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We have studied the electronic properties of epitaxial graphene devices patterned in a meander
shape with the length up to a few centimeters and the width of few tens of microns. These
samples show a pronounced dependence of the resistance on temperature. Accurate comparison
with the theory shows that this temperature dependence originates from the weak localization
effect observed over a broad temperature range from 1.5 K up to 77 K. The comparison allows us
to estimate the characteristic times related to quantum interference. In addition, a large resistance
enhancement with temperature is observed at the quantum Hall regime near the filling factor of 2.
Record high resistance and its strong temperature dependence are favorable for the construction
of bolometric photodetectors. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4978597]

Due to its unique properties, graphene is a promising
material for constructing emitters and detectors of different
frequencies, including the poorly developed terahertz (THz)
range. THz hot electron bolometers, operating at cryogenic
temperatures, were made of monolayer1–3 and bilayer graphene.4,5 However, the resistance of graphene typically
depends weakly on the electron temperature, which is an
obstacle to the creation of graphene-based devices with high
efficiency. Recently, successful observation of a bolometric
signal in graphene was achieved in highly resistive samples
of two different types: either in a strongly disordered graphene6 or in a patterned sample.7,8 In particular, epitaxial
graphene on SiC patterned in a meander shape has been
reported to demonstrate good performance in the terahertz
region (1–3 THz).7
In this paper, we present magnetotransport studies of
meander shaped samples with the ratio of length to width
exceeding 600. The edges of the sample behave as shortrange defects and contribute to intervalley scattering.9 In
our case, long edges may have noticeable contribution to
electron scattering. We show that without or at weak magnetic fields, strong temperature dependence of the resistance
up to 70 K is related to the weak localization (WL)
effect.10–15 We investigate this effect in a wide range of
temperatures and magnetic fields and find that our data are
perfectly fitted by the theory.12 The times of dephasing and
intra-valley and inter-valley scattering are obtained from the
fitting. Another area of strong temperature dependence of
the resistance is found in the quantum Hall regime at magnetic fields with the filling factor being equal to 2, where the
longitudinal resistance is zero. The observed large temperature coefficient of the resistance in graphene near the integer
quantum hall effect (QHE) may be used to realize photoresponse mechanisms related to optically induced breakdown
of the quantum Hall effect.16 These effects were investigated and confirmed in semiconductor heterostructures, but,
until now, studies of graphene samples with a large ratio of
length to width L/W have not been carried out.
0003-6951/2017/110(11)/113104/5/$30.00

The graphene samples were obtained by sublimation at
the Si face of a 4H-SiC substrate by thermal decomposition
in an argon atmosphere. Raman spectroscopy shows that
graphene is a monolayer with high quality. Using laser
lithography, samples were patterned in meander shaped Hall
devices as shown in Fig. 1(a). Measurements were performed on two samples: “broad” (B) has a width of 50 lm
and “narrow” (N) 25 lm. Each sample has several Ti/Au
5/50 nm contacts that were made by e-beam evaporation and
lift-off photolithography. Measurements were performed for
“short” (S) neighboring contacts that are close to each other
(for example, 1–3 or 15–13) and for “long” (L) contact with
long distance between them (for example, 1–17 or 10–13).
Because of a significant length-to-width ratio difference
between the L contact (610) and S contact (2), we consider the results obtained for different contacts as the results

FIG. 1. Schematic view of the samples. (a) A meander-shaped long 2DEG
Hall bars with two different widths. (b) An equivalent geometry of the samples with a long narrow stripe. (c) Mobility obtained in transport measurements for different samples. (d) Typical temperature dependence of the
resistance.
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for different samples. An equivalent scheme of the meanderstructure is depicted in Fig. 1(b), for better understanding of the
sample geometry. Table I compiles the parameters of the samples at T ¼ 2 K. The resistance was measured by lock-in amplifiers with low-frequency currents (f ¼ 17.7 Hz; I ¼ 100 nA)
in a temperature range of 1.5–200 K and at magnetic fields
up to 12 T.
The electron densities and the mobilities determined at
liquid helium temperatures are presented in Table I. The
mobility was calculated from zero magnetic field conductivity as l ¼ r=ne, and it demonstrates a logarithmic dependence on temperature in a wide range as shown in Fig. 1(c).
Such a logarithmic behavior is typical for the weak localization effect, which will be discussed below. One can see that
the mobility is lower between S contacts in comparison with
L contacts in the same sample. This is correlated with the
fact that the electron density is higher by 24% in S samples
than in the L samples.17 The density has been extracted from
Shubnikov-de Haas oscillations (SdHO) at 1.5 K under the
assumption of a homogeneous electron distribution in the
sample. For S samples, magnetoresistance (MR) oscillations
are better resolved than for L samples. At the same time, the
position of the maxima and minima of the MR oscillations is
shifted with respect to each other in the magnetic field,
which means different charge carrier concentrations in these
samples. This effect is probably associated with inhomogeneous charge distributions in graphene samples caused, in
particular, by surface ripples.18,19 In reality, due to disorder,
the electron distribution is inhomogeneous along the plane of
graphene. Therefore, these values should not be considered
as the real electron densities but as some effective carrier
densities. The difference in the electron concentration cannot
be explained by uncertainty in the sample size because the
latter was obtained from the magnetoresistance oscillations.
We suppose that the strong inhomogeneity of disorder in the
samples is responsible for this fact.
Figure 1(d) shows the resistance as a function of T for
sample BL. One can see that the resistance decreases with
decreasing temperature in the range from 200 K down to
50 K. Then, it increases with further decreasing temperature
and finally diverges at low temperatures (as shown in Fig.
1(d)). There is also some peculiarity in the dependence around
T ¼ 25 K. The complicated temperature dependence may be
attributed to different scattering mechanisms dominating at
different temperature ranges. The strongest variation of electrical resistance with temperature is clearly visible below 6 K
with a temperature coefficient for the resistance as high as
40 kX/K. To reveal the origin of this temperature dependence,
additional magnetotransport measurements were done.
The longitudinal resistance Rxx was measured as a function of applied perpendicular field B in more detail in the

range from 1 to 1 T. To exclude a contribution of Hall
resistance for the sample BS with short length arising due to
asymmetric contacts, we consider below the symmetrical
part of the resistance ðRxx ðBÞ þ Rxx ðBÞÞ. A further analysis
of the experimental data was performed with the longitudinal
conductivity. A series of magnetoconductance traces for a
broad range of temperature between 1.5 and 77 K are
depicted for the samples NL and NS in Figs. 2(a) and 2(b),
respectively. Experimental data are shown in dots of different colors, and solid curves are the results of calculation as
the best fit to experiments (see below). The sharp positive
magnetoconductance around zero magnetic fields shown
in Fig. 2 is qualitatively rather common for the WL effect
except the very strong value of WL magnitude reaching 1
MX. It is seen that even at temperatures of 77 K, WL is still
preserved.
These results of the transport measurements around
B ¼ 0 can be explained by the weak localization theory that
takes into account the contributions of quantum corrections
to the conductivity. In graphene, one can observe both types
of quantum corrections: weak localization and weak antilocalization effects depending, in particular, on the dominating
type of scattering.20,21 Since graphene has two nonequivalent
Dirac cones on opposite sides of the Brillouin zone, scattering includes inter-valley transitions. Inter-valley transitions
consume a large momentum transfer that can be realized
when carriers are scattered by atomically sharp defects, such
as the edge of the sample. Inter-valley scattering suppresses
the weak antilocalization and simultaneously leads to weak
localization.12,15
To fit the experimental data in Figs. 2(a) and 2(b) with
the analytical results, we use the following procedure: First,
we extract the Fermi wave vector from the measured carrier
concentration

TABLE I. Parameters of the samples.
Sample N
BS
BL
NS
NL

W (lm)

L (103 lm)

n (1011 cm2)

l (cm2/V s)

L/W

50
50
25
25

0.1
30.5
0.05
15.25

5.8
4.6
8.5
6.8

2300
3500
2000
2800

2
610
2
610

FIG. 2. The normalized magnetoconductance at weak magnetic fields for
the narrow sample for (a) long contacts at T ¼ 1:5; 2:45; 3:9; 9:5; 21; 34;
45; 55; 77:5 K and (b) short contacts at T ¼ 2:45; 3:5; 50; 77:5 K. Thin black
lines represent the best fit using Equation (4); color dots are experimental
data. (c) Inverse dephasing time shows linear temperature dependence for
all samples. Color symbols represent experimental data, and solid lines
represent the linear fit.

113104-3

Vasileva et al.

Appl. Phys. Lett. 110, 113104 (2017)
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From conductivity at zero magnetic fields, one may extract
mean free path length ‘ (and time associated with this length
s ¼ ‘=vF , where Fermi velocity vF ¼ 108 cm/s in graphene
does not depend on Fermi energy) using Drude conductivity
in the form
rD ¼

4
kF ‘:
RK

(2)

Here, we use von Klitzing constant RK ¼ h=e2 ¼ 25812:8 X.
The value of the mean free path length allows us to
define the transport magnetic field
Btr ¼

h
:
2e‘2

(3)

The Hikami-Larkin-Nagaoka theory10 in graphene
leads to a conductivity correction caused by weak localization, which is controlled by three characteristic times: s/ is
dephasing time, si is intervalley scattering time, and s is
the time associated with elastic intravalley scattering with
reduced symmetry.12 We rewrite the conductivity correction as
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where we use the auxiliary function



1 1
þ logð xÞ:
F2 ðxÞ ¼ w þ
2 x

(5)

Here, wðyÞ is the digamma function.
We use a least square procedure varying s/ =s; si =s and
s =s to find the best fit of the analytic result (4) to experimental data. It should be noted however that the procedure
is ambiguous and allows for two variants: one is s  si
and another is s  si . In the minimization, we assume that
s  si because otherwise the equality s ¼ si is dictated
by the minimization procedure. Previously, it has been
reported21,22 that in some samples, the case s  si is realized. Although to distinguish between s  si and s  si
cases we need more data, the case s  si is not consistent
with our experimental data. From the numerical fit, we see
that the intervalley scattering time si is between 2 and 3 ps for
the “long” contacts in both samples (it slightly increases with
temperature) and close to 4 ps if the conductivity is measured
for the “short” contacts (supplementary material). We assume
that it may be explained by the contribution to the intervalley
scattering from the edges9 in addition to the main contribution
that appears near the contacts. The reduced symmetry intravalley scattering time s is large (of the order of ms for “long”
contacts and seconds for “short” contacts), which shows that
the quality of the graphene is very high.

Such an analysis of the experimental date yielded the
change in scattering times with temperature. The intra-valley
scattering time s and inter-valley scattering time s show
only a weak temperature dependence. The dephasing time
s/ , which controls the magnitude of the weak localization
effect, strongly decreases with temperature. This explains
why the WL effect is destroyed by increasing temperature.
More detailed analysis demonstrates that 1=s/ is a linear
function of T as expected for electron-electron scattering in
the diffusive regime. These data together with the linear fitting are depicted in Fig. 2(c).
The estimated decoherence time can reach 10.2 ps for
the sample BL and 3.7 ps for the sample BS at the lowest
temperatures, and it decreases with increasing temperature.
These values are less than the 50 ps established as a limit
of spin relaxation time.23 This fact together with the linear
temperature dependence of the decoherence rate excludes
the importance of magnetic impurities in our samples. Most
likely, the decoherence rate is defined by scattering on impurities on the SiC surface,24 which is faster than intervalley
scattering at low temperatures. Comparing the scattering
times measured in our samples with data found in other epitaxial graphene samples, we find that they are consistent with
the previously reported results.25–27 This finding suggests that
our samples have good quality. However, they contain some
amounts of disorder because the actual characteristics vary
from sample to sample. Which is more important, the lithography processing has a negligible effect on the sample quality. The long samples with a large edge length demonstrate
clearly a temperature effect on resistance, which is the same
as in the short samples. In the WL effect, the relation of the
relative resistance change with temperature does not depend
strongly on the sample shape. At the same time, the increase
in the sample length leads to an increase in the sample resistance considerably and in turn, as expected, could improve
the photodetectivity and responsivity of such samples. This
finding demonstrates that patterned graphene structures with
high resistances formed in specific shapes can be used for
various types of photodetectors.
Resistance variations with temperature were also found
at higher magnetic fields. Magnetoresistance traces were
recorded at different temperatures. Fig. 3(a) shows the resistance as a function of the magnetic field from 0 to 12 T at
1.5 and 49 K for the BS sample. At these temperatures, we

FIG. 3. (a) Shubnikov-de Haas oscillations for the BS sample at 1.5 K (blue
line) and 49 K (green line). The positions of the filling factors 2 and 6 are
shown by arrows ( ¼ 2 at 12 T). (b) The change in the resistance with temperature in the magnetic field for BL (black line) and BS (blue line) samples
was calculated from magnetoresistance.
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expect the maximum of the resistance difference at the zero
magnetic field. The resistance demonstrates nonmonotonic
behaviour with a drop near the zero magnetic field followed
by smooth oscillations. From these data, we are able to estimate the change in the resistance with temperature shown in
Fig. 3(b) for BS and BL samples, calculated for resistance
measured at T ¼ 1.5 and 49 K. The data in Fig. 3(b) give the
values that can be considered as the characteristic of the bolometric responsivity of the sample, as was shown in the
work16 that reported the photo-induced breakdown of the
QHE. One can compare this value (25 600 X/K) with the
value obtained from the photoresponse in an ordinary graphene sample where it is 18 X/K (Fig. 3 in Ref. 28). The
higher this value, the larger is the expected photoconductivity
signal. From this point of view, the data for the sample BL is
very notable. The change in the resistance with temperature
is controlled by the ratio of the sample length to its width. In
the BL sample, the strong effect is obtained due to the large
ratio of length to width in comparison to conventional Hall
bars, which is 2–5 typically for graphene samples.
These transport measurements allow us to estimate the
prospect of structured graphene as QHE bolometric detectors.16 At the integer QHE in a two-dimensional electron system, an integer number of the Landau level is completely
filled with electrons. The longitudinal resistance Rxx of such
a system vanishes, and the Hall resistance RH is quantized.
Illumination by light with a photon energy equal to cyclotron
energy leads to a nonzero longitudinal resistance, i.e., photoconductivity, which is caused by the dissipation of electrons
being redistributed between the Landau levels under resonant radiation. The magnitude of the photoresponse is proportional to the ratio of the sample length to width L/W.29
Therefore, an increase in the ratio L/W leads to an increase
in the photoresponse signal ceteris paribus. A remarkable
feature of the photodetectors in the integer QHE regime is
the absence of the dissipative resistance Rxx ¼ 0 so that with
increasing L/W, there is no increase in the background noise,
which depends on the resistance of the sample. In Ref. 28,
the photoconductivity signal was found near the flake of the
QHE plateau exactly where the temperature coefficient of
the resistance reaches a maximum. Note that in this ref., the
maximum is 1000 times less than that for the BL sample.
This gives us a reason to expect that such remarkably strong
temperature sensitivity of the resistance in meander samples
should lead to the strong photoresponse. Moreover, without
or at a low magnetic field, the meander shape samples demonstrate strong temperature dependents due to WL. We predict that in THz and IR spectral ranges, it is possible to use
two different effects: the weak localization and the quantum
Hall effect to create highly sensitive detectors. From previous experiments, one can expect that the electron heating by
THz radiation at 10 mK is enough to yield a photoconductivity signal.7,28
In summary, we have studied the electronic properties
of epitaxial graphene samples patterned in meander-shaped
Hall devices with lengths up to a few centimeters and widths
of only few tens of microns. These samples show a pronounced low-temperature strong resistance derivative as a
result of weak localization. Weak localization in the patterned graphene samples is observed over a broad
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temperature range from 1.5 K up to 77 K. The magnetic field
dependence of the transport caused by the weak localization
is perfectly fitted by the theory, which allows us to estimate
the characteristic scattering times. We find that there is a significant contribution to the weak localization correction
stemming from the intervalley transition and estimate the
intervalley scattering time as 2  4 ps. In addition, a large
resistance enhancement with temperature is observed at the
quantum Hall regime near the filling factor 2. Our work demonstrates that patterned graphene with high resistance could
be used as the THz bolometer due to strong temperature
dependence of its resistance. In particular, WL and QHE
effects are found to be effective for this purpose in meanderpatterned graphene devices.
See supplementary material for the detailed version of
Fig. 2 together with the intervalley time si extracted from the
weak localization measurements.
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