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ABSTRACT: We have previously shown that one-dimensional edge contact to two-dimensional
heterostructure field effect transistors with a graphene channel, and hexagonal boron nitride, as both the
substrate material and top encapsulated layer, show ultrahigh carrier mobility and ultralow carrier noise
(low frequency noise, LFN). Although the noise mechanism of the transistor devices in the ON state
was modeled based on microscopic scattering mechanisms caused by charge carriers and phonons, the
model was based on normalized noise spectral density following Hooge’s noise model in the ON-state.
In this article, we show that the normalized noise current densities within the charge residual region of
two similarly fabricated edge-contacted and encapsulated graphene heterostructure field effect
transistors show different trends with overdrive voltage that resemble previously reported results in
the literature. Here we explain the poorly understood and conflicting LFN trends in the charge residual
region (low charge carrier regime) by correlating the spatial charge inhomogeneity near the Dirac point
in heterostructure devices to electron−hole puddles. By systematically studying the temperature-
dependent transport, LFN and by modeling the channel characteristics in such devices within the charge
residual region, we show that the carriers inside electron−hole puddles get pinned at lower temperatures and unpinned at higher
temperatures, as consistently shown in their normalized flat-band spectral variation as a function of overdrive voltage. More
generally, near the charge neutrality region of single-layer graphene devices, the LFN is described by a correlated carrier number and
mobility fluctuations of the charge carriers. Understanding the carrier physics in encapsulated high-performance and edge-contacted
heterostructure two-dimensional devices will aid us in not only engineering low-noise graphene-based FETs for future digital and
analog electronics but also understanding the noise associated with Dirac-type materials.
KEYWORDS: Electron−hole puddles, Encapsulated graphene, Hexagonal boron nitride, Low-frequency noise,
Heterostructure 2D field effect transistors

■ INTRODUCTION
Transport in monolayer graphene devices, mostly in field effect
transistor (FET) configurations, has brought several fascinating
discoveries, such as universal conductance fluctuation, weak
localization, phase coherence, and half integer quantum Hall
effect, to name a few.1−4 For practical applications, graphene
has also been used as a model two-dimensional atomically thin
material system due to its exceptionally high electronic
mobility, thermal conductivity, mechanical stiffness, and
optical transparency, almost all of which have been linked to
its linear band dispersion and associated massless Dirac
fermions.5−11 Due to its outstanding transport properties, it
has also been shown that the charge carriers in a graphene FET
(GFET) are sensitive enough (especially near the charge
neutrality point or Dirac point) to differentiate the current
fluctuations from those of their conventional counterparts such
as a silicon FET.12 Such fluctuations were also ascribed to
monolayer graphene’s linear band structure. However,
unexpected charge carrier screening (leading to an inverse

noise amplitude trend) has also been observed in a bilayer
GFET.13 Subsequently, a number of reports have studied the
scattering mechanisms experienced in GFETs fabricated on
SiO2 dielectrics to demonstrate the effects of charge impurities
and interface states in the oxide as well as at the oxide−
graphene interface, respectively.14,15 The findings have been
corroborated with noise studied in GFETs with suspended
channels.16,17 Low-frequency noise (LFN) is important to
understand and control in FET devices from several practical
standpoints, including but not limited to RF applications and
precision biosensing. Due to their ultrahigh mobility, ballistic
transport when encapsulated by hexagonal boron nitride
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(hBN), and linear ON current scaling with applied overdrive
voltage, GFETs have been proposed as future candidates for
RF wireless communication.18−21 Moreover, GFETs have also
been attributed with shifting Dirac points as a method for
sensing different biomolecules (e.g., glucose, immunoglobulin,
etc.) and living cell activities (e.g., E. coli in solution).22−25

Therefore, it is important to develop high-performance GFET
devices and understand their LFN characteristics at the charge
neutrality point (CNP) or the Dirac point.
In a transistor device the resistance fluctuation model,

explained by carrier mobility fluctuations in the device channel,
is termed as Hooge’s model with the noise in the system
characterized by a dimensionless quantity called Hooge’s
parameter.26 On the other hand, a second model relying on the
number density fluctuation of the charge carriers in the
semiconducting channel by random trapping and detrapping of
free carriers by traps in the substrate with time constant
distributions is explained by McWhorter’s model.27 Many LFN
studies have recently been performed on graphene FETs
(GFETs), and both fluctuation models have been employed in
data analysis.14,16,28−30 While the ON state noise in GFETs has
been extensively studied, understanding charge carrier
dynamics and the consequent 1/f noise, especially in the
charge residual region, will shed light on properties of
electron−hole puddles. A few studies have been performed,
explicitly addressing the 1/f noise characteristics in the charge
residual region of graphene.15,31,32 Xu et al. first addressed the
effect of space-charge inhomogeneity on 1/f noise near the
Dirac point of GFETs using Hooge’s model and analyzed the
change in puddle size with applied gate voltage to explain their
observation in GFETs fabricated on SiO2 substrate.

31 Take-
shita et al. attributed the anomalous behavior of noise in
GFETs at the Dirac point with pinning and depinning of
puddles in the channel.32 Kumar et al. have studied the
behavior of noise in hBN-encapsulated GFETs and have
explained the total noise observed around the CNP as noise
contributions from the contacts and channel.15 Although a few
studies have been performed on GFETs supported and
encapsulated by hBN, understanding the role of electron−
hole puddles in observed low-frequency noise around the
charge neutrality point as a function of operating temperature
in such heterostructure GFETs has not been addressed.15,33−36

Subsequent developments in GFETs have achieved sub-
stantial milestones: first, the introduction of hexagonal boron
nitride (hBN) as dielectric substrates as well as a top
encapsulation layer to two-dimensional (2D) channels in the
GFETs, and second, the ability to form one-dimensional (1D)
edge-contacts to 2D heterostructure GFETs (2D-
HGFETs).17,37−40 Due to close lattice matching between
graphene and hBN, the near-epitaxial interface provides very
high carrier mobility while reducing the carrier scattering
substantially. As such, combining the above two device
architectures, 1-D edge contacts to 2D-HGFETs with hBN
lead to outstanding transport properties.20,21,41,42 Although at
low temperatures (∼4 K) ballistic transport has been
demonstrated in these edge-contacted devices, in our previous
study we have demonstrated their ultralow noise properties
with Hooge parameters of ∼10−5 at 80 K and ∼10−3 at 300
K.20,43 However, the latter study was conducted at the ON
state of a single-layer graphene (SLG) device following the
mobility fluctuation model, where the carrier concentration is
high. Microscopic origins of the noise arising from several
scattering events, such as short-range scattering, long-range

Coulombic scattering, longitudinal acoustic (LA) phonon
scattering, and remote interfacial phonon (RIP) scattering,
were shown to be associated with the obtained noise. Although
the model was extended to within the charge residual region
around the Dirac point in the SLG device, there are number of
studies that have shown that the carrier concentration at the
Dirac point is orders of magnitude smaller than that at its ON
state and the spatial charge distribution forms electron−hole
puddles. Models have also been developed to understand the
electronic transport in this regime and confirm a percolation
transport physics in this region.5,44−49 Some prior studies on
LFN in the Dirac region have been made where they have used
either Hooge’s noise model (a mobility fluctuation model that
is usually valid at a high carrier concentration regime) or
microscopic scattering models based on various scattering
mechanisms. Consequently, several conflicting noise trends
(such as V-shaped vs Λ-shaped) have been reported in the
literature at the charge neutrality region. Takeshita et al. have
recently attributed the anomalous behavior of noise in GFETs
at the Dirac point to the pinning and depinning of puddles in
the channel but without any explanation of the detailed
underlying physics. The low charge carrier concentrations as
well as percolation transport channel arising from electron−
hole puddle physics, therefore, should provide fundamentally
different noise mechanisms in these devices in the charge
neutrality region (characterized by the McWorter model).
In this work, we systematically study the temperature-

dependent electrical transport and 1/f LFN on 1D contacts to
2D-HGFET and attribute specifically the role of electron−hole
puddles contributing to the flat band fluctuation model in two
identical devices to elucidate noise characteristics at the CNP.

■ DEVICE FABRICATION AND EXPERIMENT
Two SLG 2D-HGFETs with 1D edge contacts were fabricated using
an hBN/SLG/hBN heterostructure by a viscoelastic dry stamping
method,50 as shown in Figure 1a. For convenience, we label the
devices as “device 1” and “device 2”, respectively. The hetero-
structures consisted of a bottom hBN flake of thickness ∼50 nm, an
SLG channel, and a top encapsulated hBN of thickness ∼20 nm.
Electron-beam lithography and reactive ion etching techniques were
used to make one-dimensional edge contacts with 5 nm Ti and 80 nm

Figure 1. (a) Schematic showing viscoelastic stamping of bottom
hBN, SLG, and top hBN. (b) Schematic showing an edge-contacted
heterostructure field effect transistor. (c) Micrograph of a fabricated
2D-HGFET with SLG as the transistor channel (scale bar: 5 μm).
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Au for source-drain contacts.20 A heavily doped (p-type) Si substrate
was used as the global back gate. The fabricated devices have 9 and 6
μm channel lengths, respectively, and 2 μm of channel width. A
schematic of the edge contacted device is shown in Figure 1b with an
optical image of the device shown in Figure 1c. We performed
temperature-dependent transport and noise studies from 80 to 295 K.
All the required voltages for three terminal measurements were
supplied via Keithley 2400 SMUs accompanied by low-pass RC filters
to cut off any spurious noise originating from SMUs. The source-drain
current was amplified by using a Model DL-1211 transimpedance

amplifier and fed into an HP 34401 digital multimeter to read the
drain current values. The voltage output from the preamplifier was
also fed to an HP-3588A spectrum analyzer to record the power
spectral density to characterize device noise.
To verify the quality of the hBN/SLG/hBN heterostructures, the

interface cleanliness and graphene layer number were probed after
device fabrication by using Raman spectroscopy. Point spectroscopic
measurements and Raman mapping were conducted by using a
WITec Raman spectrometer. A 532 nm laser source was used with a
100× objective and 200 μW power. Spectra were acquired using a 25

Figure 2. (a, b) Raman maps of graphene 2D and G mode integrated peak intensities detected from device 1. (c, d) Raman maps of graphene 2D
and G mode integrated peak intensities detected from device 2. The scale bars in (a−d) represent 1 μm. (e, f) Raman spectra collected from the
channel regions of devices 1 and 2 showing hBN and graphene peaks, respectively, and (g, h) LFN characteristics of devices 1 and 2, respectively,
showing normalized noise spectral density.
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s acquisition time per point, and maps were obtained using a 25 × 25
point grid with 200 nm step size.

■ RESULTS AND DISCUSSION
Figure 1 shows a schematic diagram of hBN/SLG/hBN
heterostructure stacks that were used to fabricate devices 1 and
2. Figure 1b shows a schematic representation of the 1D edge
contacts to the 2D heterostructure on a silicon chip with a
heavily p-doped body and a 300 nm thermally grown oxide.
The detailed fabrication procedure is described in our previous
report.43 Figure 1c shows the optical image (top view) of a
representative fabricated 2D-HGFET device. Devices 1 and 2
studied in this report share similar fabrication processes, device
configurations, and bottom hBN thicknesses (∼50 nm).
However, we note a variation in their top hBN encapsulating
layer thickness: device 1 has an ∼50 nm top hBN encapsulant
and device 2 has an ∼10 nm top hBN encapsulant. Figure 2a,b
shows Raman maps obtained from device 1, while Figure 2 c,d
shows Raman maps obtained from device 2. The color scale in
Figure 2a,c represents the 2D mode peak integrated intensity,
while the color scale in Figure 2b,d represents the integrated
intensity of the G mode peak in the vicinity of each GFET
channel. Both devices show the graphene peaks in the channel
area (note that the graphene channel and the metal contact
area have been labeled). While clear 2D and G mapping signals
of the channel in device 2 are evident, the integrated intensities
of the 2D and G modes are relatively weak in device 1, which
we attribute to a thicker hBN encapsulation layer of the
corresponding heterostructure stack. To verify that monolayer
graphene is present in both devices, two regions in the mapped
areas of each of the devices were chosen for spectral analysis.
Figure 2 e,f shows the Raman spectra collected in the
wavenumber ranges of the hBN peak and graphene (2D, G)

peaks, respectively. The spectra clearly show the high-quality
material stack with the principal hBN peak (E2g peak) and
graphene G peak and 2D peak. Throughout the mapped
regions, the 2D peak intensity is ∼8× higher than the G peak
intensity, which is a signature of SLG. The hBN mode intensity
detected in device 2 is smaller than that of device 1, while all
graphene mode peak intensities are higher in device 2 than in
device 1, which indicates a thinner hBN encapsulation is
present in device 2.51 Owing to the similarity of the two
devices, one expects their qualitative LFN behavior to resemble
each other. However, following our previously modeled LFN
analysis in transistor ON state when its noise was measured
and extended to the charge neutrality point/Dirac point, as
shown in Figure 2g,h, they behave quite differently.43 Device 1
also shows a reverse trend measured at 80 and 295 K. This
variation in LFN is widely reported in the literature as well;
however, a unified understanding of the mechanism of the
LFN at the Dirac point (characterized by a charge residual
region) is yet to be made. The goal of the present paper is to
establish such an LFN theory to demonstrate the noise
resemblance of the two analogous devices shown here. We will
revisit this in the following section.
Figure 3 shows the transport measurement results from

device 2 (the measurement results showing similar trends from
device 1 have been reported earlier43 and will further be
discussed here as needed). Figure 3a shows the measured
resistivity (ρ) as a function of applied gate voltage with an
offset from the charge neutrality point (Vg − VCNP) for a 2D-
HGFET. The resistivity peak appearing at the Dirac point
shows the minimal conductivity, and the resistivity gradually
decreases as the gate voltage is increased to positive (negative)
values, confirming electron (hole) types in the conduction
(valence) band. Away from the Dirac point, we observe metal-

Figure 3. (a) Measured resistance as a function of Vg − VCNP at different operating temperatures. (b) Extracted conductivity as a function of
operating temperature at three different Vg − VCNP in the residual region. (c) Extracted field effect mobility as a function of Vg − VCNP at different
operating temperatures. (d) Extracted conductivity as a function of operating temperature at three different Vg − VCNP away from the charge
residual region.
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like behavior with conductivity increasing with decreasing
temperature (see Figure 3d) and a nonmetallic behavior near
the Dirac point where the conductivity decreases with decrease
in temperature (see Figure 3b).43

First, to differentiate the region between metallic and
nonmetallic behavior, we extracted the field effect mobility of
the devices. The field effect mobility of the device is given by

g

C V
L

WFE
m

ox ds
=

× (1)

where gm is the transconductance given by (dIds/dVg), L andW
are the channel length and width, respectively, Vds is the
applied drain-source voltage, and Cox is the gate capacitance
per unit area given by εox/dox. Here εox is the gate dielectric
constant (3 × 10−11 F/m) and dox is the gate dielectric
thickness (300 nm). Global back gates for both fabricated
devices were set that include an SiO2 dielectric below the
bottom hBN layer (an actual dielectric constant of 9.7 × 10−5

is approximated as 1 × 10−4 F/m2). Figure 3c shows the
extracted mobility for device 2, plotted as a function of Vg −
VCNP. Mobility values of ∼70,000 cm2/(V s) were obtained at
295 K and ∼160,000 cm2/(V s) at 80 K. The mobility peaks
for both electrons and holes are clearly seen at respective sides
of the Dirac point with a sharp decrease in their values as the
absolute value of the overdrive voltage increases. The orange
and black dashed lines in Figure 3c are the reference overdrive
voltages for mobility peaks obtained from the device at 295
and 80 K, respectively. The corresponding peak voltages for
the device were 0.9 and 1.4 V at 80 and 295 K, respectively.
We quantitatively differentiate the metallic and nonmetallic
regime by defining a charge residual region as follows. The Vg
− VCNP values bound by the dashed lines for a given
temperature on either side of the Dirac point are the charge
residual region. It is important to note here that the width of
the charge residual region is a function of temperature, where
the width grows as the temperature increases.
Unlike a standard semiconducting channel where the carrier

concentration is a direct function of overdrive gate voltage,
here in graphene’s charge residual region, the average channel
carrier density is a constant value irrespective of gate bias,
bound by the charge density induced by the voltage at mobility
peak and is termed as n*. With the increasing width of the
charge residual region with temperature, n* increases in value.
It is in this residual region that the spatial profile of the
graphene channel carries inhomogeneous puddles of electrons
and holes, and the channel conductivity is governed by their

percolation transport.52 The origin of the electron−hole
puddles in the graphene channel has been attributed to
Coulomb potentials arising from the charge impurities in the
underlying substrate and to spatial modulation of the channel
from ripples and bending.53,54 Although hBN lacks charge
impurities as compared to thermally grown SiO2 and provides
an atomically flat surface for graphene to prevent folding, it has
been shown that electron−hole puddles still exist in the
graphene channel when hBN is used as a dielectric
substrate.55,56 To confirm the existence of electron−hole
puddles in our channel, we plotted the extracted conductivity
(σ = 1/ρ) as a function of the temperature. Figure 3b shows
the conductivity of device 2 at different gate voltages within the
charge residual region. Figure 3d, on the other hand, shows the
device conductivity at different gate voltages away from the
charge residual region. One can clearly observe the opposite
trends shown by the conductivity with temperature in the
residual and saturated regions. Such behavior in the
conductivity within the charge residual region, the region of
interest in this report, has been attributed to the presence of
electron−hole puddles,52,53 where the conductivity is described
as
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where e is the fundamental electronic charge, h is Planck’s
constant, n is the carrier density related to gate voltage as n =
CoxVg/e, n* is the residual carrier density (root-mean-square
charge carrier density) in the percolation region considering
the electron−hole puddle region induced by the substrate
charge impurities of density ni, C is a dimensionless parameter
describing the strength of scattering, and T is the absolute
temperature. As expected, the overall conductivity is minimum
at the gate voltage corresponding to the CNP while the
conductivity rises when the gate voltage moves away from the
CNP. The increase in conductivity with temperature for the
device for a given gate voltage (Figure 3b) in the residual
region can be explained with the increasing value of n* as the
temperature rises, thus confirming the existence of puddles in
the 2D-HGFET. The extracted values of n* as a function of
temperature is shown in Figure 4a, which clearly demonstrates
a trend similar to that of the conductivity as a function of
temperature, thus confirming the e-h puddle transport within

Figure 4. (a) Temperature variation of extracted rms charge concentration (n*) in the percolation region of 2D-HGFET, (b) schematic model of
long-range Coulombic potential arising from the charge impurities in the substrate, and (c) phenomenological model showing pinning and
depinning of charge carriers into the percolation region and their temperature variation.
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the charge residual region. This means at higher temperatures
carriers in puddles gain enough thermal energy to escape into
the conducting percolation region to participate in the
electrical conduction. Figure 4b shows the schematic diagram
of long-range Coulombic potential induced in the channel by
the charge impurities (ni) present in the substrate. This
Coulombic potential gives rise to e-h puddles and a percolation
region in the graphene channel, a phenomenological model
qualitative schematic of which is provided in Figure 4c.
On the other hand, the behavior of conductivity away from

the charge residual region, governed by diffusive transport with
different scattering mechanisms, has previously been ex-
plained.30,43 The conductivity in the noncharge residual region
shows a different trend (Figure 3d). As expected, with higher
overdrive voltages, the conductivity increases as carrier density
(n) in the channel increases. The decrease in conductivity with
increasing temperature can be explained by considering

semiclassical diffusive conductivity model for the charge
carriers

T
g g e E

( )
4

s v
2

F
2=

(3)

where gs = gv = 2 are the spin and valley degeneracy factors,
respectively, EF is the Fermi energy, and τ is the scattering time

given by m
e

= *
. Here, μ is carrier mobility and m* is the

effective carrier mass. The increase in temperature increases
the average scattering events as the temperature rises, leading
to a decrease in τ and thus a decrease in conductivity. The
microscopic origin and contributions to scattering from various
scattering types in the ON state of the device (away from the
charge residual region) in the encapsulated GFET has been
extensively studied in our previous report.43

Figure 5. Area normalized flat band spectra as a function of operating temperature in the charge residual region for SLG device 1 (a) and SLG
device 2 (b). Area normalized flat band spectra as a function of temperature away from charge residual spectra for SLG device 1 (c) and SLG device
2 (d). Area normalized flat band spectra as a function of overdrive gate voltage near CNP for the SLG device 1 (e) and SLG device 2 (f).
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To understand the role of e-h puddles on electrical noise in
2D-HGFETs with 1-D contacts, specifically within the charge
residual region of the two devices (devices 1 and 2, whose
normalized noise current densities based on purely electronic
diffusive transport look widely different, as shown in Figure
2g,h), we measured LFN by recording the normalized power
spectral density in the devices in a frequency range from 2 Hz
to 1.25 kHz. The average channel noise amplitude (A)
normalized by area over all measured frequencies can be
written as

A
Z

f S I1
( / ) area

i

Z

i i
1

i d
2= ×

= (4)

where f i is the frequency of measurement, γ is the exponent
factor which generally lies between −0.8 and −1.2, Si is the
measured current power spectral density, Id is the source-drain
current. In this paper, we only analyze the noise results in the
charge residual region in both of our devices. e-h puddles on
substrates have been classified into two types, namely Type-I
and Type-II, which are attributed to a small size with a
relatively high carrier concentration and a large size with a
relatively low carrier concentration, respectively.44 It is
important to emphasize that these Type-II puddles form the
conducting path throughout the length of the graphene
channel to facilitate carrier conduction, thereby giving rise to
measurable current values, and are also termed as the
“percolation region”.57 While previous studies on noise arising
from e-h puddles on GFETs fabricated on SiO2 dielectrics used
the mobility fluctuation model to explain the V shape trend
near the Dirac point and attributed it to the gradual increase
and decrease in the size of Type-II puddles (with applied gate
bias) as the reason for V shape,31 however, Hooge’s mobility
fluctuation model is valid for homogeneous electrical channels
with a single type of charge carriers with constant carrier
concentration in the channel.26,58 On the contrary, in our case
here involving a percolation region, the number of carriers in
the percolative network channels constantly changes. There-
fore, using McWhorter’s number fluctuation model within the
charge neutrality region is more appropriate.27

Since in a MOS device the change in gate oxide charge
density is equivalent to flat band voltage fluctuations, thus by
using McWhorter’s carrier number fluctuation model (encom-
passing, in our case, the dynamic charge trapping and
detrapping from hBN surface to the percolative network
channel via the e-h puddles), the measured current noise
spectrum in our 2D-HGFETs can be described as59
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=
(5)

where SV dfb
is the flat band voltage spectral density associated

with charge fluctuations at the interface between the channel
and the dielectric. SV dfb

has been shown to be equal to the
equivalent input gate voltage spectral density SV dg

, where SVdfb
is

given as28,59,60
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where kB, T, A, k, and Dit are Boltzmann’s constant,
temperature (in kelvin), channel area, inverse of decay scale
in trap states ∼109 m−1, and trap density of hBN, respectively.

To better elucidate the dynamic trapping of charge carriers
from the charge inhomogeneous graphene channel, we define a
parameter η from our measured current noise spectrum,
defined as28

S f
I

I
g

f
( )I

d
2

d
2

m
2= × ×

(7)

where f is the selected frequency for analysis, which was set to
100 Hz in our case. The physical significance of η could be
understood as the rate of trapping and detrapping of charge
carriers between the percolation region in the channel and the
interface trap states in the dielectrics. This η is the factor that
we define here as our device noise that we are going to further
interpret below as the device is operated.
Figure 5a,b shows the behavior of η normalized by gate

voltage and device area as a function of temperature for
different overdrive voltages in the charge residual region for the
two devices. On the other hand, Figure 5c,d shows the
normalized η as a function of temperature for the same devices
at overdrive voltages away from the charge residual region. The
temperature dependence of flat band fluctuation in the charge
residual region corresponds to the trapping and detrapping of
carriers in the percolation region as shown previously in Figure
4c. The temperature independence of flat band fluctuation
away from the charge residual region, on the other hand,
indicates that the noise primarily arises from dynamic
scattering mechanisms via mobility fluctuations.43

Upon fitting the normalized η to eq 6 the trap densities Dit at
CNP for the two devices were obtained to be 1.54 × 1016 and
1.91 × 1016 eV−1 cm−3, respectively, which are in good
agreement with a previous study.28 Figure 5e,f shows the
normalized η as a function of applied gate voltage in the charge
residual region for the two devices at various temperatures. A
decreasing normalized η at both sides of the CNP at constant
temperature is observed at different gate voltages within the
charge residual region, indicating the progressive inaccessibility
of relatively deeper trap states with increasing gate bias. On the
other hand, the increase in the overall noise (η) with increase
in temperature (either in Figure 5e,f or in Figure 5a,b) is due
to the thermally activated trapping and detrapping mechanism
of charge carriers from or to the percolation region with the
puddles. Moreover, we can also relate the noise behavior in the
temperature to n*. Since from Figure 4a we obtained that n*
increases with temperature, we can safely conclude that the
noise arising from the trapping and detrapping mechanism in
the percolation region increases with n* and vice versa. This
means at higher temperatures, carriers in puddles with enough
thermal energy escape into the conducting percolation region
(Type-II), thereby increasing the number of available carriers
to undergo trapping and detrapping and leading to higher
measured electrical noise. See Figure 4c for a model
representation of the puddles and conductive percolation
channels. This observed phenomenon has been termed as
pinning and depinning of e-h puddles. Thus, we conclude that
lower flat band fluctuation noise at lower temperatures can be
attributed to pinned puddles and higher noise at higher
temperatures can be attributed to unpinned puddles.
Finally, the discrepancies in the noise spectral density at the

residual charge region (between similar FET devices) as shown
in Figure 2g,h based on Hooge’s mobility fluctuations model
can be interpreted consistently as shown in Figure 5e,f with a
noise model based on a flat band fluctuation model (McWorter
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charge fluctuation model) involving e-h puddles and
percolation transport in high performance 2D-HGFETs. In
order to justify the consistency between Figure 2g,h and Figure
5e,f, we discuss a correlated model as follows.
The normalized current spectral density according to the

charge carrier trapping model with correlated mobility
fluctuations (number and mobility fluctuations) studied bt
Ghibaudo et al.59 is given by
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where α, a correlation term, when finite, suggests the effect of
mobility fluctuations on the measured current spectral density.
On the other hand, when α = 0, there is no mobility fluctuation
on the measured current spectral density and in this case, the
above equation can be simplified as (since (αμ)2≫ αμ)
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Now one can see when α = 0, eq 9 essentially becomes eq 5;
that is, a true McWhorter’s number fluctuation model (number
fluctuation only) dominates. However, when α ≠ 0, which is
typically on the order of 104, there exist correlated mobility
fluctuations (number and mobility fluctuations). The plot for
α2f(μ) for α = 104 V s/C is shown below in similar Vg − VCNP
values which exhibits a “V” shape at both 80 and 295 K. From
the plot, one can expect a “V” shape when α ≠ 0: i.e., when
there is contribution from mobility fluctuations. On the other
hand, when α = 0, the origin of noise can be explained by flat
band fluctuation as explained in detail in the manuscript which
shows a “Λ” shape. This understanding is aided further in
Figure S2 in the Supporting Information.
Therefore, the as-seen difference between the measured

normalized current spectral density in the two SLG devices at
low and high temperatures (Figure 2g,h) is explained as
follows. For the “Λ” and “V” behaviors at 80 and 295 K,
respectively, in SLG device 1 (as seen in Figure 2g), at 295 K,
with high thermal activation energies, the carriers within the
puddle region in graphene channel get trapped and detrapped
at deeper trap levels with a high degree of fluctuations in
mobility (α ≠ 0), thus giving the characteristic “V” shape to
power spectral density. On the other hand, at 80 K, the deep
level trap states are not accessible to the channel due to less
thermal activation and thereby do not create a significant effect
in mobility fluctuations (α = 0). This gives a “Λ” shape to the
measured current power spectral density. SLG device 2, on the
other hand, shows a “Λ” shape at both low and high
temperatures, suggesting significantly less trapping and
detrapping of carriers from the deep trap levels with reduced
or no mobility fluctuation contribution to measured noise
spectra. For the “Λ” behaviors at both the temperatures in SLG
device 2 (as seen in Figure 2h), α = 0 is maintained due to the
inaccessible nature of the deep level trap states to the channel.
In summary, the difference observed in different behaviors can
be explained by relative contributions between the number
fluctuation model and a hybrid number−mobility fluctuation
model (dictated by whether α = 0 or α ≠ 0, respectively). The
effect of the number fluctuation model only leads to a “Λ”
shape, as shown in Figure 2h, whereas a hybrid contribution
shows a “V” shape as shown in Figure 2g.

■ CONCLUSIONS
In conclusion, 1D contacts to 2D-HGFETs not only show
high-performance transistor characteristics in the ON state of
the devices but also provide a test bed for studying transport
and low-frequency noise involving electron−hole puddles near
the charge neutrality point. Our analysis overcomes the
ambiguity on low-frequency noise trends in the charge
neutrality region that is based on Hooge’s mobility fluctuation
model. More generally, near the charge neutrality region of
single-layer graphene devices, the LFN is described by a
correlated mobility number and mobility fluctuations of charge
carriers. The characteristic percolation transport of the charge
carriers and their low-frequency noise arising from flat band
fluctuations in these devices could thus be further engineered
for studying the fundamental properties of artificial materials
involving atomically thin heterostructures. The high mobility
and high sensitivity of the transistor channel to flat band
fluctuations in these devices could thus be uniquely exploited
in applications such as RF communications and precision
sensing.
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