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ABSTRACT

We perform gate- and temperature-dependent low-frequency noise measurements on epitaxial graphene nanoribbons (epiGNRs) grown on
the sidewalls of trenches etched in SiC substrates. We find that the measured noise spectra are dominated by 1=f noise, and the main source
of the noise at high carrier densities is the long-range scatters (charge traps) at the epiGNR/gate-dielectric interface. Interestingly, our
findings differentiate sidewall epiGNRs from previously studied lithographically patterned GNRs while exhibiting competitive noise
characteristics similar to those in high-quality suspended graphene or graphene on hexagonal boron nitride substrates. These results provide
confidence in potential epiGNR-based device applications in low-noise nanoelectronics.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0020926

Graphene is an atomically thin structure composed of
sp2-bonded carbon atoms arranged in a hexagonal lattice. In addition
to its sub-nanoscale dimension, graphene has been shown to
exhibit many intriguing transport phenomena, including high mobil-
ity, tunable carrier concentration, and ballistic transport at room
temperature.1–4 For these and other beneficial electronic, chemical,
and mechanical properties, the scientific and technological community
has been rapidly gaining interest in nanostructuring graphene to form
different prototype devices. Among various graphene nanostructures,
graphene nanoribbons (GNRs) stand out owing to their promise as a
one-dimensional ballistic conductor or channel material for field-
effect-transistors (FETs),4–8 following more than two decades intensive
research on carbon nanotubes (CNTs). However, controlling the elec-
tronic properties of CNTs proves difficult,9 and chemically or litho-
graphically fabricated GNRs suffer from edge disorder and the
resulting electron localization.7,8,10 A new route is needed for nanopat-
terning graphene without sacrificing its intrinsic properties.

Epitaxial graphene grown on electronics-grade SiC is an ideal
platform for developing graphene nanoelectronics.11,12 In particular,
epitaxial growth on the sidewall of a SiC nanostep enables the produc-
tion of long, narrow GNRs with preserved crystalline edges, exhibiting
exceptional mean free paths of �10 lm at room temperature.4,13,14

With these superb properties, epitaxial GNRs (epiGNRs) provide
promising possibilities for advanced device applications.

A determinative factor for the performance of graphene FETs and
sensors is the inherent noise level that limits input sensitivity.15 In this
Letter, we report on a systematic study of the low-frequency electrical
noise in sidewall epiGNRs with respect to gate voltage and temperature.
We show that the measured noise spectra are 1=f -like, and the domi-
nant noise source at high carrier densities is long-range scatters, pre-
sumably at the epiGNR/gate-dielectric interface. We also compare the
noise amplitude of sidewall epiGNR with other carbon systems and
demonstrate its potential in future graphene-based nanoelectronics.

The epiGNRs studied in this work were selectively grown along
the zigzag direction on the sidewalls of insulating 4H-SiC substrates by
the confinement controlled sublimation method.13,16 Before the
growth, the SiC(0001) face was pre-patterned with 30-nm-deep
trenches using electron-beam lithography and SF6-O2 plasma etch.
The expected width of epiGNRs is then �66nm, determined by the
trench depth and the sidewall facet angle (which is 27� from the basal
plane). To fabricate FET-like devices, pairs of Pd/Au (20/30 nm thick)
contacts were deposited on a selected epiGNR using electron-beam
lithography and evaporation. The field effect is provided by an Al top
gate with a 41-nm-thick Al2O3 gate dielectric. A device schematic and
optical microscope image are shown in Fig. 1, and further detailed
information about the device fabrication can be found in Ref. 4.

The low-frequency electrical noise of sidewall epiGNRs was mea-
sured using an SR780 signal analyzer with a four-terminal
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configuration, as portrayed in Fig. 1(a). To eliminate the noise of metal
contacts, the DC voltage (VDC) was applied to the epiGNR using a
pair of contacts outside the gated area, while the inner contacts were
used solely for measuring the bias voltage (Vbias) and the noise spectral
density (SV ). To minimize the extrinsic noise from measurement elec-
tronics, a set of batteries and a voltage divider, both of which were
shielded in a metal box, were utilized to provide VDC at a proper level.
At zero bias (Vbias ¼ 0V), the sidewall epiGNR reveals a low noise
level corresponding to the frequency-independent Johnson–Nyquist
noise,17 SV ¼ 4kBTR, where kB is the Boltzmann constant, T is the
temperature, and R is the resistance of the sample.

When a DC bias is applied across the ribbon, SV takes on a dis-
tinct frequency dependence of 1=f c at low frequencies, with c close to
the expected value of 1 for all twelve samples studied. Figure 2 shows
the bias dependence of SV (sample #1) below 200Hz measured at
77K. At low bias, the SV vs f curve (red line) is just above the esti-
mated Johnson–Nyquist level (dashed line), while at high bias, curves
are dominated by the distinct 1=f dependence. The measurement at

the lowest bias also indicates the low noise floor of our experimental
setup. Further noise floor reduction would require more advanced
cross correlation methods.18,19 In this work, we assume incoherence
between the Johnson–Nyquist and 1=f noise and model SV as

SV ¼ 4kBTRþ A
V2
bias

f c
; (1)

with the value of c consistently between 0.9 and 1.1 for all bias
voltages. The dimensionless pre-factor A can be defined as the
noise amplitude, a quantity that has been used for comparison across
devices.15 To better determine the value of A, we take a cut of the data
in the main panel of Fig. 2 at f ¼ 40Hz and plot the corresponding
SV as a function of Vbias in the inset. This allows us to fit SV Vbiasð Þ
with a simple parabola (black line) for A ¼ 1:2� 10�7 after setting
c ¼ 1.

The noise amplitude also depends on the total number of charge
carriers (N) or the carrier density (n) in the epiGNR, which can be
controlled using the top gate (Vg). Specifically, in the case when the
Johnson–Nyquist noise is negligible, Eq. (1) reduces to the Hooge
relation,20

SV ¼
aHV2

bias

Nf c
; (2)

where the Hooge parameter aH ¼ AN is a material-dependent con-
stant. To check the A� N or A� n relation in sidewall epiGNR
FETs, we take the dielectric constant of Al2O3 to be e ¼ 7 and estimate
the gate capacitance of our device Ck ¼ 176 nF/cm2 using an effective
model incorporating the fringe-field effect of narrow ribbons.21 When
we include the contribution of quantum capacitance,22 the resulting
equation relating n to the effective gate voltage V�g ¼ Vg � VCN reads

FIG. 1. (a) Artistic representation of the four-terminal measurement configuration of
voltage noise across the epiGNR. The top gate (white rectangle) covers the entire
junction area (Au/Pd–epiGNR–Pd/Au), while the injection of current into the ribbon
uses contacts outside the gated area. The image is not to scale and for illustrative
purposes only. (b) Optical microscope image of a device used in this experiment.
Gold color indicates the Pd/Au contacts, while light gray color indicates the Al top
gates. The epiGNR underneath is marked by the dashed line.

FIG. 2. Bias dependence of the low-frequency noise of sample #1 (red lines) mea-
sured at 77 K. The applied bias voltages are Vbias ¼ 0.085, 0.33, 1.48, 3.37, 4.40,
5.39, and 6.65 mV, respectively. At low bias, the SV vs f curve is just above the
estimated Johnson–Nyquist level (dashed line, calculated using the measured
resistance R 77 Kð Þ ¼ 23:5 kX). At high bias, curves are dominated by a 1=f c

dependence, with the value of c consistently between 0.9 and 1.1. Black lines are
best fits to the data using Eq. (1). Specifically, when Vbias ¼ 6:65 mV, c ¼ 0:95.
(Inset) SV taken at 40 Hz as a function of Vbias. The black line is the best fit to the
data using Eq. (1) with f ¼ 40 Hz and c ¼ 1.
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V�g ¼
e
Ck

nþ �hvF
ffiffiffiffiffiffi
pn
p

e
; (3)

where e is the electron charge, �h is the reduced Planck’s constant,
vF � 1:0� 106 m/s is the Fermi velocity, and VCN is the gate voltage
corresponding to the charge neutrality point of sidewall epiGNR
(typically,VCN � �3V in our devices).

Figure 3(a) shows the V�g dependence of the resistance R (black
line) and noise amplitude A (blue line) of sample #2 measured at
room temperature. Sample #2 has a large gate tunable range, suited for
V�g -dependent studies on both the electron and hole sides. For consis-
tency check, we include the V�g -dependence of sample #1 and Vbias-
dependence of sample #2 in the supplementary material. The results of
Fig. 3(a) are then translated to R nð Þ and AðnÞ using the V�g � n rela-
tion of Eq. (3). AðnÞ (blue line) is plotted in Fig. 3(b) and compared to

the normalized resistance derivative dR
dn

� �2
=R2 (black line) as a

function of n. Following Ref. 4, we model the charge transport in
sidewall epiGNRs as G V�g

� � ¼ G0 þ nel
Nsq
, where the conductance

G V�g
� � ¼ 1=R V�g

� �
, and the first term G0 describes the contribution

from the ballistic edge channel, while the second term describes the
diffusive conduction in the bulk using the Drude model. Nsq ¼ 10 is
the total number of squares of the gated epiGNR, and l is the bulk
mobility. We note that although the noise characteristics of the ballistic
transport at charge neutrality (n ¼ 0) is an interesting topic for future
shot noise measurements, in this work, we focus on the low-frequency
noise of epiGNRs at high carrier densities, where the transport is well
described by the Drude model. The red dashed line in Fig. 3(a) shows
the best fit to R V�g

� �
in the high-density regime using

R V�g
� � ¼ Nsq

n V�gð Þel. A moderate mobility of l � 1700 cm2 V�1 s�1 is

obtained, consistent with that reported for gated epitaxial graphene on
SiC.12 The “M” shape of A V�g

� �
, however, clearly deviates from the

Hooge relation (where A / 1=n), which is an empirical relation well
obeyed by conventional semiconductor FETs23 and CNT FETs.24,25

Such an M shape has been previously reported in graphene FETs,26–32

but absent in lithographically patterned exfoliated GNRs.33 In fact, in
Ref. 33, a very weak V�g dependence is observed at room temperature.

For our sidewall epiGNRs, the decrease in A V�g
� �

at charge neutrality

could be due to the presence of dominant ballistic edge transport. At
high carrier densities, prior studies of graphene FETs on Si/SiO2 sub-
strates attribute the decreasing A to charge traps (shallowly) embedded
in SiO2 near the graphene/SiO2 interface.32,33 In our epiGNR FETs,
similar charge traps may exist in Al2O3.

To better understand the A� n relation in sidewall epiGNRs, we
follow the model of Ref. 30 and consider the n- and l-fluctuations as
the main mechanisms of 1=f noise at high carrier densities.
Specifically, since l is a function of n and nimp, we can break down the
resistance fluctuation as follows:

dR ¼ dR
dn

dnþ dR
dnimp

dnimp; (4)

where the first term leads to A / dR
R

� �2
/ dR

dn

� �2
=R2, and the second

term depends on the scattering mechanisms in our devices. Indeed, as
one can see from Fig. 3(b): (i) the normalized resistance derivative

dR
dn

� �2
=R2 (black line) exhibits a similar M shape to AðnÞ (blue line)

and (ii) clear differences between dR
dn

� �2
=R2 and AðnÞ appear at charge

neutrality and high carrier densities where dR
dn

� �2
=R2 ! 0 but A

remains finite. At a sufficiently high density, A is expected to be domi-
nated by the second term in Eq. (4), providing important information
on the dominant scattering mechanism. Therefore, we perform nb fits

to experimental data AðnÞ at high densities. Given that RðnÞ ¼ Nsq

nel in

our sidewall epiGNRs [red dashed line in Fig. 3(a)], when the main
source of fluctuations is short-range scatters,34 dRsr is independent of

n and A nð Þ / 1
RðnÞ

h i2
/ n2 (i.e., b ¼ 2). On the other hand, when the

main source of fluctuations is long-range scatters,35 dRlr / 1=n and
A nð Þ is independent of n (i.e., b ¼ 0). The red dashed lines in
Fig. 3(b) show the best nb fits to AðnÞ with be ¼ �0:56 and
bh ¼ �0:42, respectively. The fitting results indicate that long-range
scatters are the main source of 1=f noise at high carrier densities, while

FIG. 3. (a) V�g dependence of the resistance R (black) and noise amplitude A
(blue) of sample #2 measured at room temperature. The red dashed line is the best
fit to R V�g

� �
at high gate voltages using the Drude model. A V�g

� �
shows a charac-

teristic M shape about the charge neutrality point at V�g ¼ 0 V. (b) Noise amplitude

A (blue) and normalized resistance derivative dR
dn

� �2
=R2 (black) as a function of

carrier density n. Red dashed lines are nb fits for the electron and hole side of the
noise amplitude at high carrier densities with be ¼ �0:56 and bh ¼ �0:42,
respectively.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 083105 (2020); doi: 10.1063/5.0020926 117, 083105-3

Published under license by AIP Publishing

https://doi.org/10.1063/5.0020926#suppl
https://scitation.org/journal/apl


the derivation from b ¼ 0 can be simply due to the contribution of

non-vanishing dR
dn

� �2
=R2 / n�2 from the first term of Eq. (4). Similar

b values were also reported in Ref. 30 and attributed to long-range
scatters (charge traps) in Si/SiO2 substrates.

Next, we examine the temperature dependence of 1=f noise in
our sidewall epiGNRs. In Fig. 4, we plot the measured Hooge parame-
ter aH (spheres) of sample #3 between room temperature (300K) and
liquid nitrogen temperature (77K). Different from samples #1 and #2,
sample #3 was grown on the sidewall of a 40-nm-deep trench, resulting
in a larger surface area. aH was taken at V�g ¼ 0:95V at each tempera-

ture (with constant n and, thus, aH / A), corresponding to a peak in A

in Fig. 3(a). The selected V�g is also close to a peak in dR
dn

� �2
=R2, where

R is most sensitive to density fluctuations. Experimentally, we find that
aH remains approximately constant at 8:3� 10�5 throughout the tem-
perature range, while R decreases modestly at lower temperatures. The
lack of temperature dependence in A is in sharp contrast to the prior
studies of lithographically patterned exfoliated GNRs,33 where A is sig-
nificantly enhanced at 77K due to edge disorder and the resulting
hopping-dominated charge transport. In our sidewall epiGNRs, the
crystallinity of the edges is well preserved by connecting either to the
SiC substrate (bottom edge) or to the buffer layer (top edge) on the top
surface.4,36 We further note that since the long-range scatters (charge
traps) at the epiGNR/gate-dielectric interface are the dominant noise
source at high carrier densities, we expect two competing temperature
dependencies in the noise amplitude. On the one hand, when we lower
the temperature, some active charge traps may freeze, leading to noise

reduction. On the other hand, since RðnÞ ¼ Nsq

nel and dRlr / 1=n, the

second term in Eq. (4) gives rise to A nð Þ / dRlr
R

� �2
/ l2, which

increases with decreasing temperature.37 The competition of these two
effects results in the observed temperature dependence.

Finally, we comment on the low noise amplitude of sidewall
epiGNR FETs. The Hooge parameter aH has been widely used as the

figure of merit for 1=f noise to compare among electronic systems. In
our sidewall epiGNR FETs, aH < 10�4 at room temperature, one
order of magnitude better than aH � 10�3 of the conventional semi-
conductor and CNT FETs.24,25 When compared with previous
graphene-based devices, our results are in line with high-quality sus-
pended graphene28,29 and graphene on hexagonal boron nitride sub-
strates,31,32,38 which is more than one order of magnitude lower than
that in exfoliated graphene on Si/SiO2 substrates and 5–10 times lower
than lithographically patterned GNRs.39,40 Also, we find that the dom-
inant noise source in our devices is extrinsic, due to the long-range
scatters at the epiGNR/gate-dielectric interface, therefore holding
promise for further improvements. Previous studies of 1=f noise in
the bilayer and few-layer graphene have shown a strong reduction in
noise.39,41–43 Fabricating multilayer epiGNR FETs is, thus, an alterna-
tive possibility.

In summary, we perform low-frequency noise measurements on
gated sidewall epiGNRs and reveal a low level of 1=f noise at room
temperature. At low temperatures, in contrast to prior studies of litho-
graphically patterned exfoliated GNRs, our sidewall epiGNR FETs do
not show a visible increase in noise amplitude, indicating that the
charge transport is not in the hopping regime and edge disorder is not
a serious concern. Further quantitative analysis of the gate dependent
noise amplitude suggests that long-range scatters (presumably at the
epiGNR/gate-dielectric interface) are likely to be the main source of
the noise at high carrier densities, which can in principle be reduced
via improving the fabrication method or increasing the number of gra-
phene layers. Our results support the potential use of sidewall
epiGNRs for high signal-to-noise ratio device applications such as
interconnects, chemical sensors, and radiation detectors.

See the supplementary material for additional experimental data.
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