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ABSTRACT

This Letter investigates low frequency 1=f noise in an hBN encapsulated graphene device in a dual gated geometry. The noise study is
performed as a function of top gate carrier density (nTG) at different back gate density (nBG). The noise at low nBG is found to be
independent of top gate carrier density. With increasing nBG, noise value increases, and a noise peak is observed near charge inhomogeneity
of the device. A further increase in nBG leads to a decrease in noise magnitude. The shape of the noise is found to be closely related to a
charge inhomogeneity region of the device. Moreover, the noise and conductivity data near charge neutrality show clear evidence of noise
emanating from a combination of charge number and mobility fluctuation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0147446

Graphene, a single sheet of carbon has emerged as one of the
most promising candidates for the future device applications, which
can supersede the silicon technology. However, graphene devices are
very sensitive to disorder fluctuations, which lead to fluctuations in
channel current.1,2 Thus, quantifying the effect of the disorder
becomes crucial for using the graphene based devices for practical
applications. The low frequency 1=f noise technique has been used
extensively to study the effect of various disorders like roughness and
trap states in the substrate,3 short and long range disorder,4 metal con-
tact to graphene,5 charge inhomogeneity,6 grain boundaries,7 etc. The
1=f noise not only affects the low frequency<100 kHz, but its possible
upconversion also affects the phase noise at higher frequency. Thus,
understanding the noise spectrum in graphene devices becomes cardi-
nal for technological applications.

However, even after more than a decade of extensive research,
there is no consensus on the origin and mechanism of 1=f noise in
graphene devices.1,8–10 The noise study in graphene has been per-
formed on both silicon11,12 and hBN substrate.8–10,13 The study reveals
that the graphene devices on the hBN substrate show much smaller
noise as compared to the graphene on a silicon substrate. The noise
reduction in hBN encapsulated devices is associated with the better
screening of graphene from the trap states in the silicon substrate and
to a very smooth surface of hBN which is free of dangling bonds.8–10,13

However, noise in hBN encapsulated graphene devices shows different
shapes and magnitudes as a function of the carrier density.8–10,13

Moreover, the noise magnitude varies from device to device and also
depends on the type of encapsulating hBN—commercial hBN or
NIMS hBN.10 Furthermore, it is reported that the noise magnitude in
hBN encapsulated graphene can be further reduced by adding an addi-
tional graphite gate.10 Thus, there is an increasing evidence that the
carrier number fluctuation is the major noise source in graphene devi-
ces both on silicon and hBN encapsulated devices. However, there are
also evidences of noise stemming from mobility fluctuations as well.
The claim is made on the basis of electron-beam irradiated gra-
phene11,14 on the silicon substrate and from non-monotonous varia-
tion of noise with a magnetic field in hBN encapsulated15 and
suspended16 graphene devices.

In this Letter, we present a schematic study of low frequency 1=f
noise in the hBN encapsulated graphene device in a dual gated geome-
try. We have performed noise study in a small region of graphene,
which is underneath the top gate. The noise measurements are per-
formed as a function of top gate carrier density (nTG) at different back
gate density (nBG). We find that noise is small and almost independent
of nTG at small values of nBG. With increasing nBG, noise starts to
increase and obtains a maximum value near nBG ¼ 1:5� 1012 cm�2.
With the further increase in nBG, the noise value decreases and
becomes independent of nBG. Moreover, our measurements show that
the noise amplitude is minimum at the charge neutrality point (CNP),
and it increases on both sides with electron and hole doping with its
peak appearing close to the charge inhomogeneity of the device. Our
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results show that noise in hBN encapsulated graphene can be tuned by
nearly two orders of magnitude. Furthermore, our analysis of noise
and channel conductivity provides a clear evidence of noise emanating
from a combination of the charge number and mobility fluctuation.

The hBN encapsulated graphene device is fabricated by following
the standard dry transfer technique.17 In brief, a glass slide is prepared
with a poly methyl methacrylate (PMMA) layer, and graphene is exfo-
liated on it. The hBN is exfoliated on a freshly cleaved highly p doped
silicon wafer. The glass slide containing PMMA and graphene is
loaded in a micro-manipulator, and graphene is transferred on hBN.
This is followed by cleaning the stack of hBN/graphene in acetone fol-
lowed by IPA cleaning. A standard electron beam lithography proce-
dure is used to pattern contacts on the graphene heterostructure,
followed by thermal evaporation of 5 nm chromium and 70nm gold
at the base pressure of 3 � 10�7 mbar. The device is annealed in vac-
uum for 3 h at 400 �C. To define the top gate, a thin top hBN is trans-
ferred on the hBN/
graphene stack. This is followed by the final step where electron beam
lithography is used to pattern the contacts, followed by metal
deposition.

Figure 1(a) presents the schematic of our device along with the
resistance measurement scheme. The optical image of the device is
shown in supplementary material Fig. S1. All the measurements are
performed at 77K. The graphene is encapsulated between the top and
bottom hBN. The carrier density in the device is tuned by the combi-
nation of top gate and back gate voltages. The thin top hBN and
300nm thick SiO2 act as the top and back gate dielectric, respectively.
The back gate controls the density throughout the graphene channel
while the top gate tunes the carrier density in a small portion of gra-
phene, underneath the top gate. The total channel length and width
are 8 and 2 lm, respectively. The distance between voltage probes is
4lm, and the top gate width is 2lm. Figure 1(b) shows the four probe
conductivity data as a function of the top gate and back gate carrier
density. A horizontal and diagonal stripe can be seen in the figure
where the conductivity is minimum. The horizontal stripe corresponds
to the Dirac point throughout the graphene channel, which is inde-
pendent of the top gate carrier density while the diagonal stripe repre-
sents the Dirac cone in a small portion of graphene under the top gate

region. Doping of carrier density (either electron or hole) leads to an
increase in conductivity. This is shown explicitly in figure (c) and (d)
by taking horizontal and vertical cut lines from Fig. 1(b), denoted by
dashed arrows. We estimate the top hBN thickness to be�14 nm.

The low frequency noise is a versatile tool to study the effect of
metal contact, charge fluctuation, screening, etc., on the device con-
ductivity, which cannot be accessed by the traditional conductivity
measurement methods.1,2 It is characterized by normalized power
spectral density, which is inversely proportional to the frequency,
SV=V2 / f �b, with b¼ 1. In most of the semiconducting devices, the
noise power spectral density follows an empirical relation:1,2

SV=V
2 ¼ aH=Nf

b; (1)

where SV=V2 is the normalized voltage noise density, f is the fre-
quency, V is the bias voltage, N is the total number of charge carriers,
and aH is Hooge’s parameter.

Figure 2(a) shows the normalized voltage noise density (SV=V2)
at fixed nBG for a few representative neff. The measurement setup is dis-
cussed in the supplementary material. A clear 1=f noise behavior with
b � 1 can be seen from the figure. The noise value is quantified by cal-
culating the noise amplitude (A), which is defined as1

A ¼ 1
N

XN

n¼1
fnSVn=V

2
n : (2)

Here, SVn=V2
n is the normalized noise spectral density at n differ-

ent frequencies fn. The other method to quantify the noise amplitude
is to measure the normalized noise spectral density at a fixed fre-
quency; however, this method is more prone to errors.18

Figures 2(b) and 2(c) show the noise amplitude as a function of
the effective carrier density (neff ¼ nTG � nDirac) beneath the top gate
for different values of nBG with nBG > 0. At low nBG (close to the back
gate Dirac point), the noise is almost independent of the effective car-
rier concentration. As the back gate density is increased, the noise
amplitude starts increasing. The noise amplitude shows a clear “M”
shape with effective density at nBG ¼ 1:3� 1012cm�2. With the fur-
ther increase in nBG, the noise amplitude increases and obtains a maxi-
mum peak value of �1:1� 10�7 at nBG ¼ 1:5� 1012cm�2. A further

FIG. 1. (a) Schematic of the measured hBN encapsulated graphene device along with the resistance measurement scheme. The device is fabricated using the dry transfer
technique.17 The graphene is encapsulated between the top and bottom hBN with thickness �14 and �25 nm, respectively. The back gate controls the carrier density through-
out the device while the top gate controls the carrier density only beneath the top gate region. (b) 2D color map of conductivity as a function of the top gate and back gate car-
rier density. The horizontal blue stripe shows the Dirac point throughout the device while the diagonal stripe shows the Dirac point from a small section of graphene
underneath the top gate region. The vertical and horizontal cut line from panel (b) is presented in (c) and (d), respectively. As can be seen, the conductivity is minimum at the
Dirac point and increases with electron or hole doping. All the measurements are performed at 77 K.
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increase in nBG leads to an overall decrease in the noise amplitude.
Our measurements show a similar trend for negative values of nBG
(supplementary material Fig. S4). To elucidate the noise behavior
with back gate carrier concentration, we plot the noise amplitude with
nBG in Fig. 3. It is obtained by finding the maximum noise amplitude
value for different nBG from Figs. 2(b), 2(c), and supplementary mate-
rial Fig. S4.

The noise in graphene shows various shapes and noise magni-
tudes,1,3,8–10,13,15,16,19–25 and they have been explained considering the
charge number fluctuation or carrier mobility fluctuation model or the

combination of both. According to the McWhorter charge number
fluctuation model, the 1=f noise originates from charge trapping and
detrapping events occurring between the channel and the trap states in
gate oxides, which are located at different distances from the channel.
The noise spectral density is written as26

SI=I
2 ¼ kkTNt

fAVn2
: (3)

Here, k is the tunneling constant, Nt is the trap concentration near
Fermi energy, A is the gate area, and n is the carrier concentration in
the device. It is important to note that our device has two different
regions with different carrier concentrations—one underneath the top
gate, where the density is controlled by the combination of the back
gate and top gate and other where the density is determined only by
the back gate. Although our measurements are performed as a func-
tion of the top gate carrier density, but since the voltage probes are
present in the back gate region, the noise in our device can originate
from a combination of back gate and top gate regions. Since neff is kept
constant in the top gate region, the McWhorter charge number fluctu-
ation models predict a decrease in noise with increasing nBG, which is
in stark contrast with our experimental results, which show non-
monotonous density dependence (Fig. 3).

Recent years have seen increasing evidence of mobility fluctua-
tion in graphene devices.1,11,14–16 The mobility fluctuation model pre-
dicts that noise originates from the superposition of multiple events,
which changes the scattering cross section r. The power spectral den-
sity is given by1,15,16

SI=I
2 / Nl

t

V
sfð1� fÞ
1þ ðxsÞ2

l20ðr2 � r1Þ2; (4)

whereNl
t is the concentration of centers contributing to mobility fluctu-

ation, s is the characteristic time, fð1� fÞ is the probability of with
cross section r1ð1� rÞ, V is the volume of the sample, and l0 is the
mean free path. The model predicts that noise is directly proportional to
Nl
t and l20 . The mean free path (l0) is calculated from the r Vs nBG

curve, obtained from Fig. 1(a) by taking vertical cut at nTG ¼ 0 (the

FIG. 2. (a) Normalized noise spectral density in the hBN encapsulated graphene device at few representative neff at nBG ¼ 1:5� 1012cm�2. The dashed line represents a
pure 1=f line with b¼ 1. (b) and (c) Noise amplitude (A) as a function of the effective carrier density neff¼ nTG – nDirac underneath the top gate at different nBG. At low nBG,
the noise amplitude is almost independent of neff. With increasing nBG, noise increases and maximum noise is observed at nBG ¼ 1:5� 1012cm�2. The further increase in
nBG leads to reduction in the noise amplitude.

FIG. 3. Noise amplitude (A) and l20 on right and left y axes, respectively, as a func-
tion of the back gate carrier density at fixed neff � 1� 1011cm�2. The noise ampli-
tude is obtained by finding the maximum noise amplitude value for different nBG
from Figs. 2(b), 2(c), and supplementary material Fig. S4. The mean free path is
obtained from r Vs nBG plot (supplementary material Fig. S2), obtained by taking
vertical cut line at nTG¼ 0 from Fig. 1(b). The noise is found to increase with
increasing mean free path until a critical point beyond which noise decreases.
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supplementary material). The resultant l20 is plotted in the left axis of
Fig. 3. We find that the noise amplitude, A and l20 increases with
increasing nBG, which is consistent with the mobility fluctuation
model. However, beyond a critical l20 , noise starts to decrease. This can
be due to a decrease in Nl

t , which compensate the effect of increasing
l20 . Similar results were also reported by Cultrera et al.11

Moreover, the enhanced mean free path throughout the device
should also increase the conductivity in the top gated region. We plot
ðdr=dneff Þ2 for different nBG in Fig. 4(a). As can be seen from the fig-
ure, the charge inhomogeneity region is almost independent of nBG,
for nBG > 0:8� 1012 cm�2. We estimate dn � 1� 1011 cm�2, and
this is highlighted by gray stripe. In Fig. 4(b), we plot conductivity as a
function of neff for different nBG close to the Dirac point. We find an
increase in conductivity even in the dn region. To highlight the same,
we plot conductivity in the dn region as a function of nBG in Fig. 4(c).
It is obtained by taking vertical line traces from Fig. 4(b) in the dn
region. A clear increase in conductivity is found in the dn region.

However, by definition, the conductivity in the dn region should not
change. The increase in conductivity in the dn region underneath the
top gate can arise from an overall increase in the device mean free
path (Fig. 3), which is consistent with the mobility fluctuation model.

To understand the shape and position of noise in Figs. 2(b) and
2(c), we plot the noise amplitude (A) and ðdr=dneff Þ2 as a function of
neff for different set of back gate densities in Fig. 5 on right and left axes,
respectively. The dip in ðdr=dneff Þ2 corresponds to the Dirac point, and
the peaks correspond to the charge inhomogeneity (dn) of the graphene
channel underneath the top gate We find that the noise minimum coin-
cides with the Dirac point while the noise peak values are close to the
charge inhomogeneity point of the graphene channel underneath the
top gate (Fig. 5). Similar M shape noise behavior was also reported in
hBN encapsulated graphene as a function of the back gate carrier
density.27 The charge inhomogeneity model of Xu et al.28 can qualita-
tively explain the position of noise maximum in Figs. 5(a) and 5(c).
In the charge inhomogeneity region, the noise amplitude can be written

FIG. 4. (a) ðdr=dneff Þ2 as a function of the effective carrier density in the top gate region. The dip and peaks in ðdr=dneff Þ2 correspond to the Dirac point and charge inhomo-
geneity dn region underneath the top gate region. The estimated dn � 1� 1011cm2 is found to be independent of nBG. The shaded region represents the dn region. (b)
Conductivity as a function of the effective carrier density in the top gate region. The dn region is represented by the shaded gray region. An increase in conductivity is observed
even in the dn region. (c) Conductivity as a function of nBG at few representative points in the dn region, obtained by taking a vertical cut line from (b). A clear increase in con-
ductivity is observed with nBG even in the dn region.

FIG. 5. (a)–(c) Noise amplitude (A) and ðdr=dneff Þ2 on right and left y axes, respectively, as a function of the effective carrier density at few representative nBG. The dip in
ðdr=dneff Þ2 corresponds to the Dirac point underneath the top gate region, and the peaks correspond to charge the inhomogeneity region, dn. We estimate
dn � 1� 1011cm�2. The dip observed in noise corresponds to the Dirac point while the peaks in noise are near the dn.
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as a combination of noise originating from the electron and hole charge
puddles, i.e., A � aH=ðneDeÞ þ aH=ðnhDhÞ; here, n and D represent
the density and puddle size, respectively, and subscript represents the
electron–hole. Thus, electron doping in the channel will not only
increase the electron density but will also increase the electron puddle
size and decrease the hole puddle size. This leads to less noise due to
electron charge carriers and large noise due to minority charge carriers
leading to an increase in noise in the charge inhomogeneity region.
With the further increase in the carrier density, the minority (hole) pud-
dle size starts shrinking and can no longer contribute to the noise. Thus,
beyond the dn region, main contribution to noise comes from majority
(electron) carriers and, hence, noise decreases following the Hooges
Empirical relation, A � a=Ne. The disappearance of M shape noise in
Fig. 5(b) can be due to spatial variation of charge inhomogeneity or
Fermi energy fluctuation.29

In conclusion, our measurements have shown that various differ-
ent noise shapes and noise magnitude reported to date in hBN encap-
sulated devices can be realized in a single graphene device by
performing noise measurement in the dual gated geometry. Our
results show that at low back gate density, noise is small and is almost
independent of the effective carrier density. As the back gate density is
increased, the noise magnitude increases by almost two orders of mag-
nitude. With the further increase in the back gate density, the noise
magnitude decreases. From our analysis, we trace the origin of noise
emanating from a combination of the charge inhomogeneity and
mobility fluctuation mechanism.

See the supplementary material for optical image of the device,
mean free path calculation, 1=f noise measurement technique, and
noise contribution from top gated and non-top-gated regions.
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