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Noise in Graphene Superlattices Grown
on Hexagonal Boron Nitride

ABSTRACT

Existing in almost all electronic systems, the current noise spectral density, originated from the ﬂuctuation of current, is by nature far more sensitive than
the mean value of current, the most common characteristic parameter in electronic devices. Existing models on its origin of either carrier number or
mobility are adopted in practically all electronic devices. For the past few decades, there has been no experimental evidence for direct association between
1/f noise and any other kinetic phenomena in solid state devices. Here, in the study of a van der Waals heterostructure of graphene on hexagonal BN
superlattice, satellite Dirac points have been characterized through 1/f noise spectral density with pronounced local minima and asymmetric magnitude
associated with its unique energy dispersion spectrum, which can only be revealed by scanning tunneling microscopy and low temperature magnetotransport measurement. More importantly, these features even emerge in the noise spectra of devices showing no minima in electric current, and are
robust at all temperatures down to 4.3 K. In addition, graphene on h-BN exhibits a record low noise level of 1.6  109 μm2 Hz1 at 10 Hz, more than
1 order of magnitude lower than previous results for graphene on SiO2. Such an epitaxial van der Waals material system not only enables an unprecedented
characterization of fundamentals in solids by 1/f noise, but its superior interface also provides a key and feasible solution for further improvement of the
noise level for graphene devices.
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T

he measurement of the low-frequency
noise spectra of electric current has
been performed on the most common
electronic devices based on semiconductors,
metals, and superconductors, and practically
all of these devices exhibit current noise
spectral density inversely proportional to
frequency, known as 1/f noise.13 As one of
the key ﬁgures-of-merit in the international
technology roadmap for semiconductors
(ITRS), and a limiting factor of the signal-tonoise ratio of modern nanoscale devices,
1/f noise has been studied extensively in Si
complementary metal-oxide semiconductor
(CMOS) technology. With its study, there has
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been a long-term eﬀort to understand
the origins of this physical parameter, and
to reduce its level in modern electronics. In
recent years, graphene, a monolayer of carbon atoms arranged in a honeycomb lattice,
has attracted signiﬁcant attention for their
potential in future nanoelectronics, such
as high frequency electronics and sensors.4,5
The reduction of low-frequency noise is
especially important in radio frequency applications such as voltage controlled oscillators and radar, because 1/f noise will be upconverted and dominate the phase noise of
these circuits, limiting the their performance
and reliability.6 The study of 1/f noise in
VOL. XXX

’

NO. XX

’

* Address correspondence to
yqwu@mail.hust.edu.cn.
Received for review August 22, 2015
and accepted October 4, 2015.
Published online
10.1021/acsnano.5b05283
C XXXX American Chemical Society

000–000

’

XXXX

A
www.acsnano.org

ARTICLE
Figure 1. (a) AFM image of as-grow graphene on h-BN. It shows the well-deﬁned moiré pattern with a periodicity of
15 ( 1 nm. Scale bars, 50 nm. The upper and lower parts in the right show the images of moiré patterns produced by graphene
on h-BN and schematic of band structure of graphene epitaxially grown on h-BN, respectively. (b) Raman spectra for the
as-grown graphene on h-BN (red) and h-BN surface (black). (c) A schematic of the device structure of epitaxial graphene/h-BN
back-gated FETs.

graphene has been carried out extensively on graphene ﬁeld-eﬀect transistors (FETs) fabricated on
SiO2, and there is considerable understanding on
the mechanisms behind its noise behavior.710
Despite many eﬀorts to improve the noise level, the
normalized noise spectral density (W  L  Sid/Id2) of
previous graphene devices lies in the range ∼108
to 107 μm2 Hz1 at f = 10 Hz, which is much higher
than that of modern Si transistors.1115 Atomically ﬂat
hexagonal boron nitride (h-BN) has begun to attract
interest ﬁrst as an excellent substrate with greatly
reduced scattering centers for graphene, which
allows for remarkably high carrier mobility, and later,
as an ultrathin dielectric for vertically sandwiched
graphene heterostructures such as resonant tunneling
diodes.1618 Very recently, van der Waals systems
with superlattice structures based on graphene on
h-BN with a small degree alignment have been demonstrated to create moiré patterns with altered band
structure.1924 This new superlattice structure provides
us with the unique opportunity to investigate the
fundamental physics of the noise behavior at Dirac
point (DP) and satellite Dirac points (SDPs) which
coexist only in this system. Moreover, the noise levels
of CVD epitaxial graphene on h-BN is also of great
interest and has not been explored thus far.
The graphene/h-BN samples were created via
epitaxial growth in a remote plasma system.23 Atomic
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force microscopy (AFM) was used to characterize
the as-grown graphene/h-BN samples. The AFM image
in Figure 1a reveals a well-deﬁned moiré pattern with
a periodicity of 15 ( 1 nm, corresponding to a zerorotation angle between the graphene and the underlying h-BN.19,20,23 A schematic band structure for
the insulating graphene/h-BN heterostructure is also
shown in Figure 1a, along with the SDPs on the hole
branch due to the superlattice periodic potential induced by the h-BN. The graphene lies on a dielectric
composed of 100 nm SiO2 and a 60 nm h-BN. The
monolayer property of the sample is evidenced by
the two characteristic peak, the G-peak (∼1581 cm1)
and 2D-peak (∼2673 cm1), in the Raman spectrum as
shown in Figure 1b. The quite weak signal of D-peak
(∼1345 cm1) near the characteristic peak (1367 cm1)
of h-BN indicates that the sample is of high quality.2527
Back-gated two-terminal graphene FETs were fabricated using standard e-beam lithography and lift-oﬀ
processes, and then used for current and noise measurements as shown in the schematic in Figure 1c. All characterizations were carried out in vacuum (<105 Torr) at
all temperatures.
RESULTS AND DISCUSSION
The electrical transport properties of a typical graphene/h-BN superlattice sample (device 1) at room
temperature, plotted in Figure 2a, show a second peak
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Figure 2. (a) The transfer characteristics for the graphene/h-BN sample. The inset in (a) shows an optical image of the devices
and the black scale bar corresponds to 10 μm. (b) Output characteristics of the same device in (a). (c) Normalized noise spectral
density as a function of frequency at three diﬀerent back gate voltages. The ideal 1/f behavior is added for comparison. A clear
1/f characteristic is observed. (d) γ versus gate voltage Vbg at Vd = 50 mV at 300 K.

in the p-side current at SDP beyond the main DP in
the IdVg curve. Similar to that observed in previous
studies, the peak in the n-side is absent unless the
measurement is carried out at low temperatures due to
the asymmetric bandstructure of this superlattice resulting from next-nearest-neighbor interlayer coupling.23
The resistance peaks at Vbg = 5 V and Vbg = 19 V were
attributed to the main DP and the hole side SDP,
respectively. The optical image of the graphene/h-BN
samples is shown in the inset of Figure 2a. Figure 2b
shows the IdVd output characteristics of the same
device at Vbg = 19, 5, 7 V as shown in Figure 2a.
It can be seen that the plot of the drain current Id versus
drain bias Vd characteristics is linear in the þ100 mV
voltage range. Figure 2c shows the measured lowfrequency noise-normalized spectra (Sid/Id2) as a function of frequency for device 1 at Vd = 50 mV at three
diﬀerent gate voltages (the noise measurement setup is
described in the Supporting Information). The standard
method of characterizing noise in a device has been
Hooge's empirical relationship:3
Sid ¼

AIdβ
fγ

(1)

where Sid is the current noise power spectral density,
f is the frequency, Id is the current through the device
channel, and A is the noise amplitude. The exponents,
γ and β, are ideally expected to be close to 1 and 2,
respectively. The spectra were found to be proportional
to Id2 in the linear IdVd regime and followed a 1/f
dependence with γ = 1.03 þ 0.01. All the measured
devices exhibit the same behavior with the exponents
close to the ideal γ = 1, as shown in Figure 2d. This
LI ET AL.

suggests that the 1/f noise in the graphene/h-BN
samples is caused by a collection of ﬂuctuations in the
resistance with a wide distribution of time constant.12
The resistance R as a function of Vbg for four diﬀerent
FETs at 300 K is shown in Figure 3ad. We arrange the
four devices measured in a fashion such that the left
SDP of device 1 (Figure 3a) is most pronounced, and it
gradually becomes negligible from device 1 to device 4
(Figure 3d). For the device with visible SDP, the voltage
diﬀerence between the SDP and DP can be estimated
using ΔVg = πe/(λ2Cg),23 where λ is the superlattice
period. Given that λ = 13.6 nm and the capacitance per
unit area Cg = 21.79 nF/cm2, we can calculate ΔVg =
12.5 V, which is close to our experimentally measured
14 V in the hole side. Figure 3eh shows the dependence of the normalized noise spectral density Sid/Id2
at f = 100 Hz on Vbg for the corresponding devices.
It is obvious that the 1/f noise for all devices exhibits a
pronounced local minimum at about Vbg = 5 V, close
to the DPs as shown by the dashed lines. Meanwhile,
there are two extra minima on either side of the DP.
The voltage diﬀerences of the left and right minima to
the DP are 14 and 12 V, respectively, corresponding to
the voltage diﬀerences ΔVg between the DP and SDPs
as mentioned earlier. As such, the three valleys of the
Sid/Id2 curves in Figure 3eh closely coincide with
the two SDPs and the DP as shown in Figure 3ad.
Although the coupling between graphene and h-BN
gives rise to new Dirac points near the edges of the
superlattice Brillouin zone and creates superlattice
minibands,2830 there has been no experimental observations of major energy gaps at the SDPs so far.31
As shown in experimental observations, both electron
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Figure 3. (ad) Resistance versus applied gate voltage (Vbg) for four diﬀerent graphene/h-BN samples at room temperature.
(eh) Current spectral density Sid/Id2 at f = 100 Hz versus back gate voltage Vbg for the corresponding FETs. The dotted lines
show that the resistance peaks in panels ad coincide with the (Sid/Id2)min in the panels eh.

and holes coexists at SDPs.21 At the left SDP (the noise
at the right SDP could be explained similarly), both of
holes and electrons contribute to noise and the residual charges provide eﬀective screening to the trap
charges. When the gate bias moves away from the left
SDP, holes (electrons for VgVleft‑SDP > 0) would dominate the electrons (holes) and an increase of noise
from electrons (holes) is greater than a decrease of
noise from holes (electrons).8 Therefore, local noise
minima have been observed at the SDPs. Surprisingly,
the noise minima at the right SDPs are clearly visible
on each device, whereas the IV data shows no dips at
corresponding positions. Moreover, device 4 exhibits
almost identical IV curve as conventional graphene
FETs, but strikingly diﬀerent noise spectra with a dip
at each SDP. These features demonstrate not only
the sensitive nature of the noise spectra measurement,
but also its direct dependence on the fundamental
electronic structure of the moiré pattern associated
only with energy dispersion spectrum.
To further investigate the noise spectral density and
its relation with DC current, Figure 4a plots the drain
current asymmetry [(Id right‑SDP  Id left‑SDP)/Id left‑SDP]
and noise level asymmetry {[(Sid/Id2right‑SDP)  (Sid/
Id2left‑SDP)]/(Sid/Id2 left‑SDP)} at the SDPs for four devices.
In addition to the emergence of local valleys, the
asymmetry in the noise level is much more pronounced
than that of electric current, which is almost four times
larger typically and up to 20 times larger in the case of
device 4. The two most common models for conventional noise spectra, namely the Hooge model and
McWorther model, rely either on the mobility or carrier
number, and should be very similar to electric current.
However, the asymmetry diﬀerence between noise
LI ET AL.

spectral density and electric current in this superlattice
system indicates that neither of the two models can
explain the physical origin. This noise level asymmetry
is associated with the breaking of electronhole symmetry by next-nearest-neighbor interlayer coupling,
and has a large eﬀect compared to carrier number or
mobility.
Furthermore, in order to benchmark the noise level
in this structure with previous graphene devices,
as well as the potential for further improvement, the
mobility dependence of the noise level is studied. The
ﬁeld-eﬀect mobility μFE of the four devices is extracted
in the linear region of the transfer characteristics
according to the following equation μFE = gm/(CgEW),
where W is the width of the channel, E is the transverse electric ﬁeld in the channel, and gm is the
transconductance.32 The ﬁeld-eﬀect mobility of samples from device 1 to device 4 was found to be 2643,
2124, 1620, and 1272 cm2 V1 s1, respectively.
It is noted here that due to the crystal defects induced during the CVD growth, the mobility here has
much room for further improvement. We plot the
area normalized noise spectral density (W  L 
Sid/Id2) at the DP and two SDPs as a function of mobility.
As seen in Figure 4b, the noise level exhibits a monotonic trend that decreases slightly with increasing
mobility at the DP and two SDPs, which shows the
great potential for further improvement in noise level as
growth techniques for higher mobility are optimized.
As one of the most accepted benchmarking strategies,
we recorded the area dependence of noise spectral
density, Sid/Id2 from the most representative monolayer
graphene FETs reported over the past few years in the
literature as shown in Figure 4c. Compared to graphene
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Figure 5. (a) Normalized noise spectral density (Sid/Id2) as a
function of frequency with Vbg = VDP at various temperatures. (b) Normalized noise spectral density (Sid/Id2) as a
function of frequency with Vbg = V left‑SDP at diﬀerent
temperatures. (c) Normalized noise spectral density (Sid/Id2)
as a function of frequency with Vbg = V right‑SDP at various
temperature. The dotted lines in panels ac show the ideal
1/f behavior.

Figure 4. (a) Asymmetry in drain current ((Id right‑SDP 
Id left‑SDP)/Id left‑SDP) (red) and noise level {[(Sid/Id2right‑SDP) 
(Sid/Id2left‑SDP)]/(Sid/Id2left‑SDP)} (blue) at the two SDPs for four
diﬀerent devices at room temperature. (b) Area normalized
noise spectral density (W  L  Sid/Id2) as a function of
mobility at the DP and two SDPs. (c) Current spectral density
Sid/Id2 versus channel area for diﬀerent FETs.

FETs with SiO2 gate dielectrics, the device reported
here exhibits an extremely low noise level up to
1.6 109 μm2 Hz1 at 10 Hz at room temperature,
which is more than an order of magnitude lower than
the previous graphene FETs.1114 This is consistent with
recently reported results from the BN/graphene/BN
transistors,33 due to the fact that the surface of the
h-BN substrate is ultraﬂat and free of dangling bonds,
greatly reducing the numbers of charge traps compared with SiO2 and leading to a strong decrease of
device noise level.16,19,24,34 Compared with the high
mobility in the mechanically transferred exfoliated
samples, it should be noted that the mobility in our
LI ET AL.

samples is mainly limited by the graphene defectively
instead of graphene/h-BN interface states. This further
suggests that the low frequency noise behavior in our
structure originates from the moiré pattern of graphene, induced by the underlying h-BN, instead of
the graphene sheet itself. The record low noise level
suggests that it is beneﬁcial to employ a crystalline h-BN
substrate to reduce noise in graphene transistors.
To further investigate the origins of the noise in the
epitaxial graphene/h-BN superlattice, we carried out
1/f noise measurement from 300 to 4.3 K for the
device 1. The normalized noise spectral density Sid/Id2
as a function of frequency at Vbg = VDP, Vbg = Vleft_ SDP,
and Vbg = Vright_SDP for diﬀerent temperatures with
Vd = 50 mV are shown in Figure 5ac, respectively. It
can be seen that the noise level decreases with lowering temperature for both cases, indicating a thermal
activation process. The noise followed the 1/f trend at
all temperatures without an emergence of generationrecombination bulge signatures.
Figure 6a,b shows the resistance of the same device
as a function of Vbg at Vd = 50 mV with 300 and 4.3 K,
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Figure 6. (a and b) Resistance versus applied gate voltage (Vbg) for device 1 at 300 and 4.3 K. (c and d) Current spectral density
Sid/Id2 at f = 100 Hz versus back gate voltage Vbg for the same device at the corresponding temperature. The dotted lines show
that the resistance peaks in panels a and b coincide with the (Sid/Id2)min in panels c and d.

respectively. In addition to the usual resistance peak
associated with the DP located at Vbg = 5 V, two
additional satellite peaks at both sides of the DP appear
pronounced at decreasing temperature. The satellite
peak in the hole side is always stronger than that in
the electron side, which can be attribute to the nextnearest-neighbor interlayer coupling as mentioned
earlier.23 Figure 6c,d plots the noise spectral density
Sid/Id2 for the same device as functions of Vbg accordingly at diﬀerent temperatures. It is clearly seen that
the noise minimum ((Sid/Id2)min) coincides with the
resistance maximum (Rpeak) at all temperatures at
SDPs, which is consistent with the results in Figure 3.
At the DP, the noise level exhibits an M-shape
gate-bias dependence at 300 K as explained above.
At even lower temperatures, the shape drastically
changes into Λ-shape behavior, consistent with previous papers.10,35 This is due to the fact that some active
traps may have been frozen and electrons could better
screen the potential ﬂuctuation, which results in the
change of noise behavior from M-shape to Λ-shape.
However, the V-shape noise behavior remains unchanged at all temperatures, indicating that either the
electronic screening eﬀect insigniﬁcant, or the active
traps do not reside near the SDP energy level. In
addition, the noise level of the left SDP is always smaller

METHODS
The graphene/h-BN samples were obtained by the epitaxial
growth approach in a remote plasma system. The ∼60 nm
single crystal h-BN ﬂakes were mechanically exfoliated on
a 100 nm-thick SiO2 substrate. During the growth period, the

LI ET AL.

than that of the right SDP, which is independent of
temperature, and consistent with the results in Figure 3.
CONCLUSIONS
In conclusion, in this study of graphene superlattice
grown on hexagonal boron nitride, the current noise
spectral density exhibits pronounced local minima at
the SDPs, and more importantly, these features even
emerge when there are no corresponding resistance
maxima, and are robust down to 4.3 K. Moreover, at the
SDPs, the noise spectra show enhanced asymmetries
between electron and hole branches, almost 18 times
larger the diﬀerences in conductance. These results
originate from the unique energy dispersion spectrum
of the superlattice, which was revealed previously by
scanning tunneling microscopy and low temperature magneto-transport measurement. Moreover, graphene on h-BN exhibits a record low noise level of
1.6  109 μm2 Hz1 at 10 Hz, nearly 60 times lower
than previous results from graphene on SiO2. Such
an epitaxial van der Waals material system not only
provides a unique opportunity for the direct link
between noise spectra and fundamental electronic
structures, but its superior interface also provides a
key and feasible solution for further improvement of
the noise level in graphene devices.

methane (CH4) is dissociated into reactive radicals in a radio
frequency electric ﬁeld, thus realizing a low temperature
(∼500 °C) growth. The standard electron beam lithography
process was applied to deﬁne the electrode pattern, followed
by electron beam evaporation of 120 nm-Au/5 nm-Pd as the
contact metal. After a standard metal lift-oﬀ process, the device
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noise power spectral density for diﬀerent Vd, and current
noise spectral density of three FETs (PDF)
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was annealed in an argon atmosphere at 250 °C for 2 h. The DC
measurement was carried out in a lakeshore cryogenic probe
station under vacuum (<105 Torr) using an Agilent B1500A
parameter analyzer. The low frequency 1/f noise measurements
were carried out by Agilent E4725A 1/f noise system with an
Agilent E5052B.
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