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Suppression of 1/f noise in graphene due to
anisotropic mobility fluctuations induced by
Impurity motion
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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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odeling of 1/f noise is a challenging task that has been
M 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 employed!-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 successful?.

According to the commonly accepted view, the 1/f noise in
metallic conductors is determined entirely by fluctuations in charge
carrier mobility>. Several models have been put forward to elucidate
the mobility noise. Apart from the models based on localized states
and fluctuating scattering cross sections*, models based on mod-
ification of electron interference by mobile defects have been quite
successful in accounting for many experimental observations>®.
Furthermore, noise due to agglomeration of impurities have been
investigated using master equation’ and lattice gas® 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 fluctuators®. 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
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10" 102
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(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 reached!¢-22. In
graphene devices, 1/f noise is described as an effect of the fluc-
tuations in the carrier concentrations deriving from trapping/
detrapping phenomena?>24, and even correlations between
charge traps and mobility noise have been found??, which is also
common in regular metallic and semiconducting devices’*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 o,.,. 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
toB = 1%7; here y, denotes the mobility at B=0. This behavior
has unsuccessfully been searched for both in two-dimensional
electron gas?8-31, as well as in graphene®2.

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 1la displays measured noise power spectral density
Sy vs. frequency f at a few fields between 0 and 0.15 T at V;=0.8
V using currents around 5 — 10 pA. All the data are very close to
the pure 1/f form: for the data at 0.03 T and I=9.92 yA, for
example, fitting of a free exponent f3 to 1/f? yields = 0.98. The
inset displays a wider frequency scan of the noise at V;=2.5V
and I=9.3 uA: 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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-2 -1 0 1 2 3
5 T T T T T T

45 © ° A

Fig. 1 Measured noise data. a Noise power spectral density S, vs. frequency f at a few fields between O and 0.15 T measured at 27 K, V;=0.8 V and at
currents between 5.19 and 10.4 pA; the current is reduced due to geometric B2 magnetoresistance. For the data at 0.03 T (I =9.92 pA), the result of 1/f/
noise fitting with f=0.98 is also shown (in dark dashed line). The inset depicts 1/f noise scanned over three decades in frequency at Vy=2.5V and
I=9.3pA. b Measured (at T=27 K and B=0 T), scaled 1/f noise spectral density S,// illustrated at 10 Hz as a functlon of gate voltage V, (o);

[n] < 4 x 10" m~2. The filled circles (o) denote the noise contrlbutlon due to graphene resistance fluctuations R Sg/l2 = RZ while the solid (blue) curve

displays the current noise contribution from contact resistance R Sc//2 %.
z
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spectra as a function of bias current S;(I) = s !, where y ~ 2. The

noise magnitude s = fx S;(I)/[2~2 —5x 10~ 10 is approximately
a constant, which is decomposed into s, and s. 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 L, =

h—DT 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

2
sg/I2 s and & s°/12 Rz, where Ry = Ry + R,, is
depicted 1n Fig. 1b for the graphene part and the contacts,
respectively. The value for contact noise S§/I* =2.7x 1071°/f

was determined from data measured in the voltage range
<|Vgl €70 V (see Supplementary Figure 4) in the unipolar

density, ¥

2
regime where no pn interfaces exist and ﬁ—; ~ 1. The data points
P

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 x 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 S§/I* 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 V,?*. The magnetic field dependence of the measured
1/f noise is illustrated in Fig. 2a, which depicts scaled graphene

%S,/I2 — —SC/I2 at 10 Hz as a function of

magnetic field B at several charge carrier densities near the Dirac
point (n=—3 -+ +3x101% 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 S¥/I? is observed at the Dirac point, as typical,
while the reduction of noise with B becomes strongest at charge
densities 7> % 1.5 x 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 AR/R
(see Supplementary Note 4).

noise power S§/I* =

Suppression of 1/f noise due to mobility fluctuations. For
Corbino devices with isotropic (scalar) mobility fluctuations Sy,
the current fluctuations should vanish at a sweet spot having
poB=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 du, and azimuthal dy, 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-
+ (I"OB)4 - 2)((!403)2)
)

tions
1/ #\° (1
Sg(f) = smf <i> (1 . (/403)2)2

where we characterize the combined fluctuations of u, and u,
by correlation coefficient y according to (d,0u,) = x{ou?) =
X(‘Sﬂé) (see Supplementary Note 2 for a detailed derivation);
similar formulas can be derived starting from anisotropic
scattering?’. When there is full positive (scalar) correlation
(y=1), the noise vanishes at yoB = 1. With full negative corre-
lation y = — 1, no suppression is seen in the 1/f noise?8-32. By
taking into account s, oc 1/(1 + (,B)%), our results in Fig. 2a
yield y~ — 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 atoms3>-3031 and also with noise correlation
measurements in semimetallic Bi3”. According to our own kinetic
Monte Carlo (kMC) simulations (see Methods section), the cor-
relation coefficient is y ~ — 0.7 and — 0.4 for kyT/E4 = 0.3 and at
kgT/Eq = 0.5, respectively; here E4 is the energy barrier for hop-
ping between sites. The difference in these calculated values for y
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.

M

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=0and 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 x 104 m~2, This decrease can be assigned to a small change in
the magnitude of correlations between . and dy,, from y ~ — 0.6
(at Dirac point) to y~—0.17 (at |n] =3.23 x 1014 m~2), as illu-
strated in Fig. 2b. Possibly, the strengthening in anticorrelation
between 8u, and dy, is related to reduced screening at small
charge densities.

Graphene properties may also become modified due to external
factors, such as strain induced by V, or local strains induced by
adsorption of adatoms38. Accordrng 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 fields?®, which act as weak
uniform scattering regions. In addition, there arises scalar (gauge)
fields which may increase conductivity by enhancing local charge
density®3. 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 x(n)
is beyond the scope of the present work.

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

(”g) Sm
1mpur1t1es proportional to 1/u.,, may vary with gate voltage.
Using diffusive transport theory>*40, scattering by short range
impurities produces 1/y; = a|n| while for Coulomb impurities 1/
pc = Db, where a and b are constants. Using the mobility analysis

, where the scattering contribution due to mobile
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Fig. 2 Suppression of graphene 1/f noise. a Scaled spectral density of graphene noise Sf"/l2 at 10 Hz vs. magnetic field B at various nominal Vg-induced
charge densities indicated in the two insets. b Data at Dirac point (e) and at n = 3.23 x 1014 m~2 (o) plotted as a function of product uq x B. The dashed and
solid curves illustrate theoretical behavior of Eq. (1) using correlation coefficient of y = — 0.6 and y = — 0.17, respectively. Measurement temperature was

T=27K
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Fig. 3 Gate dependence of graphene 1/f noise. Scaled graphene noise
S}Z/I2 at 10 Hz versus gate voltage measured at B=0 () and at B=0.15T
(e). The dashed parabolic curve on the B=0 data reflects the expected
behavior of noise due to the prefactor (“—g)2 in Eq. (3). The solid curve
overlaid on B=0.15 T data is calculated Gsing Egs. (3) and (1) with a fixed
x = — 0.5, though slighly stronger anticorrelation is observed near the Dirac
point. The inset illustrates V, dependence of the inverse mobility 1/,
determined at 27 K; us and uc denote mobility limited by short-ranged and
Coulomb scattering, respectively.

described in Ref. 3%, we can determine i, pic and y;. The division
between relative scattering rates in terms of components yc' and
p7! at 27 K is indicated in the inset of Fig. 3. If we assume that
mobile impurities would be Coulomb scatterers with constant yc,
$§/I* would decrease with V,. 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

2
a parabolic change of (}f—g) 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

2
present in our system. Nevertheless, the factor (:j—g) agrees with

the functional form of the measured change, supporting the basic
assumption of s, = 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
¢, and azimuthal p, 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 vacancies*2. Accordingly, the spectral density of 1/f noise Sy,(f) is related
to fluctuations of the conductivity o,, governed by mobile impurities,

2 2

Sm(f) = <Af;m) = (AI;'“) —sn @

O Frm f

where o,,, = epi,n With p,, limited by scattering of the mobile impurities alone, e is
the electron charge, and s, = 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. ©43, our starting point differs from that of Hooge®** who argued
that the 1/f noise due to mobility fluctuations varies inversely with the total number
of charge carriers N,: s, = constant/N,. The conductivity o, describes, in general,
transport associated with scattering from a disordered and time-dependent part of
a system. Constant s,,, 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, s,, 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 s,,,  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/, 1/pc,
and 1/py,, 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 0_1g =Ll i +-1) according to the Mathiessen rule. Consequently, the

ne M Hm
conductance fluctuation of graphene can be written as

.0 = (aoy) _ <&>2<Aafn) _ (g)z () _ (@)2%1 3

2 2 2 ?
o 0w/ O b/ M /) O f

m
where 1 = é}% The noise of a graphene device thus depends on the electron
8 g

mobility due to mobile impurity scattering as well as their relative significance in
total conductivity given in terms of total graphene mobility pg; 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 V,>*.

In a typical graphene sample, contact resistance starts to become important at
large charge densities at which 6, > > Go; Gy = 2¢%/h denotes the conductance
quantum. Consequently, 1/f noise from contacts has to be taken into account,
particularly at large V,,. We model the contact resistance by two parallel trasport
pathways, one for electrons and one for holes, with conductance G, and Gg,,
respectively. We assume that G (n) = G_(n) + G,(n) = G, = const., where
Ge(n) and Gg,(n) denote the separate electron and hole transport processes at the
contact. Consequently, for conductance fluctuations 6G.(n) = 0G.(1n) + 8Gcn(n).
The variance becomes
8G2(n) = (8G,(n) + 8G4(n))* = (8G2(n)) + (6GH,(n)) + 2(8G_()0G, ().
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 §G.,(n) and dG..(n) are also localized
spatially and thus vary independently, which leads to (G..(n)0Ge(n)) = 0. So
their noise is added incoherently, which yields

(AG}) (AR)  ml4nd s,
S(f) = = —_h "% 2
C(f) Gz R? (nh + nﬁ)zf 4 (4)

where 1, and ny, specify the number density of electrons and holes and we have
assigned equally large noise constant s. to both carrier species at the two contacts:

Sen(f) = S (f) = (AR3) — (AR _ % Here R, = 1/G, denotes the contact resistance

ch ce R R, ¥ < c >
while its components R., = 1/G, and Ry, = 1/Gy, 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 = C,[,/vVi+V3)/e, where the electron-hole
crossover voltage scale V3~ 1.4 V is close to the residual charge range determined
from the measured G(Vy). This Vg scale determines the coexistence of electrons
and holes according to n,;,) = %Cg[m+(—)vg]/e, which fulfills n = n, + ny,. Note
that the constant s. has a slightly different role than the constant s,, 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 S_(f) ~

(1-2
Without invoking Hooge’s law (cf. Refs. 184°), the above equation provides a

") + which shows that the noise reaches a minimum at the Dirac point.

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 Egs. (3) and (4) incoherently. Neglecting the variation of y,, (though, see
below), the noise is described using two fit parameters, s, and s, while the rest of
the parameters are determined from the conductance G(Vy). Besides these two
parameters, we employ a correlation factor y in order to account for magnetic field
dependence of the noise, which clearly indicates the presence of mobility
fluctuations: x 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 x
10" 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 (kgT = 1.2 and kgT = 2, while energy barrier for hopping
was E4 =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 10°. 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.
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