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Suppression of 1/f noise in graphene due to
anisotropic mobility fluctuations induced by
impurity motion
Masahiro Kamada1, Weijun Zeng 1,2, Antti Laitinen 1, Jayanta Sarkar1, Sheng-Shiuan Yeh 3,

Kirsi Tappura 4,5, Heikki Seppä4 & Pertti Hakonen 1,2✉

Low frequency resistance variations due to mobility fluctuations is one of the key factors of

1/f noise in metallic conductors. According to theory, such noise in a two-dimensional (2D)

device can be suppressed to zero at small magnetic fields, implying important technological

benefits for low noise 2D devices. In this work, we provide evidence of anisotropic mobility

fluctuations by demonstrating a strong field-induced suppression of noise in a high-mobility

graphene Corbino disk, even though the device displays only a tiny amount of 1/f noise

inherently. The suppression of the 1/f noise depends on charge density, showing less non-

uniform mobility fluctuations away from the Dirac point with charge puddles. We model our

results using an approach based on impurity clustering dynamics and find our results con-

sistent with the 1/f noise induced by scattering of carriers on mobile impurities forming

clusters.
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Modeling of 1/f noise is a challenging task that has been
investigated intensively since the invention of semi-
conducting transistors in the late 1940’ies. Typically,

models based on a collection of two-level systems (TLS) or trap
states are employed1,2. Using a large collection of such states with
broadly distributed parameters, wide band 1/f noise can be gen-
erated. In particular, analysis of low frequency noise in terms of
charge traps in transport channels in field effect transistors has
been very successful2.

According to the commonly accepted view, the 1/f noise in
metallic conductors is determined entirely by fluctuations in charge
carrier mobility3. Several models have been put forward to elucidate
the mobility noise. Apart from the models based on localized states
and fluctuating scattering cross sections4, models based on mod-
ification of electron interference by mobile defects have been quite
successful in accounting for many experimental observations5,6.
Furthermore, noise due to agglomeration of impurities have been
investigated using master equation7 and lattice gas8 type of
approaches, and noise close to 1/f spectrum has been obtained.

In the present experimental work, our aim is to investigate the
generic nature of 1/f noise in high-quality graphene. We will
demonstrate that major part of the noise originates from mobility
fluctuations, the effect of which depends on the magnetic field.
Mobility fluctuations can be modeled by moving impurities or
moving defects, which leads to universal characteristics due to
impurity dynamics that we compare with our results. For
example, the dynamics of mobile impurities may lead to genuine
long-time correlations, which may dominate the low-frequency
noise under favorable conditions instead of a combination of
random single fluctuators9. Long-time memory effects are natu-
rally offered by the nearly endless number of possible reconfi-
gurations among a collection of mobile impurities. The reshaping
of impurity clusters via infrequent hopping events across large
energy barriers leads to long-term, non-exponential correlations,
which yields 1/f noise over large frequency spans.

Recent experiments imply that the origin of 1/f noise in gra-
phene is complex, in particular near the charge neutrality point

(Dirac point)10–15. The noise is argued to arise from an interplay
of charge traps, atomic defects, short and long range scattering, as
well as charge puddles. Various models have been proposed, and
qualitative agreement with the data has been reached16–22. In
graphene devices, 1/f noise is described as an effect of the fluc-
tuations in the carrier concentrations deriving from trapping/
detrapping phenomena23,24, and even correlations between
charge traps and mobility noise have been found25, which is also
common in regular metallic and semiconducting devices1,4,26. In
our work, suspended clean graphene removes many of these noise
sources and the fundamental noise elements can be addressed in
pure form.

Corbino geometry is unique for electrical transport as the
magnetoresistance includes only the diagonal conductivity com-
ponent σxx. This feature means that, if there are isotropic mobility
fluctuations (fully correlated in two orthogonal directions) caus-
ing 1/f noise, this noise component will be suppressed to zero at
μ0B= 127; here μ0 denotes the mobility at B= 0. This behavior
has unsuccessfully been searched for both in two-dimensional
electron gas28–31, as well as in graphene32.

Our experimental results display a clear suppression of noise as
a function of B, which fits the mobility fluctuation model
including anisotropy. This provides strong evidence that a large
part of the 1/f noise originates from mobility fluctuations in clean
graphene.

Results and Discussion
1/f noise of graphene Corbino devices. The sample, its fabrica-
tion, and basic characterization is described in Supplementary
Note 1. Figure 1a displays measured noise power spectral density
SI vs. frequency f at a few fields between 0 and 0.15 T at Vg= 0.8
V using currents around 5− 10 μA. All the data are very close to
the pure 1/f form: for the data at 0.03 T and I= 9.92 μA, for
example, fitting of a free exponent β to 1/fβ yields β= 0.98. The
inset displays a wider frequency scan of the noise at Vg= 2.5 V
and I= 9.3 μA: clear 1/f noise is present over three decades in
frequency. Our data also fulfill the basic properties of 1/f noise
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Fig. 1 Measured noise data. a Noise power spectral density SI vs. frequency f at a few fields between 0 and 0.15 T measured at 27 K, Vg= 0.8 V and at
currents between 5.19 and 10.4 μA; the current is reduced due to geometric B2 magnetoresistance. For the data at 0.03 T (I= 9.92 μA), the result of 1/fβ

noise fitting with β= 0.98 is also shown (in dark dashed line). The inset depicts 1/f noise scanned over three decades in frequency at Vg= 2.5 V and
I= 9.3 μA. b Measured (at T= 27 K and B= 0 T), scaled 1/f noise spectral density SI/I2 illustrated at 10 Hz as a function of gate voltage Vg (∘);
∣n∣ < 4 × 1014 m−2. The filled circles (•) denote the noise contribution due to graphene resistance fluctuations

R2g
R2Σ
SgI =I

2 ¼ δR2g
R2Σ

while the solid (blue) curve
displays the current noise contribution from contact resistance R2c

R2Σ
ScI =I

2 ¼ δR2c
R2Σ
.
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spectra as a function of bias current SIðIÞ ¼ s I
γ

f , where γ ~ 2. The
noise magnitude s= f × SI(I)/I2≃ 2− 5 × 10−10 is approximately
a constant, which is decomposed into sm and sc in our analysis.
Compared with other low-noise graphene devices, the noise of
our sample is on par with the lowest achieved results20,33.

The 1/f noise changed irregularly with the increase of magnetic
field at low temperatures, in particular at 4 K and below. This is
assigned to the role of conductance fluctuations in our sample
(see Supplementary Note 5). Their significance becomes reduced

with increasing temperature as the thermal diffusion length LT ¼
ffiffiffiffiffiffi

_D
kBT

q

decreases from 400 to about 100 nm when T is increased

from 4 to 40 K. Consequently, we selected an operation
temperature of T= 27 K, at which the strength of individual
conductance fluctuation features was sufficiently weakened, and
the magnetic field dependence could be analyzed better in terms
of diffusive transport models.

Charge density dependence of the scaled 1/f noise spectral

density,
R2
g

R2
Σ
SgI=I

2 ¼ δR2
g

R2
Σ
and R2

c

R2
Σ
ScI=I

2 ¼ δR2
c

R2
Σ
, where RΣ= Rg+ Rc, is

depicted in Fig. 1b for the graphene part and the contacts,
respectively. The value for contact noise ScI=I

2 ¼ 2:7 ´ 10�10=f
was determined from data measured in the voltage range
50⩽ ∣Vg∣⩽ 70 V (see Supplementary Figure 4) in the unipolar

regime where no pn interfaces exist and R2
c

R2
Σ
� 1. The data points

specified at f= 10 Hz were taken from the fits of 1/f form to the
measured spectra. The open circles denote the experimental data
at 27 K, while the filled symbols and the blue curve indicate the
separation between the noise contributions from the graphene
itself and the contacts, respectively (see Supplementary Note 3 for
a detailed data analysis). Clearly, graphene contribution dom-
inates the measured 1/f noise at the Dirac point, but at
∣n∣ ~ 3 × 1014 m−2 the graphene contacts account for ~1/3 of
the noise. As the graphene resistance increases with B, the contact
contribution in the coupled noise becomes even less significant in
a magnetic field. The dip structure in the noise near the Dirac
point is due to the substantial magnitude of ScI=I

2 compared with
the graphene noise, and it originates from the presence of both
electron and hole carriers and incoherent addition of their contact
noise contributions.

At small magnetic fields, B < 0.15 T, the resistance grows as B2

and, simultaneously, the apparent Dirac point shifts slightly
higher in Vg

34. The magnetic field dependence of the measured
1/f noise is illustrated in Fig. 2a, which depicts scaled graphene

noise power SgI=I
2 ¼ R2

Σ

R2
g
SI=I

2 � R2
c

R2
g
ScI=I

2 at 10 Hz as a function of

magnetic field B at several charge carrier densities near the Dirac
point (n=− 3⋯+ 3 × 1014 m−2). A clear reduction in noise is
observed with increasing B and the reduction takes place in
approximately equal relative manner at all gate voltage values.
The smallest noise SgI=I

2 is observed at the Dirac point, as typical,
while the reduction of noise with B becomes strongest at charge
densities n > ± 1.5 × 1014 m−2 at which the reduction by the field
amounts to ~ 75%. A leveling off of the reduction appears when
approaching B= 0.15 T, but no clear upturn is found in the
investigated B < 0.15 T range. B= 0.15 T was selected as the
upper limit in our analysis because there was already a deviation
visible from the B2 dependence in the magnetoresistance ΔR/R
(see Supplementary Note 4).

Suppression of 1/f noise due to mobility fluctuations. For
Corbino devices with isotropic (scalar) mobility fluctuations δμ0,
the current fluctuations should vanish at a sweet spot having
μ0B= 1. In practice, the sweet spot does not reduce the noise

down to zero, but non-idealities/other noise sources will limit the
reduction28–32. On the other hand, partial correlations between
mobility fluctuations in radial δμr and azimuthal δμφ direction
may account for the observed noise reduction. If we simply cal-
culate the total resistance fluctuations as a linear sum of local
fluctuations of resistivity we obtain for total resistance fluctua-
tions

Sgðf Þ ¼ sm
1
f

μg
μm

� �2 1þ μ0B
� �4 � 2χ μ0B

� �2
� �

1þ μ0B
� �2

� �2 ; ð1Þ

where we characterize the combined fluctuations of δμφ and δμr
by correlation coefficient χ according to hδμφδμri ¼ χhδμ2r i ¼
χhδμ2φi (see Supplementary Note 2 for a detailed derivation);
similar formulas can be derived starting from anisotropic
scattering27. When there is full positive (scalar) correlation
(χ= 1), the noise vanishes at μ0B= 1. With full negative corre-
lation χ=− 1, no suppression is seen in the 1/f noise28–32. By
taking into account sm / 1=ð1þ ðμ0BÞ2Þ, our results in Fig. 2a
yield χ≃− 0.5 ± 0.1 away from the Dirac point. This result is in
agreement with theoretical studies for changes in resistance due
to reorganization of atoms35,36,31 and also with noise correlation
measurements in semimetallic Bi37. According to our own kinetic
Monte Carlo (kMC) simulations (see Methods section), the cor-
relation coefficient is χ≃− 0.7 and− 0.4 for kBT/Ed= 0.3 and at
kBT/Ed= 0.5, respectively; here Ed is the energy barrier for hop-
ping between sites. The difference in these calculated values for χ
can be explained by the fact that, at the lower temperature, a
significant number of defects spend a considerable time at the
electrodes forming elongated clusters instead of moving freely on
graphene without additional restrictions on the shape of clusters
as discussed in the supplementary information of Ref. 33.

1/f noise with mobile impurities. The gate voltage dependence of
1/f noise at B= 0 and B= 0.15 T is compared in Fig. 3. We
observe that the difference between the data at B= 0 and B= 0.15
T grows monotonically when moving away from the Dirac point.
The resistance fluctuations are increasingly suppressed from
B= 0 value with growing charge carrier density over ∣n∣= 1…
3 × 1014 m−2. This decrease can be assigned to a small change in
the magnitude of correlations between δμr and δμφ from χ≃− 0.6
(at Dirac point) to χ≃−0.17 (at ∣n∣= 3.23 × 1014 m−2), as illu-
strated in Fig. 2b. Possibly, the strengthening in anticorrelation
between δμφ and δμr is related to reduced screening at small
charge densities.

Graphene properties may also become modified due to external
factors, such as strain induced by Vg or local strains induced by
adsorption of adatoms38. According to Ref. 38, the stress field
induced by the adatom extends over till the next nearest lattice
sites and it involves asymmetry in the strain distribution. Such
strain leads to pseudomagnetic fields39, which act as weak
uniform scattering regions. In addition, there arises scalar (gauge)
fields which may increase conductivity by enhancing local charge
density33. Hence, adsorbed mobile atoms could provide short-
ranged scattering centers which cause isotropic mobility fluctua-
tions, weakening negative correlations. Detailed theoretical
modeling of the actual scattering centers and the ensuing χ(n)
is beyond the scope of the present work.

According to Eq. (3), graphene noise at B= 0 varies as

ðμgμmÞ
2
sm

1
f , where the scattering contribution due to mobile

impurities, proportional to 1/μm, may vary with gate voltage.
Using diffusive transport theory34,40, scattering by short range
impurities produces 1/μs= a∣n∣ while for Coulomb impurities 1/
μC= b, where a and b are constants. Using the mobility analysis
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described in Ref. 34, we can determine μg, μC and μs. The division
between relative scattering rates in terms of components μ�1

C and
μ�1
s at 27 K is indicated in the inset of Fig. 3. If we assume that

mobile impurities would be Coulomb scatterers with constant μC,
SgI=I

2 would decrease with Vg. Hence we conclude that the
majority of mobile impurities in our device must be short range
scatterers due to adatoms. For short-ranged scatterers, we obtain

a parabolic change of ðμgμmÞ
2
upto 300…400% across the measured

gate voltage range (see Fig. 3). This change will become reduced if
part of the scatterers are Coulomb impurities. In fact, the adatoms
will produce both short range scattering due to strain and long

range scattering due to induced charge at the impurity site. Thus,
the sharp division between short range and long range
contributions is not properly valid for the mobile impurities

present in our system. Nevertheless, the factor ðμgμmÞ
2
agrees with

the functional form of the measured change, supporting the basic
assumption of sm ¼ const: in our 1/f noise model. For better
testing between theory and experiment, a separate means to
determine the scattering contribution of the mobile impurities
would be needed.

Conclusions
We have addressed the fundamental sources of 1/f noise in a low-
noise, suspended graphene Corbino disk without strong two-level
systems. By employing incoherent transport of electrons and
holes, we could account for the contact noise by a single para-
meter. Also, we were able to account for the graphene noise,
basically using a single parameter which is related to impurity
movement and mobility fluctuations due to random agglomera-
tion/deagglomeration of impurities. The noise decreased with
increasing magnetic field, which pinpoints the nature of the noise
to mobility fluctuations with intrinsic correlations between radial
μr and azimuthal μφ fluctuations. We find negative orthogonal
mobility correlations, which agrees with expectations for “rotat-
ing” impurities and our kinetic Monte Carlo simulations.
Agreement is also found between our model and another work
studying GaN/AlGaN two-dimensional electron gas (2DEG)
systems having carrier mobility fluctuations (see Supplementary
Note 6). With the significant noise suppression as a function of
magnetic field, our work is strongly in favor for mobility noise in
two dimensional materials.

Further work is needed to shed light on cluster formation of
defects and collective dynamics of such clusters. Recent progress
in both metallic and semiconducting 2D materials facilitates good
opportunities in tackling these problems. The complex, and
possibly self-limiting, dynamics of impurities provides a natural
explanation for the long-time memory effects needed to create
genuine 1/f noise, distinct from the regular 1/f noise theories
based on distributed two-level or trap states. Our results
demonstrate that these collective phenomena may be addressed in
very clean micron scale systems. One independent work (Ref. 41)
appeared at almost the same time also supports such idea.
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Methods
1/f Noise. In metallic materials, the power spectral density of 1/f fluctuations is
often assigned to the random impurity scattering due to the mobile impurities,
defects, or vacancies42. Accordingly, the spectral density of 1/f noise Sm(f) is related
to fluctuations of the conductivity σm governed by mobile impurities,

Smðf Þ ¼
hΔσ2mi
σ2m

¼ hΔμ2mi
μ2m

¼ sm
1
f
; ð2Þ

where σm= eμmn with μm limited by scattering of the mobile impurities alone, e is
the electron charge, and sm ¼ const: (when the number of impurities is fixed), i.e.
the noise does not scale with the density of charge carriers n. Thus, parallel to
works of Refs. 6,43, our starting point differs from that of Hooge3,44 who argued
that the 1/f noise due to mobility fluctuations varies inversely with the total number
of charge carriers Ne: sm ¼ constant=Ne . The conductivity σm describes, in general,
transport associated with scattering from a disordered and time-dependent part of
a system. Constant sm depends on temperature (diffusion constant), number of
impurities, interaction between them, volume or the area of the component as well
as the details related to the scattering process. Our hypothesis is that in a specific
sample under fixed external conditions, sm remains unchanged, for example even
though the sample resistance is changed significantly by enhancing the carrier
number by gating. If scattering is anisotropic, then correlations among 1/f noise
contributions may arise, which yield specific characteristics for the noise when
external conditions are changed (see below). Note that a magnetic field B changes
the sample, because the length L of the traversed carrier path becomes longer.
Consequently, in the incoherent transport case, the noise due to mobile impurities
becomes suppressed as sm∝ 1/L∝ 1/R(B).

Conductance in graphene is influenced by immobile impurity scattering, both
due to short-ranged and Coulomb scatterers, as well as randomly moving mobile
impurities, with the scattering rates proportional to inverse mobilities 1/μs, 1/μC,
and 1/μm, respectively. For simplicity, we neglect here the electron-phonon
scattering which, however, may govern the inelastic scattering length that is
important in electronic interference effects. The graphene conductivity is then
given by 1

σg
¼ 1

ne ð 1μC þ
1
μs
þ 1

μm
Þ according to the Mathiessen rule. Consequently, the

conductance fluctuation of graphene can be written as

Sgðf Þ ¼
hΔσ2gi
σ2g

¼ σg
σm

� �2 hΔσ2mi
σ2m

¼
μg
μm

� �2 hΔμ2mi
μ2m

¼
μg
μm

� �2

sm
1
f
; ð3Þ

where 1
σg
¼ 1

ne
1
μg
. The noise of a graphene device thus depends on the electron

mobility due to mobile impurity scattering as well as their relative significance in
total conductivity given in terms of total graphene mobility μg; if this ratio is
modified by some physical process, then the magnitude of the 1/f noise changes.
For example, if mobile impurities behave as short range scatterers, the mobility
related with them may decrease with increasing gate voltage Vg

34.
In a typical graphene sample, contact resistance starts to become important at

large charge densities at which σg > >G0; G0= 2e2/h denotes the conductance
quantum. Consequently, 1/f noise from contacts has to be taken into account,
particularly at large Vg. We model the contact resistance by two parallel trasport
pathways, one for electrons and one for holes, with conductance Gce and Gch,
respectively. We assume that GcðnÞ ¼ GceðnÞ þ GchðnÞ ¼ Gc ¼ const:, where
Gce(n) and Gch(n) denote the separate electron and hole transport processes at the
contact. Consequently, for conductance fluctuations δGc(n)= δGce(n)+ δGch(n).
The variance becomes
δG2

c ðnÞ ¼ ðδGceðnÞ þ δGchðnÞÞ2 ¼ hδG2
ceðnÞi þ hδG2

chðnÞi þ 2hδGceðnÞδGchðnÞi.
Because the electron/hole doping varies spatially at the boundary (near the Dirac
point), we expect that the regions of dominant hole and electron transport vary in
space. Consequently, the fluctuations of δGch(n) and δGce(n) are also localized
spatially and thus vary independently, which leads to 〈δGce(n)δGch(n)〉= 0. So
their noise is added incoherently, which yields

Scðf Þ ¼
hΔG2

c i
G2
c

¼ hΔR2
c i

R2
c

¼ n2h þ n2e
nh þ ne
� �2

sc
f
; ð4Þ

where ne and nh specify the number density of electrons and holes and we have
assigned equally large noise constant sc to both carrier species at the two contacts:

Schðf Þ ¼ Sceðf Þ ¼ hΔR2
chi

R2
ch

¼ hΔR2
cei

R2
ce

¼ sc
f . Here Rc= 1/Gc denotes the contact resistance,

while its components Rce= 1/Gce and Rch= 1/Gch specify the contact resistance for
electrons and holes, respectively. The density of charge carriers as a function of the
gate voltage can be estimated as n ¼ Cg½

ffiffiffiffiffiffiffiffiffiffiffi

V2
gþV2

d

p
�=e, where the electron-hole

crossover voltage scale Vd≃ 1.4 V is close to the residual charge range determined
from the measured G(Vg). This Vd scale determines the coexistence of electrons
and holes according to neðhÞ ¼ 1

2Cg½
ffiffiffiffiffiffiffiffiffiffiffi

V2
gþV2

d

p
þð�ÞVg �=e, which fulfills n= ne+ nh. Note

that the constant sc has a slightly different role than the constant sm since we do not
divide the contact resistance into parts according the type of the scattering
mechanisms. This is because the contact resistance remains a constant in the range
of interest. Near the Dirac point the equation can be approximated as Scðf Þ �
ð1� 2 nenh

n2 Þsc 1f which shows that the noise reaches a minimum at the Dirac point.

Without invoking Hooge’s law (cf. Refs. 18,45), the above equation provides a

simple explanation for the noise dip as a consequence of incoherent transport of
electrons and holes through a noisy contact resistance.

On the whole, 1/f noise in our model is obtained by combing contributions
from Eqs. (3) and (4) incoherently. Neglecting the variation of μm (though, see
below), the noise is described using two fit parameters, sm and sc, while the rest of
the parameters are determined from the conductance G(Vg). Besides these two
parameters, we employ a correlation factor χ in order to account for magnetic field
dependence of the noise, which clearly indicates the presence of mobility
fluctuations: χ describes the correlations between two orthogonal mobility
fluctuation components. Using these three parameters we are able to account quite
well for our measured noise results covering the parameter range of ∣n∣ < 4 ×
1014 m−2 and 0≦ B < 0.15 T.

Simulations. Kinetic Monte Carlo simulations were performed on a model system
imitating the Corbino disk geometry by applying appropriate boundary conditions.
The calculation procedure and assumptions are described in more detail in Ref. 33.
First, the trajectories of the defects on the Corbino disk were generated at two
different temperatures (kBT= 1.2 and kBT= 2, while energy barrier for hopping
was Ed= 4) by the kMC simulations allowing 25 defects to move via thermally
activated diffusional hops on a 50 by 50 square lattice. The time evolution of the
resistance was then calculated by finite element method (FEM) based on the output
of the kMC describing the defect motion on the disk. As suggested by experiments
with adsorbed Ne33, the defect sites were assumed to be more conductive than the
background lattice. In the present model, the ratio of the conductivity values was
set to 105. The FEM calculations were performed for the two orthogonal directions
of the current flow, i.e. radial and azimuthal using the same kMC data. Finally, a
correlation coefficient between the resistance fluctuations in the radial and azi-
muthal directions was calculated for the two different temperatures.

Data availability
All essential data in the paper are available. Raw data for 27 K and 4 K are plotted in the
Supplement and they have also been uploaded to Zenodo (https://doi.org/10.5281/
zenodo.7085019). Further supporting data can be provided from the corresponding
author upon request.

Received: 3 January 2022; Accepted: 26 July 2023;

References
1. Kogan, S. Electronic Noise and Fluctuations in Solids (Cambridge University

Press, New York, NY, USA, 2008), 1 edn.
2. Grasser, T. Noise in Nanoscale Semiconductor Devices. (Springer International

Publishing, Cham, 2020).
3. Hooge, F. N., Kleinpenning, T. G. M. & Vandamme, L. K. J. Experimental

studies on 1/f noise. Rep. Prog. Phys. 44, 479–532 (1981).
4. Hooge, F. N. 1/f noise sources. IEEE Trans. Electron Devices 41, 1926–1935

(1994).
5. Feng, S., Lee, P. A. & Stone, A. D. Sensitivity of the conductance of a

disordered metal to the motion of a single atom: Implications for 1/f noise.
Phys. Rev. Lett. 56, 1960–1963 (1986).

6. Pelz, J. & Clarke, J. Quantitative “local-interference” model for 1
f noise in metal

films. Phys. Rev. B 36, 4479–4482 (1987).
7. Ruseckas, J., Kaulakys, B. & Gontis, V. Herding model and 1/f noise. EPL 96,

60007 (2011).
8. Jensen, H. J. Lattice gas as a model of 1/f noise. Phys. Rev. Lett. 64, 3103–3106

(1990).
9. Ralls, K. S. & Buhrman, R. A. Defect interactions and noise in metallic

nanoconstrictions. Phys. Rev. Lett. 60, 2434–2437 (1988).
10. Balandin, A. A. Low-frequency 1/f noise in graphene devices. Nat.

Nanotechnol. 8, 549–55 (2013).
11. Karnatak, P., Paul, T., Islam, S. & Ghosh, A. 1/f noise in van der Waals

materials and hybrids. Adv. Phys.: X 2, 428–449 (2017).
12. Stolyarov, M. A., Liu, G., Rumyantsev, S. L., Shur, M. & Balandin, A. A.

Suppression of 1/f noise in near-ballistic h-BN-graphene-h-BN
heterostructure field-effect transistors. Appl. Phys. Lett. 107, 023106 (2015).

13. Kayyalha, M. & Chen, Y. P. Observation of reduced 1/f noise in graphene field
effect transistors on boron nitride substrates. Appl. Phys. Lett. 107, 113101
(2015).

14. Kumar, C., Kuiri, M., Jung, J., Das, T. & Das, A. Tunability of 1/f Noise at
Multiple Dirac Cones in hBN Encapsulated Graphene Devices. Nano Lett. 16,
1042–1049 (2016).

15. Kakkar, S. et al. Optimal architecture for ultralow noise graphene transistors at
room temperature. Nanoscale 12, 17762–17768 (2020).

COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01321-x ARTICLE

COMMUNICATIONS PHYSICS |           (2023) 6:207 | https://doi.org/10.1038/s42005-023-01321-x | www.nature.com/commsphys 5

https://doi.org/10.5281/zenodo.7085019
https://doi.org/10.5281/zenodo.7085019
www.nature.com/commsphys
www.nature.com/commsphys


16. Heller, I. et al. Charge noise in graphene transistors. Nano Lett. 10, 1563–1567
(2010).

17. Pal, A. N. et al. Microscopic mechanism of 1/f noise in graphene: Role of
energy band dispersion. ACS Nano 5, 2075–2081 (2011).

18. Zhang, Y., Mendez, E. E. & Du, X. Mobility-dependent low-frequency noise in
graphene field-effect transistors. ACS Nano 5, 8124–8130 (2011).

19. Kaverzin, A. A., Mayorov, A. S., Shytov, A. & Horsell, D. W. Impurities as a
source of 1/f noise in graphene. Phys. Rev. B 85, 75435 (2012).

20. Kumar, M., Laitinen, A., Cox, D. & Hakonen, P. J. Ultra low 1/f noise in
suspended bilayer graphene. Appl. Phys. Lett. 106. https://doi.org/10.1063/1.
4923190 (2015).

21. Arnold, H. N. et al. Reducing flicker noise in chemical vapor deposition
graphene field-effect transistors. Appl. Phys. Lett. 108 (2016).

22. Karnatak, P. et al. Current crowding mediated large contact noise in graphene
field-effect transistors. Nat. Commun. 7, 1–8 (2016).

23. Pellegrini, B. 1/f noise in graphene. Eur. Phys. J. B 86, 373 (2013).
24. Macucci, M. & Marconcini, P. Theoretical Comparison between the Flicker

Noise Behavior of Graphene and of Ordinary Semiconductors. J. Sens. 2020,
1–11 (2020).

25. Lu, J. et al. Negative correlation between charge carrier density and mobility
fluctuations in graphene. Phys. Rev. B 90, 085434 (2014).

26. Dutta, P. & Horn, P. M. Low-frequency fluctuations in solids: 1f noise. Rev.
Mod. Phys. 53, 497–516 (1981).

27. Orlov, V. B. Defect Motion as the Origin of the 1/f Conductance Noise in Solids.
EUT report 92-E-25 (Eindhoven University of Technology, 1992). https://
pure.tue.nl/ws/files/4275635/9213901.pdf.

28. Levinshtein, M. E. & Rumyantsev, S. L. Noise of the 1/f Type Under
Conditions of a Strong Geometric Magnetoresistance. Sov. Phys.: Semiconduct.
17, 1167–1169 (1983).

29. Song, M. & Min, H. S. Influence of magnetic field on 1/f noise in GaAs
Corbino disks. J. Appl. Phys. 58, 4221–4224 (1985).

30. Song, M. H., Birbas, A. N., van der Ziel, A. & van Rheenen, A. D. Influence of
magnetic field on 1/f noise in GaAs resistors without surface effects. J. Appl.
Phys. 64, 727–728 (1988).

31. Orlov, V. & Yakimov, A. 1/f noise in Corbino disk: Anisotropic mobility
fluctuations? Solid State Electron. 33, 21–25 (1990).

32. Rumyantsev, S. L. et al. The effect of a transverse magnetic field on 1/f noise in
graphene. Appl. Phys. Lett. 103, 173114 (2013).

33. Kamada, M. et al. Electrical low-frequency 1/fγ noise due to surface diffusion
of scatterers on an ultra-low-noise graphene platform. Nano Lett. 21,
7637–7643 (2021).

34. Kamada, M. et al. Strong magnetoresistance in a graphene corbino disk at low
magnetic fields. Phys. Rev. B 104, 115432 (2021).

35. Martin, J. W. The electrical resistivity of some lattice defects in FCC metals
observed in radiation damage experiments. J. Phys. F: Met. Phys. 2, 842–853
(1972).

36. Nagaev, S. M. K. & E, K. Low-frequency current noise and internal friction in
solids. Fiz. Tverd. Tela (Leningr.), Sov. Phys. Solid State 24, 1921 (1982).

37. Black, R. D., Restle, P. J. & Weissman, M. B. Nearly Traceless 1/f Noise in
Bismuth. Phys. Rev. Lett. 51, 1476–1479 (1983).

38. Krasheninnikov, A. V. & Nieminen, R. M. Attractive interaction between
transition-metal atom impurities and vacancies in graphene: a first-principles
study. Theor. Chem. Acc. 129, 625–630 (2011).

39. Katsnelson, M. I. Graphene: Carbon in Two Dimensions (Cambridge
University Press, 2012).

40. Hwang, E. H., Adam, S. & Sarma, S. D. Carrier transport in two-dimensional
graphene layers. Phys. Rev. Lett. 98, 186806 (2007).

41. Rehman, A. et al. Nature of the 1/f Noise in Graphene - Direct Evidence for
the Mobility Fluctuations Mechanism. Nanoscale. https://doi.org/10.1039/
D2NR00207H (2022). Publisher: The Royal Society of Chemistry.

42. Fleetwood, D. M. 1/f Noise and Defects in Microelectronic Materials and
Devices. IEEE Trans. Nucl. Sci. 62, 1462–1486 (2015).

43. Fleetwood, D. M. & Giordano, N. Direct link between 1/f noise and defects in
metal films. Phys. Rev. B 31, 1157–1160 (1985).

44. Hooge, F. Discussion of recent experiments on 1/f noise. Physica 60, 130 – 144
(1972).

45. Xu, G. et al. Effect of spatial charge inhomogeneity on 1/f noise behavior in
graphene. Nano Lett. 10, 3312–3317 (2010).

Acknowledgements
We are grateful to Elisabetta Paladino, Igor Gornyi, Manohar Kumar, and Tapio Ala-
Nissilä for fruitful discussions and to Sergey Rumyantsev for pointing Ref. 28 to us. This
work was supported by the Academy of Finland projects 314448 (BOLOSE), 310086
(LTnoise) and 312295 (CoE, Quantum Technology Finland) as well as by ERC (grant
no. 670743). The research leading to these results has received funding from the
European Union’s Horizon 2020 Research and Innovation Programme, under Grant
Agreement no 824109. The experimental work benefited from the Aalto University
OtaNano/LTL infrastructure. A.L. is grateful to Väisälä foundation of the Finnish
Academy of Science and Letters for scholarship. S.-S.Y. is grateful to the financial
support by the Academy of Finland via the mobility funding and the support by Taiwan
Ministry of Science and Technology (grant No. MOST 110-2112-M-A49-033-MY3)
and Taiwan Ministry of Education through the Higher Education Sprout Project of
the NYCU.

Author contributions
The research idea was conceived jointly by P.H. and H.S. The sample was fabricated by
A.L. Experiments were performed by M.K., J.S., and S.S.Y. Data analysis was done by
W.Z. with help from M.K., S.S.Y., H.S., and P.H. H.S. developed theoretical models for
the results while K.T. performed the related MC simulations. All authors contributed to
the manuscript and to the supplement which were originally written by M.K., K.T., W.Z.,
and P.H. The work was supervised by P.H.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42005-023-01321-x.

Correspondence and requests for materials should be addressed to Pertti Hakonen.

Peer review information Communications Physics thanks the anonymous reviewers for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

ARTICLE COMMUNICATIONS PHYSICS | https://doi.org/10.1038/s42005-023-01321-x

6 COMMUNICATIONS PHYSICS |           (2023) 6:207 | https://doi.org/10.1038/s42005-023-01321-x | www.nature.com/commsphys

https://doi.org/10.1063/1.4923190
https://doi.org/10.1063/1.4923190
https://pure.tue.nl/ws/files/4275635/9213901.pdf
https://pure.tue.nl/ws/files/4275635/9213901.pdf
https://doi.org/10.1039/D2NR00207H
https://doi.org/10.1039/D2NR00207H
https://doi.org/10.1038/s42005-023-01321-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsphys

	Suppression of 1/f noise in graphene due to anisotropic mobility fluctuations induced by impurity motion
	Results and Discussion
	1/f noise of graphene Corbino devices
	Suppression of 1/f noise due to mobility fluctuations
	1/f noise with mobile impurities

	Conclusions
	Methods
	1/f Noise
	Simulations

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




