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ABSTRACT
The weak interlayer coupling in van der Waals solids allows
isolation of individual atomic ormolecular layers with remarkable
electrical, optical, and structural properties. The applicability of
these twodimensionalmaterials in future electronic architectures
requires a thorough understanding of the electrical transport
mechanisms as well as of the factors limiting the device
performance. The study of slow time-varying fluctuations in
resistance, often called the 1/f noise, offers deep insight into the
electronic transport and scattering mechanisms, and also acts as
a performance benchmark. Here we review the current status on
themagnitude andmicroscopic understanding of low-frequency
1/f noise in two-dimensional electronic materials, with specific
focus on graphene, bismuth chalcogenides, and transition metal
dichalcogenides. The noise characteristics differ significantly
among these systems, and are directly influenced by the band
structure, energy dispersion, and screening properties. The noise
in field effect devices from van der Waals materials closely
compares with or is even lower than that of conduction channels
in conventional electronics. The excellent noise performance,
when combined with high carrier mobility, energy efficiency
and structural flexibility, renders an excellent platform for future
electronic, optoelectronic, and sensor applications.
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1. Introduction

An ambitious goal in both material science and device physics is to design
materials and devices with novel properties fromunconventional building blocks
to achieve ever improving capabilities. The isolation of graphene, a single layer
of carbon atoms, from graphite in 2004 [1], seems to have provided just that
opportunity. Graphene, is a remarkable material with many attributes, being,
for example, the thinnest, the strongest known material, and best electrical and
thermal conductor, it is alsomechanically flexible and transparent [2]. Graphene
has also been a platform for the discovery of many new phenomena due to its
unique light-like linear energy dispersion (Figure 1(a)), and the large mobility
of its charge carriers [3–5]. However, the impact of graphene is not limited to
its own exceptional properties. Its discovery also led to the isolation of single or
few atomic layers of a number of other materials, called the graphene analogues,
which includes the transitionmetal dichalcogenide (TMDC) family (Figure 1(b))
[6], hexagonal boron nitride [7], and layered bismuth chalcogenides (Figure 1(c))
[8]. The common link between all thesematerials is the weak van derWaals force
that binds their individual two-dimensional (2D) atomic ormolecular layers, and
hence collectively known as the van der Waals or 2D materials.

The 2D materials host a wide spectrum of physical properties, including
semiconductors, superconductors, and topological insulators, hence are of in-
terest from both fundamental and applied research perspective. In the field-
effect geometry, semiconducting TMDCs exhibit lucrative properties like large
ON/OFF ratio, nearly ideal subthreshold slope [9] and an immunity to short
channel effects [10],making them ideal candidates for nanoelectronics, especially
when the conventional technologies seem to be approaching their scaling limits
(Figure 1(d)). In addition, the TMDCs are suitable for fast optical response
[11–17] and exhibit valley polarization [18–22] rendering them highly suitable
for optoelectronic applications. Bismuth chalcogenides, on the other handbelong
to the family of topological insulators [23,24] which host topologically protected
metallic surface states, while the bulk contains a semiconducting band gap. They
are predicted to host Majorana fermions [25], magnetic monopoles, [26] and
may be utilized for low-power electronic circuits or quantum computation [23].

While these van der Waals materials individually offer remarkable proper-
ties, they can further be combined to synthesize distinct new functionalities
[13,17,27–35], serving as promising building blocks of future electronic and
optoelectronic devices. One key factor that determines the device performance,
and dictates the detection limits and sensitivity, is the level of low-frequency 1/f
noise present in the system [36–44]. Although the low-frequency noise is usually
undesirable which, for example, introduces phase noise in high-speed operations
[41], it can also offer insights into the disorder configuration [37,38] and kinetics
in the system [45,46]. Moreover, owing to the unique dimensionality of van der
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Waals materials and their broad range of electronic properties, the study of 1/f
noise in these materials has been of great interest [47–85].

In this review, we discuss the current state of research in three major classes of
van derWaals materials, namely graphene, TMDCs, and bismuth chalcogenides.
We start by briefly discussing the theoretical background for low-frequency noise
that is relevant to these 2Dmaterials, followed by highlighting the impact of non-
trivial band structure in graphene and bismuth chalcogenides on the magnitude
and the physics of noise. Subsequently, the noise in TMDC devices is discussed
in detail. We conclude the review with a few emerging aspects of noise in van
der Waals materials that establish its importance both as a unique probe to
fundamental phenomena as well as in sensing and diagnostic applications.

2. Theoretical background

In a generic electronic device, the 1/f noise in the drain current is amanifestation
of the slow randomchange in the carrier number and/or the backgrounddisorder
landscape, which in turn, causes the mobility of carriers to fluctuate with time
[36]. In Si-MOSFETs, for example, the carrier trapping and detrapping events
at the oxide-semiconductor interface are known to constitute the dominant
source of 1/f noise [86,87], where the traps intermittently capture electrons from
the channel, and the concomitant Coulomb potential contributes to change in
the carrier mobility. Due to the pure two-dimensional nature and diversity in
the electronic structure of van der Waals solids, which can depend crucially on
the thickness, i.e. the number of atomic/molecular layers [2,23,88], the screening
of the local Coulomb trap potentials can vary widely from one system to the
other (see Figure 2(a)). This causes the magnitude of noise to differ substantially
between, for example, a semiconducting TMDC and semimetallic graphene
that has no bandgap in the electronic structure. Below, we briefly describe the
relevant theoretical framework that captures this diversitywith commonphysical
principles.

2.1. The 1/f power spectral density on noise

The ubiquity of the 1/f -like power spectral density (PSD) of fluctuations in the
electrical parameters in a solid-state system is generally attributed to slow relax-
ation of background disorder [89,90]. The relaxation process is a superposition
of fluctuators of characteristic time τ with a distribution D(τ ) ∝ τ−1. A single
relaxation process has a power spectrum

S(f ) ∝ τ

(2π f )2τ 2 + 1
(1)

The total PSD of noise is then a weighted sum of all relaxations over a
bandwidth (τ1,τ2),



432 P. KARNATAK ET AL.

Figure 2.Microscopic disorder in 2D electronics and genesis of 1/f noise.
Note: (a) Traps in the oxide lead to spatial variation in the energy states and can lead to localization. (b) The
manifestation of the 1/f spectrum from multiple fluctuators with a wide distribution of time scales. Figure (a)
adapted from [146].

S(f ) ∝
∫ τ2

τ1

τ

(2π f )2τ 2 + 1
D(τ )dt (2)

which yields S(f ) ∝ 1/f , for τ−1
2 � f � τ−1

1 . Thus any random process that
has a wide distribution of time scales shall exhibit a 1/f spectrum. The process
is schematically explained in Figure 2(b).

2.2. Hoogemodel

One of the earliest and most important framework of 1/f noise was put forward
by Hooge [36,91] where he proposed the empirical model:

SV (f )
V2 = γH

Nf α
(3)

where SV is the PSD in voltage fluctuations across an electrical resistor which
is biased with a constant current. Here V is the average voltage drop across
the sample, N is total number of carriers, and γH is a phenomenological di-
mensionless parameter, called the Hooge parameter, which gives a normalized
estimate of the level of noise in a system. The frequency exponent α ≈ 1 ± 0.2
characterizes the 1/f noise. Experimentally, a 1/N type decrease in the noise
magnitude is a characteristic feature of systems following the Hooge model. The
Hooge parameter varies from one system to another, and is often observed to be
close to 10−3 − 10−2 for thin films of simple metals. This model assumes that
the conductance noise originates due to mobility fluctuations which are caused
by scattering of carriers due to number fluctuations of phonon modes in the
lattice. Due to limited impact of disorder/impurities on mobility fluctuations,
this model is applicable to homogeneous and clean metals and semiconductors.

2.3. Dutta–Hornmodel

The Dutta–Horn model [92] was first used to explain 1/f noise in the electrical
resistance of thin metal films. In this model, slow relaxation of disorder includes
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short and long-range diffusion of lattice defects and impurities [37], where the
activation energy barrier E to diffusion has a distribution function D(E). Since
the characteristic time scale τ = τ0 exp (E/KBT) is directly determined by the
activation barrier, the noise magnitude

S(f ) ∝
∫ ∞

0

τ0 exp
(

E
KBT

)

1 +
(
2π f τ0 exp

(
E

KBT

))2D(E)dE (4)

naturally assumes the 1/f spectral dependence, when D(E) varies weakly with E
in the rangeKBT ln

(
τ1
τ0

)
� E � KBT ln

(
τ2
τ0

)
. Here τ−1

1 and τ−1
2 aremicroscopic

cut-off frequency scales that are determined by, for example, finite system size
or nature/spatial correlation of the disorder itself, τ−1

0 is the scale of phonon
frequency, while KB is the Boltzmann constant. The applicability of the Dutta–
Hornmodel can be confirmed by comparing the experimentally obtained α with
that computed from the temperature dependence of noise. In addition, Dutta–
Hornmodel also predicts a collapse of fS(f ) plotted as a function ofKBT ln (f /f0),
where f0 ∼1013 Hz is the phonon frequency, for different defect densities that
can be confirmed experimentally.

2.4. McWhortermodel

The McWhorter model [86] of carrier number fluctuation was first introduced
to explain the 1/f noise in siliconMOSFETs, where bothmagnitude and spectral
shape of the noise were explained by the slow trapping–detrapping of charge
carriers from the traps at the channel and oxide interface. The charge fluctuation
results in an effective change in the surface (or gate) potential, leading to the
change in carrier number in the channel. The trapping/detrapping events are
described as quantum tunneling of charge between the channel and a trap
state in the oxide. In such tunneling process, the characteristic relaxation time
scale for a specific trap located a distance x below the interface is given by,
τT = τ0 exp (2κx), τ0 being a microscopic time scale of the order of the phonon
frequency, and κ = √

2m∗φB/�2 ∼ 109 m−1, where φB and m∗ are the oxide
tunnel barrier height and the effective electron mass, respectively. A uniform
distribution of the trap states close to the interface naturally leads to a wide
distribution of τT , which add up to 1/f noise in drain current ID as:

SID(f )
I2D

≈ e2KBT
AκC2

oxf
Dox

(
gm
ID

)2
(5)

where A, Cox , Dox , and gm are the device area, oxide capacitance, density of
oxide trap states, and transconductance, respectively. A crucial ingredient of
the McWhorter model is that the gate voltage noise due to random trapping/
detrappingof charge reflects in thedrain current noise through transconductance
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gm (as g2m) , and can be reduced by reducing the number of charge traps at the
channel–substrate interface.

2.5. Correlated number andmobility fluctuation

One of the drawbacks of theMcWhortermodel was that it neglects the possibility
of mobility fluctuations, which is concomitant to the trapping of charge in the
gate oxide because of Coulomb scattering. This leads to an overestimation of
Dox when the McWhorter model is used whereas in reality noise contains
explicit mobility and carrier density dependence. This has been considered
in Refs. [87,93], and by assuming a Coulomb scattering parameter α, where
α = δ(μ−1)/δNt represents the change in mobility per occupied trap state, an
overall expression for the PSD can be derived as,

SID(f )
I2D

≈ e2KBT
AκfL

∫ L

0
Dox(EF)

[
1

N(y)
+ αμ

]2
dy (6)

where L, N(y), and μ are the channel length, charge density in the channel at a
distance y, and carrier mobility, respectively. At low drain voltages and uniform
carrier density this reduces to,

SID(f )
I2D

≈ e2KBT
AκC2

oxf
(1 + αμN)2Dox

(
gm
ID

)2
(7)

The correlated number-mobility fluctuation model offers a unified description
of the 1/f noise in field-effect devices without the need to invoke a separate and
often ad hoc bulk mobility fluctuation mechanism.

2.6. The generation–recombination noise and deviation from 1/f spectrum

The generation–recombination processes can also be a source of low-frequency
electrical noise in electronic devices [94], in the presence of traps at a well-
defined energy, for example, a narrow impurity band located at energy ε below
the conduction band. The relaxation rate τ = τ0 exp (ε/KBT) is the characteristic
time scale of the process, and leads to a Lorentzian noise power spectrum as,

SID
I2D

∝ 1
1 + (2π f τ)2

(8)

The generation–recombination noise generally appears in addition to the 1/f
noise in the channel, and exhibits a non-monotonic T dependence as the modal
frequency lies within the finite measurement bandwidth in the optimal temper-
ature range. Experimentally, it is often identified from the evolution of fmax with
T , where fmax = τ−1

0 exp (− ε/KBT) is the frequency at which the PSD becomes
maximum.

Other models to describe various features of noise in 2D material-based field
effect devices have also been suggested and highlight that the effect of charge
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Figure 3. Noise in graphene.
Notes: (a) Graphene device structures, (b) Noise in single (left) and bilayer (right) graphene, (c) Noise in graphene
can show different dependences on number density, (d) Noise scaling with device area, (b) is taken from Ref. [48],
(c) from Ref. [53], and (d) from Ref. [62].

inhomogeneity may last upto different Fermi energy values in different materials
and is dependent on their bandstructure [95,96].

3. Graphene

Studying 1/f noise in graphene is important not only froman applied perspective
but is also fundamentally intriguing, for graphene hosts unique Dirac charge
carriers that can be electrostatically tuned between electrons and holes along
with their number density. As a result, noise has been extensively studied in
graphene devices for a large range of mobility values, varying device configu-
rations, and substrate types [47–61,63–73]. Basic graphene devices consist of
graphene exfoliated typically on a 300 nm of oxide grown on top of highly doped
silicon, which acts as the back gate. The contacting materials typically used are
– a thin (1–10 nm) layer of a wetting metal like Cr, Ti, Pd, with Au (10–100 nm)
on top to prevent oxidation. These devices display mobility values of the order
of ∼1000 cm2V−1s−1 owing to the exposure of graphene to processing residues
and its direct placement on SiO2, which offers a rough surface with many charge
traps.

Noise in such single layer graphene devices is high with the Hooge parameter
(γH) ranging from 10−3 to 10−4 [48,53]. It is generally accepted that noise is
caused by external electrostatic fluctuations, arising from the trap states in the
oxide and noise is high owing to the proximity of the transport channel to
the charge traps and the poor screening properties of single layer graphene. In
contrast, bilayer graphene displays significantly lower 1/f noise (Figure 3(b))
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(a) (b) (c)

Figure 4. Noise mechanisms in graphene transistors.
Notes: (a) Graphene placed on BN shows lower noise than SiO2 due to its separation from the oxide traps, (b)
Noise scales with the fourth power of specific contact resistance indicating the contact origin of noise, (c) Noise
enhancement at the grain boundaries, (a) taken from Ref. [63], (b) from Ref. [73], and (c) from Ref. [67].

than single layer graphene [48,49]. This has been attributed to the difference in
their band structures and the stronger screening properties of bilayer graphene
[48,49].

The exact microscopic mechanism for noise is a matter of debate and has
been attributed to a combination of the number fluctuation and the mobility
fluctuation model [53], or an interplay between the bandstructure and inhomo-
geneity [96]. While the resistance in graphene always decreases with increasing
number density, noise does not always decrease monotonically with increasing
carrier concentration [53] contrary to what is expected for conventional metals
or semiconductors [38]. Instead, noise often shows a minima at the Dirac point
and increases up to a number density value that depends on the layer number
(bandstructure) and the amount of disorder present (Figure 3(c)) [53]. This has
been attributed to the charge inhomogeneity near the charge neutrality point
[57,95] or the interplay of short-range and long-range disorder [55]. It has been
reported recently that this anomalous behavior depends on the bias applied may
occur due to the pinning of electron-hole puddle [97]. While oxide traps are
responsible for noise in graphene in the high-temperature range (80–300K), at
lower temperatures (< 50K) quantum interference of Dirac carriers determines
the magnitude of low-frequency noise [98–100], and increased sensitivity on
defect motion may lead to an increase in noise with decreasing temperature
[72]. Apart from the oxide traps, water vapor has also been shown to affect
the noise generated [55] but it is not clear what role do other impurities, like
resist residues and adsorbates play in the generation of flicker noise. Noise in
low-mobility graphene devices also scales with the device area (Figure 3(d)),
indicating the channel origin of noise [50].

To reduce the effects due to the proximity of the oxide, graphene can be
suspended between two metal contacts, by wet etching of the oxide underneath,
to obtain excellent electronic quality. Such suspendedgraphene structures exhibit
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low noise (γH ∼ 10−5) [56] due to the removal of the oxide substrate from
underneath the channel and partially the contacts as well. Significant further
advancement in graphene electronics was achieved by the realization that hexag-
onal boron nitride (BN) acts as an excellent substrate to graphene [7]. BN has
a similar structure as that of graphite, has few defects and can be exfoliated
to reveal an atomically flat, pristine surface for the placement of graphene [7].
Further improvement can be made by encapsulating graphene between two BN
crystals and making one-dimensional electrical contacts [101,102] by etching
away the BN [103]. Since graphene on BN is separated from the charge traps,
it shows 10–100 times lower noise (with γH ∼ 10−4) than graphene channels
on the Si/SiO2 substrate (Figure 4(a)) [63,64,73]. It has also been shown that in
moiré superlattices, formed by aligning graphene on BN, one can attain unique
noise characteristics for the cloned Dirac cones [68]. Ultralow noise devices can
also be made from few and multilayer graphene, given their superior screening
abilities [52] which may be suitable for interconnect applications.

3.1. Contact noise

Contacts have long been known to cause significant noise in devices [40,42,43,
104] and can especially affect atomically thinmaterials by chemically reacting and
altering their bandstructure to reduce their ability to screen external potential
fluctuations [105,106]. It has been recently observed that for high carriermobility
graphene devices noise is entirely generated at the contacts, which depends on the
contact material and contacting geometry; however, the channel characteristics
such as the mobility value play little or no role (Figure 4(b)) [73]. The current
crowding effect [43,107–111] which occurs due to the resistivity mismatch be-
tween the metal and graphene underneath causes a large potential drop at the
contact edge and further increases the contact contribution to noise.

3.2. CVD graphene

Exfoliated graphene yields only micron-sized graphene, while chemical vapor
deposition (CVD) of graphene offers a viable route for the creation of large-
scale graphene [112]. However, the CVD-grown graphene may contain many
defects and grain boundaries. These grain boundaries host short-range defects
that scatter charge carriers causing amixing of valleys, and localization of carriers
[66]. It has been shown that noise from a grain boundary region can be about
four orders of magnitude higher than that across a single grain (Figure 4(c)),
indicating the diminished ability to screen the fluctuating (external) electrostatic
potential near the grain boundary [67]. By scanning noise techniques, it has also
been shown that noise sources are primarily active at the grain boundaries or at
the edges [70].
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Figure 5. Noise in bismuth chalcogenide alloys.
Notes: (a) A typical four terminal FET from exfoliated bismuth selenide-based topological insulators (TI), (b) Power
spectral density as a function of frequency as a function of sample bias. The dashed line shows 1/f spectra, (c) Area
normalized noise parameter η and Hooge parameter γH are shown for 300 and 7 K. The phenomenological Hooge
parameter for device D50 is≈ 10−4 even at room temperature which makes it a suitable component for low noise
electrical circuits, (d) Normalized noise magnitude and sheet resistance RS of exfoliated TI as a function of T at
different gate voltages, (e) Device schematic for 1/f noise measurements in a TI-based tunnel junction, (f) Noise
as a function of bias is correlated with the inflection points in conductance and the band features(dashed line) for
Bi2Te3 tunnel junctions. Figures reproduced from: (a)–(b) Ref. [83] (c)–(d) Ref. [81] (e)–(f) Ref. [126].

4. Bismuth chalcogenides

The Bismuth chalcogenide-based topological insulators (TI) [23,24,113] are
among the promising 2Dmaterials for electronic and spintronic applications due
to topologically protected spin-polarized surface states. The primary challenge
towards the application of this system in electronic devices arises from the
chalcogen vacancies, for example, Se and Te vacancies in Bi2Se3 [114–116] and
Bi2Te3 [117], respectively, which places the Fermi energy in the bulk conduction
or valence bands. Several proposals to overcome this difficulty have been sug-
gested, the most notable one being the use of multi-component alloys, such as
BixSb2−xTeySe3−y , where compensation doping quenches conduction through
the bulk to a significant extent [118,119]. Nevertheless, Coulomb scattering from
such impurities limits the mobility of charge carriers in surface transport [120].

The proximity and possible hybridization [121–123], of metallic surface states
and semiconducting bulk states, make noise characteristics in TI [81–83] differ
significantly from that in graphene. While the substrate plays a major role in
determining the noise magnitude in graphene [49,53], the 1/f noise in TI can
have a very different origin even though the basic device structure remains the
same (Figure 5(a)). The key challenge has been to isolate the noise in surface
transport from that in the bulk. Early noise measurements [83] in exfoliated
nanoflakes of Bi2Se3 at room temperature, which clearly demonstrated noise
PSD ∝ 1/f α with α = 1.11 ± 0.02 (Figure 5(b)), did not differentiate between
the surface and bulk contributions.
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Recently Bhattacharyya et al. [81] have carried out extensive 1/f noise mea-
surements in mechanically exfoliated Bi1.6Sb0.4Te2Se (BSTS) alloys on p++
SiO2/Si substrate as function of temperature (T ∼ 7 − 300 K), film thickness
(d ≈ 10 nm to bulk), and gate voltage Vg . The electrical transport in these
systems has been shown to be dominated by surface states for T < 50 K and
d ≤ 1µm. Both noise parameter η = ASV (f )/V2 and the Hooge parameter
γH , where A is the device area, were shown to depend strongly on d and T . In
Figure 5(c), the sharp increase in η for d ≥ 1 µm at Vg = 0 V is directly related
to the onset of bulk conduction in TI samples. However, the Vg dependence of
noise in a typical exfoliated TI with d = 110nm shows a monotonic increase as
the number density is tuned towards the charge neutrality point (CNP), or the
Dirac point, for different temperatures. Due to the branching of current in three
parallel paths (inset Figure 5(c)), the Vg dependence of noise has been modeled
using the equation:

〈�R2〉
R2 = G2

t
G2
tot

Nt + G2
bulk
G2
tot

Nbulk + G2
b

G2
tot

Nb (9)

where Nx = 〈�R2
X〉/R2

X is the relative variance of noise and x = t, b and bulk
are top surface, bottom surface and bulk of the TI, respectively, and Gtot =
Gt+Gbulk+Gb = R−1 are the respective conductances. It has been shown that the
mobility-fluctuation-induced noise satisfactorily describes the Vg dependence
where Nx = γ x

HA/nx , nx being the number density of respective surfaces.
McWhorter type number density fluctuation model fails to describe the Vg
dependence both qualitatively as well as quantitatively. In thin exfoliated devices
[81] of thickness ∼10nm, the Vg dependence of noise shows a monotonic
increase with a suppression near Dirac point which vanishes as the temperature
is increased. Such M-type behavior has been observed in graphene as well [53]
and has been predicted to originate frommesoscopic quantum interference effect
in Dirac fermions in a spatially inhomogeneous carrier distribution [124].

The T-dependence of noise in TI (Figure 5(d)) was found to be unique
amongst different classes of 2D materials, and reveals a series of unexpected
peaks at characteristic temperatures irrespective of the thickness. Such peaks in
semiconductors usually arise due to either generation–recombination of noise or
due to diffusion of defects, although the latter involves much larger energy scale
(∼1 eV), and is expected to occur at higher temperatures. An in-depth analysis of
the PSD close to the noise maxima reveals generation–recombination processes
in the (insulating) bulk of the TI that manifest through mobility fluctuations
in the surface transport. The analysis also indicated two impurity bands with
�E = 20 meV, which corresponds to Se vacancies and,�E ≈ 130 meV which is
likely due to p-type (Bi,Se)/Te antisite defects [125]. It is remarkable that while
the insulating bulk of the TI does not directly contribute to electrical conduction,
it appears to be the dominant source of 1/f noise in TI-based devices.
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Figure 6. Noise in magnetically doped topological inslators.
Notes: (a) The crystal structure of chromium doped Bi2Se3. Cr is present either as an interstitial element or
substitutes a Bi in the lattice [147]. (b) Schematic of device used for noise measurements in [82]. The Cr-doped
TI film is shaped in Hall bar configuration on SrTiO−3 (STO) substrate. (c) Area normalized noise for molecular
beam epitaxy (MBE) grown samples are shown for different thermal cycles measured from the Dirac point: Figures
reproduced from: (a) Ref. [147], (b)–(c) Ref. [82].

The effect of bandstructure of TIs has also been investigated by measuring
1/f spectra [126] in perpendicular tunnel junctions. In Figure 5(e), the device
geometry consisting of a bottom electrode of MBE grown Bi2Se3/Bi2Te3 and Co
with Al2O3 as a tunnel barrier is shown. The 1/f noise spectra reveals a series of
peaks as function of a bias voltage which also agrees with the inflection points in
the conductance. While the peak at ±200 mV is close to the bulk valence band
for Bi2Te3, the other peaks can originate due to the availability of the transport
channels in the surface state band and bulk conduction band.

The microscopic origin of noise in MBE grown undoped TI (Bi,Sb)2Te3
and ferromagnetically doped TI (FMTI) Crx(Bi,Sb)2−xTe3 on STO substrate
(Figure 6(a) and (b)) has been investigated in Ref. [82]. In Figure 6(c), the
VD-VG dependence of noise has been shown, where VD is the Dirac point
gate voltage. The area normalized 1/f noise in the undoped samples shows
a 1/(VD-VG) dependence, while the FMTI shows a much stronger dependence
thanHoogemobility fluctuation (∼1/VD-VG) orMcwhorter number-fluctuation
∼1/(VG −VD)2. The T dependence of noise in FMTI has also been investigated
in Ref. [82]. Both Vg and T dependences seem to indicate noise processes in the
localized regime, for example, that arising in the Efros–Shklovskii variable range
hopping transport. Since the magnetic impurities break time reversal symmetry,
thereby destroying the topological protection to localization, the conduction
occurs inherently along the bulk of the film, and possibly in the impurity bands
formed by the Cr dopants.

5. Transitionmetal dichalcogenides

Low-frequency noise inmechanically exfoliated TMDCfield effect transistors on
SiO2 substrates has very different characteristics from that observed in graphene
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Figure 7. Noise in transition metal dichalcogenide field-effect transistors.
Notes: (a) Schematic depiction of a typical SiO2 backgated MoS2 FET. (b) Scaling of normalized transconductance
(gm/ID)2 and PSD SID/I2D with drain current ID for the device in part (a). (c) Plots of experimentally measured
normalized integrated PSD (wine colored dots), theoretically computed noise magnitude using McWhorter model
(olive colored line) and drain current Isd (navy blue colored line) with gate voltage Vg . Substrate trap density Dit
was used as a parameter for plotting the theoretical noise values. The qualitative and quantitative agreement of
these plots using experimental range of Dit values proves the McWhorter origin of noise. (d) Schematic depicting
the microscopic state of a TMDC channel near percolation threshold Vcg durin ON-OFF transition. Part (a) and (b) are
taken from Ref. [78], (c) and (d) are from Ref. [79].

or the bismuth chalcogenide-based topological insulators. This is not surprising
given the semiconducting band structure in many of these systems (Figure 1),
which strongly suppresses the screening of environmental Coulomb scatterers.
Early noise measurements [78] inMoS2 andWSe2 FETs reported decrease of the
noise magnitude (Hooge parameter) with increasing gate voltage Vg or channel
current ID, in amanner that closely followed theMcWhorter number-fluctuation
model [86] (Equation (5), Figure 7(b)). This was later confirmed by several
groups [74,76,79,127], and a direct correlation between the noise magnitude
and (gm/ID)2, where gm and ID are the transconductance and drain current,
respectively (Figure 7(c)), conclusively established that random intermittent
exchange of charge between the TMDC channel and charge traps on the SiO2
surface is the dominant source of 1/f noise in these devices.

However, noise measurements in exfoliated TMDC layers on SiO2 fail to
clarify two important issues: (1) role of surface traps as opposed to those at
the SiO2 interface, and (2) the role of the TMDC-metal contacts. It is now
established that the electrical transparency of themetal-TMDCcontacts is crucial
to high carriermobility inTMDCFETs, and large improvement inmobility is ob-
served on annealing the contacts at elevated temperatures prior to measurement
[128–130]. The extent of contact noise was first considered in Ref. [76], although
latter reports of absence of area scaling [79] and possible impact of surface
adsorbants [77] prevented an unambiguous separation of the channel and con-
tact contribution to noise. To resolve these issues, a series of van der Waals
heterostructures with partial encapsulation of the TMDC (MoS2) channel by
hexagonal boron nitride (BN) were studied in Ref. [74]. The regions covered
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(a) (b)

Figure 8. Noise in chemical vapor deposited (CVD) TMDC devices.
Notes: (a) TEM image of CVD grownMOS2 is taken from Ref. [135]. (b) Comparison of temperature dependence of
noise magnitude in Al2O3 passivated and unpassivated CVD MoS2 data taken from Ref. [140].

by BN remained protected from polymeric and atmospheric contaminants. No
significant difference in the noise magnitude between the BN-protected and
exposed parts of the channels could be observed, although a large decrease in
noise was observed on annealing. These evidences indicate a strong contribution
of contact noise in un-annealed devices, while channel noise dominates when
the contacts are annealed [79].

In a recent development, Fang et al. [80] reported a study of random tele-
graphic signals at low temperatures. These experiments reveal the impact of
isolated defects in the MoS2 channel, as well as that of defect-defect interactions,
on the observed RTS. In another work, Paul et al. [79] employed 1/f noise
magnitude to probe the microscopic mechanism of electrical transport at ON-
OFF transition, or switching, in TMDC FETs. They report a scaling of the noise
magnitude with average conductivity, characterized by universal scaling expo-
nents [131–133], which suggests inhomogeneous charge distribution in TMDC
FETs at the switching transition, and a dynamic evolution of classical percolative
transport from the inverted random void (weakly-connected puddles) to the
random void (island-in-sea) regimes (Figure 7(d)).

Noise measurements have now been carried out in CVD-grown TMDC sys-
tems as well, where the lattice defects (such as, vacancies) and grain boundaries
[134,135] act as scattering centers, in addition to charged traps at substrate
interface. The scenario is further complicated by the modification in the band
structure, which impacts both electronic and magnetic properties, by localized
and extended defects (grain boundaries) in 2D system [136–139]. Noise in
single grain regions of CVD MoS2 FETs [140] is found to be sensitive to the
dielectric environment with a large decrease in the normalized PSD observed
on surface passivation with Al2O3 (Figure 8(b)). Current fluctuations, however,
continue follow a correlated number andmobility fluctuationmodel as discussed
previously.
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Figure 9. Noise in black phosphorus and emerging applications.
Notes: (a) Schematic depiction of three layers of black phosphorous. (b) Comparison of normalized power spectral
density in black phosphorous FETs before and after passivation with Al2O3. Change in resistance (c) and channel
noise (d) of a graphene transistor on exposure to methanol vapor. The values of resistance and electronic noise are
normalized by their respective values in the pristine device. Subsection (a) and (b) are taken from Ref. [84] while (c)
and (d) are from Ref. [143].

6. Emerging applications and conclusion

6.1. Noise in black phosphorus

Black phosphorus (BP) is a thermodynamically stable gapped allotrope of phos-
phorus, and an emergingmember of the ultra-thinmaterial family. A single layer
of BP has a linked chain of phosphorous atoms forming a puckered honeycomb
sheet as shown in (Figure 9(a)). It has a 2 eV single layer bandgap which reduces
to 0.3 eV for bulk BP making it one of the smallest bandgap two-dimensional
semiconductingmaterials. Thus, few layer BP FETs are ambipolar [85,141], have
high carrier mobilities (upto 1000 cm2V−1s−1)) [141], and a large ON-OFF ratio
making them suitable for logic and complementary MOS applications.

Noise measurement in BP FETS is employed to investigate the role played by
interfacial traps and/or contacts on device performance [84,85]. Interestingly,
the microscopic mechanism of noise seems to differ depending on the doping,
where n-type and p-type doping exhibits dominance ofmobility fluctuations and
correlated number–mobility fluctuation noise, respectively. Annealing helps in
improving the device characteristics temporarily while passivation with a high-k
dielectric, such as Al2O3, is found to protect the channel for a longer period of
time while reducing channel noise (Figure 9(b)), hysteresis and improving the
field effect mobility and subthreshold slope [84].

6.2. Noise as a sensor

The large surface-to-volume ratio of 2D materials makes them very sensitive
to the surrounding environment. This has enabled 1/f noise measurements in
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Figure 10. Hooge parameters for various low-dimensional systems, and comparison with that in
2D materials.
Notes: Collated from [48,52,53,56,68,77,81,83,85,148–150].

graphene FETs to determine the presence of environmental chemical species,
such as, methanol, nitrobenzene, chloroform, and ammonia [142,143]. Both
channel resistance and noise magnitude increase when graphene FETs are ex-
posed to vapor of such chemicals, but compared to a 6% change in electrical
resistance, the change in the noisemagnitude on exposure to chemical analytes is
∼1500% (Figure 9(c) and (d)) [143]. The resetting time for noise-based sensors is
also found to be considerably lower than that of a resistance-based sensormaking
it a far superior probe for gas-sensing application. Moreover, the adsorbates
interact with graphene with chemical-specific characteristic frequencies, causing
the noise power spectrum to deviate from pure 1/f behavior. This may allow
specificity in chemical sensing.

Low-frequency noise has beenwidely utilized to study the physics of resistance
fluctuations in van der Waals materials. Their dimensionality and unconven-
tional electronic structures uniquely affect the physics of resistance fluctuations.
However, there remains a lot to look forward to, for despite extensive investi-
gation, a more refined understanding of the microscopic mechanism of noise in
these materials is desirable. Noise may also aid in addressing some fundamental
questions on localization physics and edge modes, as noise is sensitive to the
bandstructure, the local density of states, and the disorder landscape, especially
in systems like bilayer graphene that offer a readily accessible and rich phase
space.

Noise has also been employed as a diagnostic tool to gauge the performance
limiting factors in van der Waals materials. These investigations indicate that in
all van derWaals materials, with the exception of exfoliated graphene, resistance
fluctuations are enhanced or even generated by intrinsic defects. This calls for
a perfection toward the high-quality growth of these materials. Developing su-
perior electrical contacts is another important direction toward improving their
noise performance. To quantify how van der Waals materials currently com-
pare with alternate emerging materials and conventional materials the Hooge
parameter, a figure of merit for noise is shown in Figure 10. The class of van
der Waals materials also continues to expand rapidly, and we may expect new
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materials with superior noise characteristics. Finally, the sensitivity of noise
magnitude to external stimuli, coupled with the unique electronic properties of
two dimensional materials makes them ideal candidates for sensor applications.

In conclusion, van der Waals materials are currently at the forefront of
research, being explored for novel physical phenomena and for their application
potential. Their applicability in novel and high-quality electronic and optoelec-
tronic applications will crucially depend on minimizing the resistance noise.
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