vacuum conditions as is shown in the schematic in
Fig. 3a. The sample was biased by an AC carrier signal
generated by the internal oscillator of the LIA. The output
voltage from the sample is amplified by using a low-noise
voltage preamplifier (SR560), which after balancing across
a standard resistor is recorded by the lock-in amplifier
(LIA) at two different phases. The in-phase component
(recorded in X ) is the sum of the sample signal and the
background, whereas the quadrature component (recorded
in Y ) consists of only the background. The normalised
resistance fluctuations obtained from voltage fluctuations at
the LIA output as a function of time is shown in Fig. 3b for
different carrier densities (n) in CVD graphene whose R–Vg

characteristics is plotted in the inset of Fig. 3c. This time
series data is then digitised and undergoes multistage
decimation followed by digital processing using fast Fourier
transform to finally obtain the power spectral density
(PSD). The background noise obtained from the
Y-component is then subtracted to obtain the noise power
spectrum from the sample alone. In case of RGO, because
of its very high resistance (of the order of megaohm) we
derived current PSD by measuring low-frequency current
fluctuations in a two-probe geometry while applying a
Fig. 3 Noise measurement scheme

a Optical image of a typical measured device showing the Wheatstone bridge arra
b Time series of resistance fluctuations in the CVD-SLG device at different densit
c Normalised PSD at various densities is shown for the CVD-SLG device whose R
d Power spectra of 1/f noise normalised with the source–drain current at different
The inset displays the value of the exponent α which remains in between 1.1 and
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constant amplitude AC source–drain voltage using lock-in
amplifier. The normalised PSD for CVD graphene (SR/R

2)
and RGO (SI/I

2) at different carrier densities are plotted in
Fig. 3c and d, respectively. The inset in Fig. 3d displays the
value of the noise exponent α for the RGO device which
remains in between 1.1 and 1.25 at different VBG. In both
the cases, the noise spectra showed 1/f characteristics
indicating the presence of mobile disorder with a wide
distribution of time scales.
4 Results and discussions

The normalised PSD, SR/R
2 at 1 Hz is plotted as a function of

carrier density for exfoliated SLG and CVD grown SLG on
SiO2 in Figs. 4a and b, respectively. We clearly see that in
both the cases the noise is maximum at lower n and
decreases at higher n. Earlier reports attribute the origin of
noise in graphene to the trapping–detrapping of carriers by
the charged traps at the oxide interface and also because of
the rearrangement of the trapped charges within the
substrate leading to random fluctuations in the scattering
cross-section [49–53]. At higher densities, because of the
enhanced screening of these traps by the carriers in
graphene, the sensitivity of graphene resistance to these
processes is weakened leading to lower noise levels. Since
these processes follow an activated behaviour, we expect
the noise in these devices to increase at higher
temperatures. This behaviour was indeed observed and is
plotted in the inset of Fig. 4b.
To understand the effect of the various structural disorder

on continuous polycrystalline films of graphene, we
fabricated devices where the length of the graphene channel
between the voltage probes were varied from <1 to 100 μm.
A comparison of the noise levels for different channel
ngement for noise measurements
ies, n(1012 cm−2)
–Vg is given in the inset

back-gate voltages of RGO:30 at room temperature
1.25 at different VBG representing the 1/f noise
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Fig. 4 Noise in CVD grown graphene

a Normalised PSD, SR/R
2 at 1 Hz as a function of density is plotted for exfoliated SLG on SiO2 at T = 88 K

b SR/R
2 at 1 Hz as a function of density for CVD grown SLG on SiO2 at T = 150 K

The inset shows noise as a function of temperature displaying activated behaviour
cDependence of noise characterised by γH as a function of the length of the graphene channel between the voltage probes is shown for two devices, Dev A and Dev
B at n = 2 × 1012 cm−2for temperatures 80 and 300 K
The inset in (c) shows the schematic of the measured devices where the number of grain boundaries increases progressively for larger channel lengths leading to
huge increase in γH
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lengths is made by using the phenomenological Hooge
parameter given by

gH = nAf a × SR/R
2( )

(1)

where A is the area of graphene between the voltage leads.
The γH as a function of channel length calculated at n = 2 ×
1012 cm−2 for two devices, Dev A and Dev B is shown in
Fig. 4c at temperatures 80 and 300 K. We observe almost
an order of magnitude reduction in the Hooge parameter for
graphene channels of length ≤1 μm. The inset of Fig. 4c
shows the schematic of the measured devices which
illustrates that the number of grain boundaries and other
structural defects are lower in the shorter channels, whereas
in the longer channels they dominate the noise
characteristics of the graphene channel.
Fig. 5 Noise in reduced graphene oxide films

a Variance of noise power spectra normalised with the source–drain current (SI/I
2)

b Noise amplitude, NA[ = (SI/I
2) × area of the sample] at different back-gate voltag
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CVD grown SLG is known to be intrinsically disordered
because of the grain boundaries formed during growth and
the point defects and inhomogeneities generated during the
mechanical transfer process from Cu foil to SiO2 wafer. It
has been shown theoretically that the extended lattice
defects like edges and grain boundaries can give rise to
localised states near the Fermi energy, which can result in
charge transfer between the grain boundary and the bulk via
‘self-doping’ [54, 55]. Also since the grain boundaries are
chemically more reactive because of larger binding energies
and the presence of dangling bonds, they could serve as
preferential adsorption sites for many functional groups
which could also lead to additional doping [34, 56]. We
believe that the noise in CVD grown SLG is largely
because of the above two reasons in addition to the charged
traps in the SiO2 substrate. The fluctuations in the number
plotted as a function of carrier density (n) of RGO:30 at room temperature
es of both RGO:30 and RGO:5

IET Circuits Devices Syst., 2015, Vol. 9, Iss. 1, pp. 52–58
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of carriers because of the trapping–detrapping processes at the
grain boundary along with the fluctuations in the potential
barrier at the grain boundary could result in large noise
across the grain boundary in graphene [57]. Apart from the
grain boundaries, the other sources of structural defects are
the vacancies, ripples and multilayer patches which would
depend on the growth space parameters and the transfer
processes. This proves beyond doubt that more attention is
needed in growing larger single crystal grains of graphene
if we have to use CVD grown graphene for low-noise
electronic device applications.
The structural defects have a common presence in the large

area graphene films, regardless of the growth technique and
transfer conditions. Next, we investigate the role of
chemical defects in the transport of RGO films through 1/f
noise. The low-frequency noise measurements were
performed on two probe devices of both RGO:30 and
RGO:5 in a high vacuum environment at room temperature.
We have plotted the noise magnitude, which is the
normalised PSD (SI/I

2), as a function of carrier density (n)
of the sample RGO:30 as depicted in Fig. 5a. Fig. 5 clearly
indicates that the dominant noise mechanism in the RGO
devices is very different from CVD or exfoliated graphene.
As the carrier density increases, the reduction of noise
magnitude can be observed, although the decrease is much
weaker in this case. It is possible that because of extensive
chemical disorder, the charge distribution in RGO is highly
inhomogeneous and the change in gate voltage does not
affect the overall screening much. Interestingly, we can see
in Fig. 5b that the noise amplitude NA[ = (SI/I

2) × area of the
sample] of RGO:5 is almost two times larger than that of
RGO:30 [58]. In RGO:5, all the oxygen functional groups
might not have been removed because of the shorter time of
hydrazine treatment (5 min). The remaining oxygen
functional groups are weakly bonded to the RGO sheets
and this chemical disorder could probably be attributed as
the mobile defects in RGO:5 leading to a larger noise
amplitude. In RGO:30, hydrazine treatment for longer time
introduces greater density of localised structural defects as
observed in Raman spectroscopy. Kinetics of these
structural defects are likely to involve much larger energy
barriers, resulting in relatively lower noise amplitude.
Fig. 6 Comparison of the actual noise levels made by calculating
the Hooge parameter, γH for the three cases, (i) Ex-SLG,
(ii) CVD-SLG and (iii) RGO is plotted for densities 0.2 and
1.8 × 1012 cm−2 at 300 K
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Finally, we compare the noise levels of CVD grown SLG
and RGO films with that of exfoliated graphene. In Fig. 6,
the Hooge parameter at 300 K for the three devices are
plotted at carrier densities, n = 0.2 and 1.8 × 1012 cm−2. We
find that the noise in CVD grown graphene is much larger
than the noise in exfoliated graphene because of the
presence of grain boundaries and other structural defects
which arises during the growth and the mechanical transfer
processes. The noise in RGO is almost two orders of
magnitude higher than disordered CVD grown graphene.
This can be attributed to the presence of mobile defects in
RGO in the form of chemical disorder such as oxygen
functional groups and structural defects created by
hydrazine reduction.

5 Conclusion

In conclusion, we have investigated the noise performance of
large area graphene films grown by CVD and reduction of GO
and identified the possible sources of disorder in these films.
We observe that the kinetics and magnitude of disorder in
RGO are strongly affected by the duration of hydrazine
treatment. Hydrazine treatment for longer time creates
localised lattice defects, whereas shorter time of hydrazine
treatment introduces a large number of mobile defects as
evident from Raman spectroscopy and noise measurements.
To obtain high-mobility RGO, characterising the defect
dynamics in RGO for various durations of hydrazine
treatment is absolutely essential. In the case of
polycrystalline graphene films grown by CVD, we infer that
the grain boundaries and other structural defects act as the
major source of noise because of the trapping–detrapping of
charge carriers at these defect sites. Although this feature of
the grain boundaries could be exploited for sensors, it needs
to be addressed for other electronic applications that require
lower noise levels.
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