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Abstract. We present a model for 1/f noise in graphene based on an analysis
of the eect of charge trapping and detrapping events on the ﬂuctuations
of the number of charge carriers. Inclusion of a Gaussian distribution of
ﬂuctuations of the electrostatic potential enables us to reproduce all the various
experimentally observed behaviors of the ﬂicker noise power spectral density as
a function of carrier density, both for monolayer and bilayer graphene. The key
feature of a ﬂicker noise minimum at the Dirac point that appears in bilayer
graphene and sometimes also in monolayer graphene is explained in terms of
the disappearance, when the number of electrons equals that of holes, of the
carrier number ﬂuctuations induced by trapping events. Such a disappearance is
analyzed with two dierent approaches, in order to gain a better understanding
of the physical origin of the eect, and to make some considerations about
possible analogous phenomena in other semiconductors.
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1. Introduction
Flicker noise in graphene based devices has attracted signiﬁcant interest [1] because of the
very peculiar features it exhibits, in comparison with what is observed in more traditional
materials. In particular, the behavior of the noise power spectral density as a function of
carrier concentration has turned out to be rather puzzling, especially in bilayer graphene,
and several authors [2–6] have made an eort to ﬁnd an explanation for it. The most striking characteristic is that the power spectral density of ﬂicker noise in bilayer graphene, and
in a few instances also in monolayer graphene, has a minimum around the Dirac point [7],
where charge concentration also reaches a minimum, while in conductors obeying Hooge’s
empirical formula [8] the opposite is expected. Attempts have been made to justify the
particular dependence of the ﬂicker power spectral density on carrier concentration on the
basis of the known presence of electron and hole puddles in the graphene sheet [2], of a
supposed variation [3] of the Hooge parameter with gate voltage, which would prevail over
the eect of the carrier number decrease, of eects linked to mobility ﬂuctuations [4], of a
charge-noise model [5], or of the band structure of single layer and bilayer graphene [6]. We
make an eort to provide a framework within which a more general and intuitive understanding of ﬂicker noise in graphene can be derived, focusing on two approaches to the
analysis of charge carrier statistics in the presence of carrier trapping events. In particular,
we consider a ﬁrst procedure that relies on the evaluation of the change of occupancy in
the two-dimensional electron or hole gas as a result of the potential perturbation due to a
trapped charge, and a second procedure that is based on enforcing neutrality and the massaction law. We show that results are very similar and the most striking feature is that close
to the Dirac point trapping of a charge does not lead to a variation of the total number of
carriers, which leads to a drop of the ﬂicker noise level, unless the eects of disorder prevail.

2. Current ﬂuctuations
Our aim is to ﬁnd an expression for the power spectral density of ﬂicker current noise
in graphene-based devices. We assume that ﬂicker noise is the result of charges moving
doi:10.1088/1742-5468/2016/05/054017
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I =

1
L

∫A qµncE dx dy,

(1)

where μ is the mobility, A  =  WL the area of the device, L being its length and W its
width. Let us now move on to the evaluation of the ﬂuctuations of the current. We are
interested only in the ﬂuctuations due to charges moving into and out of traps, therefore we can consider just the action of the traps. In principle, trapping and detrapping
events have an eect not only on the number of carriers available for conduction, but
also on the mobility, and on the local electric ﬁeld. These two latter contributions are
often negligible with respect to the former [12], so that the relative current ﬂuctuation
for each trap can be written
∆i
1
 =
I
A

∫A

∆nc
dx dy,
nc

(2)

where nc  =  n  +  p, i.e. the total concentration of carriers (n is the electron concentration
and p is the hole concentration), while we also deﬁne nn  =  n  −  p, which, multiplied by
the electron charge, gives the total charge density.
Let us now introduce a ﬁrst method for the determination of ∆nc resulting from a
trapping event. We consider the eect that the perturbation of the electrostatic potential
U due to a trapped charge has on the occupancy of the carrier gas in a region corresp
onding to a few screening lengths. Since ∆nc = (∂nc /∂U )∆U and ∆n n = (∂n n /∂U )∆U ,
equation (2) becomes
∆i
1
=
I
A

1
=
A

∫A
∫A

∂nc
∆U
∂U

nc

dx dy

∂nc
∂U

∆n n

nc

∂n n
∂U

dx dy,

(3)

where the integration can be limited to the region δA, with a radius of a few screening
lengths, within which a perturbation of the potential can be observed. With the further
approximation of considering nc and the partial derivatives of nc and nn constant within
δA, we can write
doi:10.1088/1742-5468/2016/05/054017
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into and out of traps in the proximity of the channel in which the current ﬂows. We
also assume that such ﬂuctuations occur on a time scale much longer than that of
carrier scattering events (such as phonon scattering), and, in particular, than that of
electron–hole thermal generation. Thus the contribution of each elementary area of
the device is due to the ﬂuctuation of the local value of the drift current. This can be
related to the current at the terminals via the electrokinematics theorem [9], which is
an extension of the Ramo–Shockley theorem [10, 11]. In particular, if, for the sake of
simplicity, we do not enter into the speciﬁc details of the device geometry and assume
the electric ﬁeld E to be somewhat constant across the device, we can write the current
at the terminals, as long as we are interested just in the low-frequency ﬂuctuations, in
the form
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∆i
1 ac
 =
I
A anc

∫δA ∆nn dx dy,

(4)

where we have deﬁned ac = −∂nc /∂U and a = −∂n n /∂U . Since, in order to guarantee
neutrality, the integral of the variation ∆n n of nn over the screening region δA must
equal the opposite of the variation ∆χ of the trap occupancy (where χ is deﬁned as
1 when the trap is occupied by an electron and as 0 when the trap is empty), we can
write [12]
(5)

The values of ac and a depend on the position of the Fermi level, and can be
obtained from the expressions of nc and nn, respectively, which can in turn be derived
from those of n and p, computed [12] with a proper integration of the product of the
density of states times the Fermi function [13], exploiting the dispersion relations of
monolayer [14, 15] and bilayer [16] graphene.
In ﬁgures 1 and 2 we report the behavior of ac and a, as well as their squared
ratio, for the cases of monolayer and bilayer graphene, as a function of nn. The most
prominent feature is that ac vanishes when the number of electrons equals that of holes
(deﬁned as a Dirac point in the case of graphene). This involves the important consequence that in perfectly ordered graphene noise due to trapping and detrapping events
would disappear at the Dirac point, both in monolayer and in bilayer graphene. We
notice that the dependence on nn of the ac/a ratio for monolayer graphene is steeper
than that for bilayer graphene: this will have important consequences on the results
that we will later obtain including disorder.
Each trap contributes with the ﬂuctuation of its occupancy χ to the overall noise
spectrum. Since χ is a random telegraph signal, its spectrum is Lorentzian [17] and, as
is well known, a superposition of Lorentzian spectra associated with traps with properly
distributed time constants leads to a 1/f spectrum [18, 19]
2
η ⎛ ac ⎞ 1
S
=
,
⎜
⎟
2
I
A ⎝ anc ⎠ f γ

(6)

where η is a coecient depending on the trap density and on the statistics of the traps,
and the exponent γ is usually 1 (ﬂicker noise).
We can reach an analogous result with a dierent approach, which also enables us to
understand some further detail of the charge ﬂuctuation process. Let us start again from
equation (2) and compute the quantity ∆nc for the case of an electron being trapped
(the case of hole trapping is exactly symmetric). When an electron is captured by a trap
located in the graphene layer or in its vicinity, the channel remains neutral without the
need for charges entering or leaving through the contacts. Therefore, independent of the
position of the Fermi level (and therefore of the relative concentration of electrons and
holes), the instantaneous variation of the number of carriers is  −1. However, over times
that exceed the thermal generation-recombination time constants, the number of each
doi:10.1088/1742-5468/2016/05/054017
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∆i
1 ⎛ ac ⎞
⎟∆χ.
 =− ⎜
I
A ⎝ anc ⎠
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Figure 1. Behavior of ac = −∂nc /∂U and a = −∂n n /∂U , as a function of nn  =  n  −  p,
for the cases of monolayer (upper panel) and bilayer (lower panel) graphene.
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Figure 2. Behavior of (ac /a )2, as a function of nn, for the cases of monolayer and
bilayer graphene.

type of free carrier must be consistent with the proper statistics and, in particular, must
obey the mass-action law. From electroneutrality we can write that
∆
 N − ∆P = −1,

(7)

where ∆N and ∆P are the variations (resulting from the trapping event) of the number
N of electrons and P of holes, respectively (N = ∫ ′ n dx dy and P = ∫ ′ p dx dy , where A′ is
A
A
the total area of the device or, more simply, an area that includes all the perturbations
produced by the charge trapping event). Here we have assumed that neutrality was
satisﬁed before the trapping (i.e. the dierence between N and P was compensated by
the charges on the biasing electrodes) and is satisﬁed afterwards. From the mass-action
law, we can write
(∆P + P )(∆N + N ) = c,

(8)

where c is a constant with a value depending on the position of the Fermi level, whose
perturbation as a result of the trapping event of an electron we assume to be negligible.
Therefore it is also true that PN  =  c and thus equation (8) becomes
doi:10.1088/1742-5468/2016/05/054017
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Figure 3. Behavior of (∆N + ∆P )2, as a function of nn, for the cases of monolayer
and bilayer graphene.

P
 ∆N + ∆PN + ∆P ∆N = 0,

(9)

which, using equation (7), reads
(∆N )2 + ∆N (P + N + 1) + N = 0,

(10)

that we can solve for ∆N . It can be shown that, as long as N and P are much larger
than 1, ∆N depends mainly on the ratio of N to P and very weakly on the absolute
magnitudes of N and P. Thus the size of the actual region of integration A′ is not
relevant.
If electrons are the prevailing type of charge carriers, ∆N is approximately equal
to  −1, since the trapped electron will be screened mainly by other electrons and, overall, the number of mobile charges will dier from that before the trapping event just by
one electron. In the opposite limit, of prevailing holes, equation (10) will yield a value
of 0 for ∆N , which implies ∆P = 1. This is consistent with the trapped electron being
screened by holes, with an overall increase by 1 of the number of mobile carriers. The
most interesting situation is in the Dirac point, where we get ∆N = −1/2, ∆P = 1/2,
which involves symmetric screening of the trapped electron and no variation in the
mobile charge.
The values of n and p (and thus of N and P, which are needed for the solution of
equation (10)) can be computed with an integration, as previously explained in the
description of the other method, to obtain the ﬂuctuation of nc.
We point out that, while in non-degenerate semiconductors the np product is essentially constant, in graphene (both monolayer and bilayer) it depends on the position of
the Fermi level (a clear discussion of this issue for monolayer graphene can be found,
for example, in [20]).
In ﬁgure 3 we plot the value of the square of the quantity ∆N + ∆P = ∫ ∆nc dx dy
A
as a function of nn for monolayer (solid curve) and for bilayer (dashed curve) graphene.
The square of this quantity can be directly used for the evaluation of the noise power
spectral density, and we obtain the equivalent of equation (6):
2
η ′ ⎛ ∆N + ∆P ⎞ 1
S
⎟ γ,
2 = ⎜
⎠ f
I
A⎝
nc

doi:10.1088/1742-5468/2016/05/054017
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Figure 4. Behavior of the ﬂicker noise power spectral density S as a function of
nn, computed with the ﬁrst method in the text for monolayer (upper panel) and
bilayer (lower panel) graphene.
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Figure 5. Behavior of the ﬂicker noise power spectral density S as a function of
nn, computed with the second method in the text for monolayer (upper panel) and
bilayer (lower panel) graphene.

where η ′ is a proper coecient depending on the trap density and on trap statistics.
The behavior of the ﬂicker noise power spectral density as a function of nn from
equations (6) and (11) is very similar and is reported, both for monolayer and for bilayer
graphene, in ﬁgure 4 (from equation (6)) and in ﬁgure 5 (from equation (11)). These
plots are obtained for a perfectly ordered material, and both of them exhibit a minimum of the noise power spectral density in the Dirac point, which is often observed in
experiments on bilayer graphene, but only seldom in the case of monolayer graphene
(see, e.g. [2, 21]).
We now introduce the fact that the electrostatic potential in graphene is not at all
uniform across the sheet, but, rather, it ﬂuctuates, due to the presence of impurities
and of defects. This requires that the power spectral density of equations (6) and (11)
be weighted with the distribution function P(U ) of the electrostatic potential energy:
doi:10.1088/1742-5468/2016/05/054017
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The results have been computed using the ﬁrst method in the text, for four dierent
values of the standard deviation σ∗ of the distribution of the potential energy.
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Figure 7. Behavior, as a function of nn, of the ﬂicker noise power spectral density
of monolayer graphene averaged over the spatially varying electrostatic potential.
The results have been computed using the second method in the text, for four
dierent values of the standard deviation σ∗ of the distribution of the potential
energy.

⟨S ⟩
η
 2 =
I
Af γ
⟨S ⟩
η′
 2 =
I
Af γ

∫

⎛ ac ⎞2
⎜
⎟ P (U )dU ,
⎝ anc ⎠

∫

⎛ ∆N + ∆P ⎞2
⎜
⎟ P (U )dU .
⎝
⎠
nc

(12)

(13)

3. Results
If we assume a Gaussian form for P(U ), with a standard deviation σ∗, for monolayer
graphene the relatively narrow depression around the Dirac point can be reduced
doi:10.1088/1742-5468/2016/05/054017
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of bilayer graphene averaged over the spatially varying electrostatic potential. The
results have been computed using the ﬁrst method in the text, for four dierent
values of the standard deviation σ∗ of the distribution of the potential energy.
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Figure 9. Behavior, as a function of nn, of the ﬂicker noise power spectral density
of bilayer graphene averaged over the spatially varying electrostatic potential. The
results have been computed using the second method in the text, for four dierent
values of the standard deviation σ∗ of the distribution of the potential energy.

(M shape) or even disappear (Λ shape). This can be seen in ﬁgures 6 and 7, where we
report the averaged ﬂicker noise power spectral density for a few dierent values of the
standard deviation σ∗ obtained from equations (12) and (13), respectively.
Considering the approach based on the use of the mass-action law for determining the ﬂuctuation ∆nc, we observe that the result is valid as long as the trapping–
detrapping events are slow compared with the thermal generation–recombination time
constants. At extremely low temperatures such time constants may become very large
[22], and in such a case ∆nc would always be unitary, independent of carrier density,
thus leading to a disappearance of the minimum of the shot noise power density both
for monolayer and bilayer graphene. A hint in this direction can be found, for a mono
layer graphene sample that at room temperature exhibits an M-shape behavior, in [21],
although similar measurements do not yield an equivalently clear-cut result in [3].
For bilayer graphene we consider smaller values of the standard deviation of the
electrostatic potential, because of the larger screening of the eect of random impurities (which are the main source of the ﬂuctuations). A measure of the screening is
doi:10.1088/1742-5468/2016/05/054017
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represented by |∂U /∂n n|, which, based on the previous deﬁnitions, corresponds to |1/a|.
Since in the Dirac point the value of 1/a is about six times larger for monolayer graphene than for bilayer graphene (see ﬁgure 1), we use a similar scaling of the standard
deviation. In ﬁgures 8 and 9 we report the behavior of the ﬂicker noise power spectral
density as a function of nn for bilayer graphene, and we notice that in this case the
minimum at the Dirac point never disappears, as a result both of the much smoother
variation of the density of states of bilayer graphene with respect to what happens for
monolayer graphene and of the reduced potential ﬂuctuation.

We have presented a model for ﬂicker noise in graphene devices that reproduces the
experimentally observed behavior in terms of the dependence of the noise power spectral density on carrier density (or, equivalently, gate bias) for monolayer and bilayer
graphene. We have shown that the symmetry around the k-axis of the graphene band
structure leads to a suppression of ﬂicker noise around the Dirac point (due to bipolar
electron–hole conduction) and that the dierent observed behaviors can be explained
considering a random ﬂuctuation of the electrostatic potential in the graphene sheet.
These results may also be relevant for other semiconducting materials characterized by
a strong symmetry between electrons and holes: in the case of limited disorder it should
be possible to observe a suppression of noise due to carrier trapping phenomena when
electron and hole concentrations are equal. In addition, our results hint at a possible
change of behavior at very low temperature, due to the much longer generation–recombination times, which could suppress the dependence of ∆nc on the carrier density, thus
prompting further experimental activity on monolayer and bilayer graphene at sub-10
K temperatures.
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