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Abstract We present a study of the noise properties of single-layer exfoliated
graphene as a function of gate bias. A tunnel/trap model is presented based on the
interaction of graphene electrons with the underlying substrate. The model incorpo-
rates trap position, energy, and barrier height for tunneling into a given trap—along
with the band-structure of the graphene—and is in good accord with the general char-
acteristics of the data.
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1 Introduction

The noise properties of single-layer graphene (SLG), bi-layer graphene (BLG), and
multi-layer graphene (MLG) speak to the intrinsic properties of this unique materi-
als system [1-3]. It is generally believed that, as is the case for carbon nanotubes
(CNTs) [4], the traps/impurities associated with underlying oxide substrates are re-
sponsible for the low-frequency noise in graphene [5]. This assumption has been
explored by noise investigations of various kinds of graphene systems [6, 7] using a
variety of measurement techniques [8]. Notable is the significant noise reduction in
graphene systems whose oxide substrates were removed [9, 10], or replaced by alter-
native high-quality crystals such as SiC [11]. Other contributing low-frequency noise
sources have also been identified including gas molecules at graphene surfaces [12],
electrolyte solution effects [13], electrical contacts [14, 15], lattice structural disor-
der [16], and processes associated sample aging [17].
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An important perspective on such results has been obtained through gate-induced
carrier density modulation noise studies. For BLG [18, 19] and MLG [20], the
noise power scales in proportion to the gate-induced carrier density, showing a V-
shaped gate dependence (a noise minimum as a function of gate potential). For
SLG, two distinct noise behaviors have been observed: (i) the noise either scales
as the inverse of the gate-induced carrier density, in keeping with the Hooge model
[21, 22], producing a A-shaped gate dependence [23]; or (ii) has a V-shaped noise
minimum in the vicinity of the charge-neutrality point (CNP) accompanied by two
adjacent peaks (M-shaped behavior). A number of models have been proposed to ex-
plain the latter behavior. For liquid-based SLG samples an augmented charge-noise
model for the observed M-shaped noise characteristics was proposed [24], where
the noise amplitude is proportional to the sample transconductance, dls/dV, [25].
However, this approach appears unsuccessful in modeling results for vacuum-based
SLG samples [26]. It has been similarly observed that the noise in SLG depends
strongly on a sample’s mobility, and that M-shaped noise can be successfully fit by
a modified Hooge model [27]. M-shaped noise behavior has also been attributed to
spatial charge inhomogeneity, where the interactions with electron and hole puddles
give rise to a noise minimum at the CNP [28]. Therefore, although models for the
noise associated with particular situations appear promising, a general understanding
of its microscopic origin is presently lacking.

In this work we present noise results for simple, single-layer exfoliated graphene
samples, and interpret the results in the context of a tunnel/trap noise model. The
model assumes that carriers from the graphene layer tunnel into and out of traps in
the underlying oxidized Si substrate. The model incorporates the position, energy,
and barrier height of a given trap, in addition to the band-structure of the graphene.
It is consistent with the Hooge result for gate biases away from the charge neutrality
point, and can reproduce both A- and M-shaped behavior in the noise amplitude. The
model provides a result in good accord with the data obtained in this study for rea-
sonable input parameters, and as such provides an estimate for the average tunneling
probability into the underlying traps.

2 Noise Measurements

We performed work on FET-like structures made from exfoliated graphene. Samples
were created on electronic-grade oxidized Si substrates, using commercially prepared
graphene flakes and standard e-beam lithography. As shown in Fig. 1, a large flake
was patterned using an oxygen plasma to form three adjacent FET-like structures
with the same sample width: W =5 um, but different sample lengths: L4 =4 pm,
Lp =6 pm, and L¢c = 8 pm, corresponding to samples A, B, and C, respectively.
The backside of the wafer was metalized and used as a back gate to bias the devices
through the ~300 nm SiO; layer. Based on transfer characteristics, the mobility for
all samples was found to be ~900 cm?/V s for holes and slightly lower for electrons.
The devices exhibited on-off ratios of 4-6.

Noise measurements were conducted under vacuum inside a shielded metal probe
station at 300 K. We used a simple battery-powered current source with wire-wound
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Fig. 1 (a) Optical image of
exfoliated graphene systems,
samples A, B and C; and

(b) schematic cross section of
the device layout (Color figure
online)
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resistors and a battery-powered Princeton Applied Research PAR-113 preamplifier.
The resultant amplified ac signal was sent into a Stanford Research SR760 spectrum
analyzer. The background white noise from the preamplifier and Johnson noise of the
sample were in the vicinity of 10~!¢ V2 /Hz, orders of magnitude below the 1/f noise
of biased graphene samples. We found no significant difference in results using a
quasi-four-point geometry, as pictured in Fig. 1, and other measurements on similarly
prepared samples using an explicitly four-point configuration.

Figure 2(a) shows the observed spectral noise density (Sy) as a function of fre-
quency for a variety of gate voltages, which generally shows a 1/f-like behavior.
The small peak appearing at 60 Hz is due to 60-Hz line pickup and does not affect
our analysis. The noise amplitude can be expressed in terms of normalized voltage
spectral density as

Ay = f"Sy/V?, 4))

where n is the frequency exponent with a value typically close to unity and Sy is the
spectral noise density in units of V2/Hz". In Fig. 3(a), the noise amplitude Ay (here
n = 1) is plotted as a function of gate bias, showing a maximum in the normalized
noise in the vicinity of the CNP, in accord with a model assuming primary noise
contributions from gated graphene elements and single rather than bi-layer films,
since double-layer films appear to exhibit a normalized noise minimum at the CNP.

We first characterize the noise behavior using the empirical Hooge model. This
approach invokes the parameter ¢y = Ay N, where N is the total number of charge
carriers. Substituting the resistance R = L2 /e N, this can be re-written as

AN/R=(e/L/L2)aH, (2)
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Fig. 2 (a) Spectral noise density Sy of an exfoliated graphene system (sample A, Fig. 1) as a function of
frequency at various gate biases. Noise spectra offset vertically from the lowest curve for clarity. (b) Same
measurement for sample B (Color figure online)

where p is the carrier mobility, e is the elementary charge, and L is the sample length.
The dashed red curve in Fig. 3(a) is a Hooge-model fit for the noise amplitude Ay for
sample A with a Hooge parameter of oy = 0.045, and where R = 1/G is the gate-
dependent sample resistance. The empirical Hooge model shows good agreement
with the noise amplitude at gate biases away from the CNP (in the vicinity of 20 V
gate bias) but, since the peak in the noise amplitude is offset from the minimum in
sample conductance (appearing in the vicinity of 40 V gate bias), the model does not
correctly reproduce the behavior of the noise peak near the CNP.
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Fig. 3 (a) and (b) show the measured conductance (solid thin line) and the noise amplitude Ay (solid
squares) as a function of gate voltage for graphene samples A and B, respectively (see Fig. 1). Also shown
are theoretical fits from the Hooge model (dashed red line) and for our tunnel/trap model (solid thick blue
line) (Color figure online)

Figure 3(b) shows the noise characteristics of an adjacent “sister” sample B as
shown in Fig. 1, which are generally similar to sample A in all regards. However, we
note that in the electron branch the noise amplitude forms a plateau above 40 V rather
than a peak as seen in Fig. 3(a) for sample A. The dashed curve is a fit for the noise
amplitude Ay with a Hooge parameter of o« = 0.055.
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3 Tunnel/Trap Model

A generally accepted model to describe the noise originating from interfacial traps in
semiconducting devices was proposed by McWhorter [22]. This model successfully
describes the proportionality of the oxide-trap density to the magnitude of 1/f noise
in MOSFET devices (at a given gate bias) [31]. Since in our and many other studies
of graphene flakes and deposited films, the material lies on a Si/SiO; substrate, it is
natural to assume that graphene transport measurements would likewise be suscepti-
ble to the same noise, due to tunneling transitions between interfacial oxide traps at
the graphene/SiO, boundary and free electron states in the graphene [5, 23, 26].

In order to provide further insight into the nature of the generally observed noise
peak in graphene, we present here a tunnel/trap noise model with a starting point that
parallels the McWhorter model. As with previous models, our approach assumes that
graphene films sit on a SiO, layer with a given density of electron traps, but which
also now specifies a given physical distribution of traps and distribution of trap well
depths. Carriers from the graphene are assumed to tunnel into the traps, become cap-
tured, and then at some point tunnel back into the graphene film, causing fluctuations
in the current flow. This process will create 1/f-like noise which is a function of
the gate bias through a shift in the Fermi level of the graphene with gate bias. In
this process, the number of carriers available for tunneling will be governed by the
bias-dependent tunneling density of states (DOS) of the graphene. In our model, the
tunneling is characterized by the following Hamiltonian:

H= Z y k— /,L]II/]‘('G + Z l_),‘,gllf,;ﬁ +h.c.]
k,(T,l
+ZEiD[,UDi,O'v (3)
i,o
where p is the gate-dependent chemical potential, and 7 = (yx, y)) with y# the four

gamma matrices in the Weyl representation. Smce the momentum k only has x and y
components, the product 7 - k only involves y! and y2, where

0O 0 0 -1 0 0 0
1|0 0 -1 0 > |0 0 —i 0
=lo 1 0o of ™ Y=lo - o o )
1 0 O 0 i 0 0 O
The first term of the Hamiltonian represents the graphene self-energy. We have
+(K ++ k) 0 01 0
= 40 b (K ++ k) 0 0 0 1
Veo =%507 = b+(K +bH {1 00 0] )
al( K_+ k) 01 0 O

113 39

where the operator a*(K ++ k) creates an electron at an site on the lattice, with
spin o and momentum K ++ k, and the operator b*(K ++ k) creates an electron at a
“b” site on the lattice. K + and K_ are the locations of two inequivalent Dirac cones
in the Brillouin Zone.
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The second term of the Hamiltonian represents the interaction between the
graphene sheet and the traps, and the third term represents the self-energy of the
traps. The operator

d

i,o

_— A I
D, = o |7 (6)

i,o

d

i,o

creates an electron in a trap, located adjacent to a graphene lattice site at Ei. This
can be#an “a” or a “b” site. Since these sites are otherwise physically equivalent, and
since R; is a random variable, we enter both kinds of sites on an equal footing.

The local energy, E;, is also a random variable, as is the matrix element for transfer
into the trap, V; i, which we take to be an exponential function of a (dimensionless)

random barrier potential, u;, as Vl P= Ql.j(*e_’”.

Assuming a probability distribution P(I_éi) for the trap position, P (E;) for the trap
energy, and P (u;) for the tunnel barrier height, we make the approximation that the
probability distribution for each variable is separable as:

P(Ri, i, Ei) = P(R) P(wi) P (Ey). )

The noise is calculated using the current-current correlation function [29]. For each
trap state, the noise spectrum is given by:

e 1 €11 €|
Sv(@) =a— ,/dgcﬂ(vg) [w2 e t o 1“2}[1 ~F@)FE+w»)], ®
where « is the sample geometrical aspect ratio, e is the electron charge, ¢ is the
electron energy, o (V) is the conductivity as a function of the gate voltage, I" is
the scattering rate, and F(¢) = tanh(e/2kpT). This expression gives a Lorentzian
spectrum, and must be averaged over the appropriate random variables (Eq. (7)),
finally yielding a 1/f-like spectrum. The averaged power spectral density is given as

(Sv(w))Zk(J}O) zr(“;‘)(lul + amin), ©)
where the prefactor £ is a fitting parameter, the implication of which will be discussed
later, fy is a normalization constant taken here as the noise measurement frequency
of 100 Hz, o is the conductivity, and amin = 4kpT In2 = 66.5 meV at 300 K.

The averaged power spectral density (Sy) of the noise in Eq. (9) Will thus typically
reflect the product between a peak in the normalized conductance Umm /o (V ) with
gate voltage, Vg, and a sharp dip in the chemical potential. The dip in the chemical
potential as a function of gate voltage arises from the fact that the DOS is taken
to be proportional to the Fermi energy as D(EF) « |EFr|, and we make the usual
assumptions that 4 = Ef, and that Er o< /|Vy — Venpl, where Ve p is the gate
bias voltage at the CNP, whereby we have a square-root-like dip in the chemical
potential at the CNP. Thus, the noise power is expected to have an overall M-shaped
power spectral density, whereas A-shaped results represent the case where this DOS-
related effect is not prominent. We note that our assumed correlation between noise
behavior and DOS is consistent with earlier studies on graphene nanoribbons [30].
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4 Discussion

In Fig. 3(a) and (b) we have applied this noise model to our measured results for
samples A and B, respectively. Here we have used the normalized conductance mea-
surements for each sample and an idealized model for the variation in the chemical
potential with gate bias. The model is generally consistent with the phenomenolog-
ical Hooge model away from the CNP, and shows finer structure which parallels
measured variations of Ay in the vicinity of the noise peak. The model also better
represents the offset of the noise peak from the CNP. Note that the sharpness in the
dip predicted by theory is an artifact of the idealized functional dependence of the
chemical potential used in the calculation.

We can also use the model to extract specific information about the nature of the
trap system itself. From the calculation, the prefactor k is given by

_om CaSy(T)
hfo ’
where « = W /L = 1.25 is the geometrical aspect ratio for sample A, # is the Plank’s
constant, S;(300 K) =4 kgTR = 3.2 x 1077 V2/Hz is the Johnson noise, fy =
100 Hz, and C,, is a dimensionless constant which represents an average tunneling
rate into the traps. The best fits to the data for sample A was for a value of k =
2.2x 1078 eV~ Hz~!. From this we find a value of C,, = 7.24 x 107> If we assume
a typical defect density of 10'2 cm™2 [31-33], the average distance between two traps

1S
1

For graphene, we also know that within a 10 x 10 nm? area there are 3.8 x 10° carbon
atoms [34]. Thus the fractional density of traps is equal to

1
D=——
3.8 x 103
We can finally define a scattering probability
_ Cay  724%x1077
D 26x10

This is the average scattering probability (per attempt) per defect. This can be trans-
lated into an estimated mean-free path for sample A as:

k (10)

=2.6x 107* (12)

=27.8%. (13)

Lnfp ~d/p = =36 nm. (14)

We find a similar result of 29 nm for the mean-free path for sample B. These values
are in accord with a mean-free path of graphene generally believed to be ~50—-60 nm
for a defect density of ~10'2 cm™2 [35]. We note finally that charge transport in
graphene is diffusive if the defect density is in the vicinity of our assumed value
of 10'2 cm™2. This is consistent with charge scattering primarily due to long-range
Coulomb scattering (i.e., from charged impurities), rather than short-range scattering
(i.e., from lattice defects) [36].
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5 Conclusions

Noise measurements of single-layer graphene have revealed interesting phenomenol-
ogy in this system, especially in the vicinity of the charge neutrality point (CNP). The
offset of a broad noise peak from the CNP, the noise asymmetry in the electron/hole
branches, and a distinct dip observed in the noise within a broader noise peak, are in
accord with a tunnel/trap model proposed here.
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