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B
oth single-layer and multilayer gra-
phene have drawn immense attention
in the field of nanoelectronics. The

electronic properties of graphene flakes
are modified drastically with the number
of layers.1-4 The single-layer graphene (SLG)
is a zero gap semiconductor with linear
band structure, while bilayer graphene is
the same with parabolic bands.3 Trilayer
graphene, on the other hand, shows semi-
metallic behavior.4 Except for the quantum
Hall effect,1,2 the distinction between linear
and parabolic bands has been very hard to
capture in electrical transport. With new
techniques of realization of graphene di-
rectly in nanostructured form,5,6 this issue
is becoming progressively important.
Knowing the band dispersion relation can
separate single-layer graphene from the
multilayered ones. The existing techniques,
such as the Raman spectroscopy7 and atom-
ic forcemicroscopy, are not very convenient
for application in nanoscale devices. Tech-
niques based on Auger electron spectro-
scopy8 or scanning electron microscopy9

are not absolute measures of thickness
of graphene and depend on prior calibra-
tion.
The flicker noise in electrical transport is

generally a nuisance in the operation of a
field-effect device. This noise manifests in
slow fluctuations in the drain-source cur-
rent due to the fluctuations in the channel
conductivity, σ. The flicker noise is often
called the 1/f noise because of its power
spectral density, Sσ(f ) � 1/f ν, where f is
frequency and ν≈ 1. The 1/f noise has been
studied extensively in metal oxide field-
effect transistors (MOSFET), where the trap-
ping and detrapping of charge at the
channel-oxide interface leads to 1/f-type
fluctuations in σ.10 Similar mechanisms of
noise have been assumed for carbon nano-
tube field-effect devices, as well,11 where

the trapping events close to the nanotube-
metallic lead Schottky barriers cause fluc-
tuations in the effective gate voltage.12 In all
cases, the magnitude of noise reflects the
ability of the conducting channel to screen
the external potential fluctuations at the
traps. This in turn depends on the density
of states and energy dispersion character-
istics of the channel. In this paper, we have
explored if this property of 1/f noise can
probe the band structure of graphene.
In spite of several recent reports of noise

measurement, themicroscopic understand-
ing of noise in GraFETs is rather limited.13-21

The carrier density (n) dependence of noise
magnitude was found to be opposite for
single- and bilayer graphene nanoribbons13

but not necessarily in extended graphene
flakes.18,19 Formation of a gate electric field-
induced energy gap has been suggested to
explain the increase in noise magnitude
with increasing n in bilayer graphene,13,14

but this picture cannot explain the behavior
of noise in thicker devices.15 A quantitative
model to understand the noise in variety of
GraFET also does not exist. The augmented
charge noise model for carbon nanotubes,22

which does not consider the grapheneband
structure explicitly, also fails to describe the
carrier density (n) dependence of noise in
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ABSTRACT A distinctive feature of single-layer graphene is the linearly dispersive energy bands,

which in the case of multilayer graphene become parabolic. A simple electrical transport-based

probe to differentiate between these two band structures will be immensely valuable, particularly

when quantum Hall measurements are difficult, such as in chemically synthesized graphene

nanoribbons. Here we show that the flicker noise, or the 1/f noise, in electrical resistance is a

sensitive and robust probe to the band structure of graphene. At low temperatures, the dependence

of noise magnitude on the carrier density was found to be opposite for the linear and parabolic

bands. We explain our data with a comprehensive theoretical model that clarifies several puzzling

issues concerning the microscopic origin of flicker noise in graphene field-effect transistors (GraFET).

KEYWORDS: graphene . noise . multilayer . 1/f noise . charge impurity scattering

A
RTIC

LE



PAL ET AL. VOL. 5 ’ NO. 3 ’ 2075–2081 ’ 2011 2076

www.acsnano.org

most single-layer graphene (SLG) devices close to
charge neutrality point (the Dirac point).13,15 The influ-
ence of quenched disorder, and related charge
inhomogeneity,23 which are both very serious techno-
logical bottlenecks, is also not known.
Hence a comprehensive experimental approach,

aided with a microscopically intuitive modeling, is
required to understand the influence of graphene
band structure on the low-frequency noise. To achieve
this, we have fabricated seven different types of gra-
phene field-effect devices, which include exfoliated
single- and multilayer graphene on an oxide substrate,
freely suspended single-layer graphene, and chemical
vapor deposition (CVD)-grown graphene on SiO2 (see
Table 1 for details). The substrated graphene flakes
were prepared on the usual 300 nm SiO2 on nþþ-
doped silicon substrate (the backgate) by microme-
chanical exfoliation of natural graphite (NGS Naturgra-
phit GmbH). In all cases, we have used RCA cleaning of
the substrate and standard electron beam lithography
technique followed by thermal evaporation of 40-
50 nm gold (99.99%) to fabricate the devices. For a
suspended graphene transistor, 100 nm thick gold
electrodes were made, followed by etching of the
underneath oxide by 1:6 buffered HF solution for 2.5
min. Finally, the devices were released in a critical point
dryer. No current annealing or Ar/H2 annealing was
used in our experiments to remove the acrylic residues
in any of the devices. To avoid large electrostatic force
in the suspended device, only a small range of gate
voltage was scanned, corresponding to n j 2 � 1011

cm-2. The CVD graphene was grown by thermal
decomposition of methane on 25 μm thick copper foil
at 1000 �C.24 Methane was introduced into the cham-
ber at a rate of 35 sccm and a pressure of 4 Torr for a
growth time of 8 min, after which the chamber was
cooled to room temperature. The susbsequent pro-
cesses involved PMMA coating, dissolving copper foil
with ferric chloride (1.75 g of FeCl3/5 mL of conc. HCl/
50 mL deionized water), transfer onto the Si/SiO2

substrate, coating a second PMMA layer, and finally
cleaning with acetone/IPA. Noise in the graphene
devices was measured in low-frequency ac four- and
two-probe methods in a high vacuum environment.
See ref 25 for details. The excitation was kept below

50 μA to avoid heating and other nonlinearities and
verified by quadratic excitation dependence of vol-
tage/current noise at a fixed resistance R. The back-
ground noise was measured simultaneously and sub-
tracted from the total noise.

RESULTS AND DISCUSSION

The main components of the experiment are shown
in Figure 1, illustrated with a typical exfoliated SLG
device (Ex-Ox-SLG1) on the Si/SiO2 substrate (see
Table 1 for device details). A cartoon of the device
structure is shown in Figure 1a (top schematic), and its
actual structure resembles the micrograph in Figure
2a1. The n dependence of σ was measured first, which
shows σ to vary linearly at low |n|, indicating charged
impurity scattering (inset of Figure 1c). For noise
measurements, the gate voltage (i.e., n) was held
constant and σ was measured as a function of time.
The normalized fluctuations, δσ/σ, peak at the Dirac
point, as evident in the time traces in Figure 1b.We find
Sσ(f ) � 1/f at all n, confirming the 1/f nature of noise
(Figure 1c). Both four- and two-probe measurements
yielded the same results, indicating negligible contri-
bution from contact noise. Sσ/σ

2 decreases mono-
tonically as |n| is increased on both electron- and
hole-doped sides (Figure 1d). The noise magnitude
decreases by more than 1 order of magnitude at
high n and agrees with recent reports on similar
devices.13,15,18,19

The specific nature of n dependence of noise was,
however, found to be dependent on disorder. To
illustrate this, we have compared three different
classes of SLG with varying levels of quenched disor-
der. The experiments, with over 50 devices, were
carried out on (1) mechanical exfoliation on SiO2

substrate (Ex-Ox-SLG4, Figure 2a1-a3, similar to but
with mobility lower than Ex-Ox-SLG1), (2) chemical
vapor deposition (Cvd-Ox-SLG2, Figure 2b1-b3), and
(3) suspending mechanically exfoliated SLG (Ex-Sus-
SLG, Figure 2c1-c3) across a trench. The Raman
spectra (Figure 2a2,b2,c2) are shown not only to
identify the monolayers but also to compare the dis-
order levels. For Cvd-Ox-SLG2, the transfer process
onto the SiO2/Si substrate introduces considerable
disorder, both structural (ruptures/voids) and foreign
charged/uncharged residues (see the electron micro-
graph and the disorder (D) peak in the Raman spec-
trum in Figure 2b2), resulting in rather poor μ ∼ 400
cm2/V 3 s (see Table 1). Interestingly, noise does not
seem to be affected much by these static disorder,
showing comparable noise magnitude in both exfo-
liated and CVD-grown graphene (see Figure 2). Two
important points need to be noted in Figure 2: (1) At
large |n|, noise decreases with increasing |n| in all SLG
devices at all T down to 80 K. (2) At low |n|, the behavior
of noise in substrated SLG devices (including Ex-Ox-SLG1
in Figure 1d) is similar, and Sσ/σ

2 shows a peak at

TABLE 1. Details of the Devices

device growth layer substrate

device area

(L � W) (μm2)

mobility

(cm2/V 3 s)

Ex-Ox-SLG1 exfoliation 1 SiO2 4.5� 3.5 8000
Ex-Ox-SLG4 exfoliation 1 SiO2 3.1� 5 3500
Ex-Ox-BLG2 exfoliation 2 SiO2 1.2� 5.2 1200
Cvd-Ox-SLG2 CVD 1 SiO2 15� 60 400
Ex-Sus-SLG exfoliation 1 suspended 1.5� 2 20000
Ex-Ox-FLG exfoliation 3-4 SiO2 2� 3 2450
Ex-Ox-MLG exfoliation 14-15 SiO2 1.9� 6 1200
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Figure 1. (a) Schematic of the GraFET device showing two different charge noise mechanisms. Process (1) corresponds to the
exchangenoisedue to the charge transfer betweengrapheneand its environment. Process (2) depicts the configurationnoise
arising from the rearrangement of trapped charges within the environment. The density dependence of each component
has been schematically shown at the bottomdepicting opposite nature of configuration noise for linear and parabolic bands.
(b) Time domain conductivity fluctuations at different carrier densities. (c) Typical noise power spectra Sσ/σ

2 at various back
gate voltages, showing 1/f characteristics. Inset shows conductivity (σ) vs density (n) for a substrated SLG device, with the
dotted line indicating the linear region. (d) Sσ/σ

2 (at 1 Hz) vs density (n) data for a substrated SLG device, fitted with eq 1
(see text). The contributions from the two different noise mechanisms are shown by the dashed lines. Inset shows the plot
of ni vs mobility from various single-layer devices.

Figure 2. Noise magnitude, Sσ/σ
2 (at 1 Hz) vs carrier density (n) at different temperatures, fitted with the FCD model for

substrated SLG, CVD graphene, and suspended SLG in panels a3-c3, respectively. The top panel (a1-c1) shows the SEM
images of the devices and corresponding Raman spectrum for each device is shown in a2-c2. For clarity, the noise traces at
different temperatures have been shifted vertically. The arrows in b2 indicate typical voids and ruptures in CVD graphene.
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the Dirac point, but in the suspended graphene,
where disorder was significantly reduced, a nonmono-
tonic dependence of noise on n is observed
(Figure 2c3).
Before analyzing the behavior of noise in SLG quan-

titatively, we focus on the bilayer (BLG), few-layer (FLG),
and many-layer (MLG) graphene devices, where noise
measurements led to strikingly different results. Figure
3a shows a micrograph of the BLG device, and
Figure 3b presents the corresponding Raman spec-
trum along with those of FLG (∼3-4) and MLG (∼15).
The BLG (Ex-Ox-BLG2), FLG (Ex-Ox-FLG), and MLG
(Ex-Ox-MLG) devices were obtained by exfoliation of
graphite on identically treated SiO2/Si substrates.
In the BLG device, the intrinsic electron doping re-
stricted us only to the electron-doped region for
detailed 1/f noise measurements. Sσ/σ

2 in the BLG
device clearly behaves very differently from the SLG
devices in Figure 2, particularly at low T. At T j 150 K,
Sσ/σ

2 increases monotonically with |n|, in agreement
with our earlier results,14 but becomes nonmonotonic
at higher T, similar to the results reported by Heller
et al.18 The low-T behavior of noise in FLG and MLG is
same as that in BLG, indicating this to be a feature of
graphene devices with parabolic bands. In the past, the
increase in noise with |n| in BLG was attributed to
reduction in screening due to opening of a band
gap,13,14 but similar behavior in FLG andMLG indicates

such a description to be inadequate. At higher T, the
noise in BLG becomes nonmonotonic in |n|, with partial
resemblance to the suspended SLG devices. Never-
theless, the n dependence of noise at moderately low
T (∼100 K) can clearly distinguish between the single-
and multilayered graphene.
We will now construct a general theoretical frame-

work which establishes that the n dependence of noise
is an intrinsic property, connected to graphene's band
structure. We consider the generic GraFET structure in
the schematic of Figure 1a, where the local environ-
ment of the graphene film consists of the underlying
insulating substrate and surface adsorbates (or top
gate dielectric, if any). Focusing on the noise that arises
due to fluctuating charge distribution (FCD) around the
graphene film, two processes are identified: (1) Ex-
change of charge between graphene and its environ-
ment, for example, through trapping-detrapping
process, which involves time-dependent changes in
n. This causes a charge exchange noise, Nex� (dσ/dn)2,
through correlated number and mobility (μ) fluctua-
tions.10 (2) The second process consists of a slow
rearrangement of charge within the local environment
of graphene, for example, random migration of trapped
charges within the substrate or surface adsorbates
(process 2 in the schematic in Figure 1a), and is referred
to as configuration noise (Ncon). This process alters the
disorder landscape due to Coulomb potential from

Figure 3. (a) SEM micrograph of the BLG device used in the experiment. (b) Raman spectra for BLG, FLG, and MLG showing
the characteristic G and 2D peaks. (c) Noise magnitude, Sσ/σ

2 (at 1 Hz), vs carrier density (n) at different temperatures,
fittedwith the FCDmodel for the BLGdevice, while similar plots have been shown for FLG (T=90 K) andMLG (T= 78 K) devices
in panels d and e, respectively.
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trapped charges leading to random fluctuations in the
scattering cross section (Λc). Within a “local interfer-
ence'' framework,26 δΛc ∼ Λc � |vq|

2, where νq is the
screened Coulomb potential of the trapped charge.
Thus at large n, Ncon� l2|vq|

4∼ |n|γ, where l is themean
scattering length.26 γ is determined by the n depen-
dence of l and νq and hence is sensitive to the nature of
graphene band structure. When Boltzmann transport
in Thomas-Fermi screening is assumed, the total
normalized noise power spectral density can be writ-
ten as (see theMethods section for detailed derivation)

Sσ(f )=σ
2 ¼ A(T)(dσ=dn)2 þ B(T)Nc(n) (1)

The parameters A(T) and B(T) are independent of n
irrespective of the band structure but depend on T. The
configuration noise is represented by the function
Nc(n) = |n|γ for |n| > ni, while for |n| < ni, Nc(n) =
constant. Here ni is the characteristic density scale at
which charge distribution in graphene becomes inho-
mogeneous (see schematic in Figure 1a). In analyzing
the noise data, the parameters A, B, ni, and γwere kept
as fitting parameters, and dσ/dnwas obtained from the
σ-n data. Due to particle-hole asymmetry,27 the
electron- and hole-doped regimes were fitted separa-
tely.28

Fitting eq 1 yields excellent agreement with the
observed noise data in all devices, although the relative
contributions of Nex and Ncon may vary significantly.
For example, in device Ex-Ox-SLG1 (Figure 1d), Ncon

exceeds Nex at all n, particularly at lower |n| (dashed
lines). Indeed, the peak in Sσ/σ

2 at the Dirac point can
be attributed to larger configurational noise, that is,
enhanced sensitivity of graphene to alteration in dis-
order landscape, with charge noise being minimal
since σ varies weakly with n in this regime. Another
key factor to note is that the fit yields γ ∼ -1.0, which
was found to be generic to other SLG devices, as well
(see Figure 4a). As explained in the Methods section,
this value of γ reflects screening (within Thomas-
Fermi approximation) by the linear energy bands of
SLG graphene. The magnitude of ni (≈1-3 � 1012

cm-2) in Cvd-Ox-SLG2 is significantly larger than typi-
cal ni in exfoliated SLG devices and decreases with
increasing mobility of the devices (see inset of
Figure 1d). For Cvd-Ox-SLG2, significant electron-hole
asymmetry due to impurity scattering leads to asym-
metric noise behavior. It is remarkable that, in spite of
higher level of structural disorder, noise in CVD-grown
graphene continues to be dominated by fluctuating
charge distribution, indicating that migration of struc-
tural disorder is mostly frozen well up to the room
temperature. The qualitatively different n dependence
of noise in the suspended device (Ex-Sus-SLG) can be
readily understood from much smaller contribution of
Ncon with respect to Nex due to the absence of a sub-
strate (see Figure 4d). We believe the observed noise in
our suspended graphene device to be due to residual
surface contamination, in particular, the residues of the

Figure 4. (a) Value of γ (see text) at different temperatures, for devices used in this work. (b) Comparison of Hooge parameter
(γH) for various GraFET devices at room temperature: suspended single-layer graphene (SSLG), substrated single-layer (SLG),
bilayer (BLG), few-layer (FLG), many-layer (MLG), and CVD-grown single-layer graphene (CSLG). The solid black bar and
dashed red bar correspond to γH measured at densities of n = 2� 1011 and 2.4� 1012 /cm2, respectively. (c) Exchange noise
fractions are plottedwith temperature at different carrier densities (n) for the SLG device used in Figure 2a1-a3. (d) Exchange
noise fractions for four different kinds of GraFETs at three different temperatures at a carrier density of n = 2ni (see text).
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electron beam resist (PMMA). The fact γ approaches
∼-2.0 near room temperature (Figure 4a) indicates a
nearly constant l in these devices.
Equation 1 also describes the BLG (and FLG/MLG)

noise data over the entire range of n rather well, albeit
with a positive γ for all T. We find γ≈ 1 up to T∼ 250 K
(Figure 4a). As shown in the derivation of eq 1
(Methods), the positive magnitude of γ reflects para-
bolic energy bands in BLG. The exact magnitude of
γ for BLG, FLG, and MLG would depend on the n
dependence of the scattering length l, which can be
T-dependent, as well. For BLG, we find γ ≈ 1.0 at low
T but decreases to ∼0.1 near room temperature,
indicating a nearly constant l (Figure 4a). Thus the
nonmonotonicity of BLG noise near room temperature
essentially reflects the n dependence of (dσ/dn)2 in
these devices, as reported recently by Heller et al.18

In essence, graphene displays both trapping-
detrapping-like noise in MOSFET (exchange noise)
and that from changes in extended structural dis-
order as in disordered metal films (configuration
noise). The origin of both in this case is a fluctuating
charge distribution, where the sensitivity of config-
urational component (more specifically, γ) to band
structure allows one to distinguish between the
linear and parabolic bands (Figure 4a). In fact, we
find the configurational component to dominate in
most devices and densities, as indicated in Figure 4c,
d but also depends on the quality of the substrate
surface, roughness, nature of dielectric, operating
n, etc. This can vary widely from one device to
the other, helping us understand the apparently

different experimental results on GraFET noise re-
ported from different research groups.13-21 Not
surprisingly, the exchange noise is maximum in the
suspended devices (Figure 4d), where the discontin-
uous layer of surface residues leaves very little room
for the trapped charges to redistribute.
Figure 4b summarizes normalized noise levels in

different designs of GraFET. The comparison is made
in terms of the phenomenological Hooge parameter
γH, defined as γH = n(fSσ)aG/σ

2, where aG is the area of
the graphene film between voltage leads. At all n, the
substrated SLG devices, exfoliated or CVD-grown, are
most noisy, whereas suspended SLG and thicker gra-
phene systems are nearly a hundred times quieter.
At room temperature, and even on a substrate, γH can
be ∼10-7-10-6 in FLG and MLG devices,15 which are
among the lowest known for metal or semiconductor
nanostructures. The extreme low noise in these sys-
tems is due to strong screening by the lower layers,
which also affects the gating ability, limiting their
usefulness in active electronics, but makes them sui-
table as interconnects.
In conclusion, our experiments and microscopic

model established low-frequency flicker noise as an
excellent probe to graphene band structure. We fo-
cused on the carrier density dependence of noise and
found that it behaves oppositely for the linear and
parabolic band structure at moderately low tempera-
tures. These results can be used to readily identify
single-layer graphene frommultilayered ones;a tech-
nique that can be particularly suitable for nanostruc-
tured graphene.

METHODS
Derivation of Equation 1. Carrier Density (n) Dependence of

Charge Exchange Noise. We define charge exchange noise as
the change δσ in conductivity when a small number of charge
δn is exchanged between graphene and its surroundings. Asσ=
σ(n,μ)

δσ(t) ¼ Dσ
Dn

δn(t)þ Dσ
Dμ

δμ(t) (2)

According to the correlated carrier density-mobility fluctuation
model of ref 10, δμ∼ μavg

2 P
δn, where

P
= μC

-1/δn is related to
the scattering rate entirely due to the Coulomb potential of the
trapped charge δn located inside the substrate. Here, μC

-1 and
μavg

-1 represent the Coulomb and net time-averaged scatter-
ing rates, respectively. Hence, the fluctuations in the conduc-
tivity δσ(t) becomes

δσ(t) ¼ Dσ
Dn

1þ σ

e

XDln n

Dln μ

� �
δn(t) (3)

The n dependence of
P

can be calculated using semiclassical
Boltzmann transport equation for 2D graphene, σ = (2e2/h)-
kFvFτ, where kF is the Fermi wave vector, vF is the Fermi velocity
of graphene carriers. Since

P
is determined by the scattering

time τC arising due to the Coulomb scattering only, we get
X

¼ π

e

n

kFvF

p=τC
δntr

(4)

where δntr is the trapped charge density at the graphene-sub-
strate/dielectric interface due to charge exchange, that is, δntr∼
δn. Density dependence of

P
can be obtained using the

expressions for the scattering rates, calculated for both linear29

and parabolic30 band structures for Coulomb charge impurity
scattering. For SLG, 1/τC|SLG∼ 1/

√
n, while for BLG/MLG, 1/τC|BLG

∼n0. Incorporating these ineq4,we find
P

tobe independent of
density to the leading order for both linear and parabolic bands.

The power spectral density of conductivity noise can be
calculated from eq 3 and will contain three terms.10 The first
term arises entirely due to number fluctuation; the second term
describes the joint effect of both number and mobility fluctua-
tion, and the final term represents the mobility fluctuation
alone. Straightforward estimates show that themobility fluctua-
tion term dominates, and since d ln n/d ln μ is weakly varying
and of order unity, the charge exchange noise term becomes

Nex ¼ A(T )
dσ
dn

� �2

(5)

where the coefficient A(T) is proportional to the temperature (T)
according to McWhorter model32 but independent of n. Dutta-
Horn kinetics of thermal activation33 can, however, lead to a
stronger T dependence of A(T).
Carrier Density (n) Dependence of Configuration Noise. The

configuration noise, δσc, arises from fluctuations in the
scattering cross section (Λc) of charge carriers. Within a
“local interference'' model,26 relevant to the temperature range
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in which our experimentswere done, δΛc∼Λc, whichmakes δσc
∼ σlΛc. Here, l is themean scattering length andΛc� |vq|

2, where
vq is the external scattering potential. Thus

δσc
2

σ2
∼l2Λ2

c∼l2jvqj4 (6)

For configuration noise arising from trapped charge redistribu-
tion, vq is the screened Coulomb potential due to the trapped
charges, implying δσc would also be sensitive to graphene band
structure. For linear bands (SLG), qTF∼ kF∼

√
n, which makes, vq

∼ 1/qTF∼ 1/
√
n. For parabolic bands (BLG/MLG), qTF∼n0,making

vq independent of density. At large |n|,we can hence approximate
the configuration noise Ncon ∼ |n|γ, where γ = -2(1- ε) for SLG
and 2ε for BLG. Here, ε represents the n dependence of l (∼|n|ε).
For screened Coulomb,29,30 as well as interface polar scattering,31

ε∼ 0-0.5 and depends on T, as well. Below certain characteristic
density ni, the charge distribution in graphene disintegrates into
small puddles,23 and the configuration noise varies weakly near
the Dirac point.24

Since the charge exchange and configuration noise occur
independently, the total normalized noise magnitude can be
written as

Sσ (f )=σ2 ¼ Nch þNcon ¼ A(T)(dσ=dn)2 þ B(T )Nc(n) (7)

where Nc(n) = (|n|/|ni|)
γ and 1 for |n| < |ni| and |n| > |ni|,

respectively. The parameters A, B, ni, and γ were kept as fitting
parameters, while dσ/dnwas obtained from the σ-n data. Most
devices exhibited significant particle-hole asymmetry, hence
the electron- and hole-doped regimes were fitted separately.
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