
1 © 2017 IOP Publishing Ltd Printed in the UK

1. Introduction

Graphene is a so-called ‘miracle’ two-dimensional material 
that not only shows useful properties but also allows for the 
research of novel physical phenomena. For instance, graphene 
has considerable high electrical and thermal mobilities even at 
room temperature [1]. Moreover, carriers in single layer gra-
phene behave as if they had a zero rest mass [2] and display a 
finite geometrical phase [3].

Nonetheless, some of its properties such as the high 
mobility are strongly affected when graphene is in intimate 
contact with another supporting material. One recent strategy 

adopted to use graphene in real devices while keeping a high 
electron mobility is to sandwich a graphene flake within hex-
agonal boron nitride (h-BN) sheets [4].

Here we report a detailed set of measurements based on 
temperature dependent Shubnikov–de Haas oscillations in 
order to infer the effects of this strategy on the properties of 
graphene. We use the theory developed by Ando to analyze our 
data. Although this theory was originally conceived for metals 
[5, 6] and has some limitations for semiconductors [7, 8], some 
groups have successfully applied it to graphene [3, 9, 10].

We estimate the mobility of the device from its transcon-
ductance to avoid spurious effects that could be generated 
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Abstract
A flake of monolayer graphene was sandwiched between boron nitride sheets. Temperature 
dependent Shubnikov–de Haas measurements were performed to access how this technique 
influences the electronic properties of the graphene sample. The maximum mobility found in 
this configuration was approximately 105 cm2 Vs −1. From the phase of the oscillations a Berry 
phase β of 1/2 was obtained indicating the presence of Dirac fermions. We obtained Fermi 
velocities around ×0.8 106 m s−1 which imply hopping energies close to 2.5 eV. Furthermore, 
the carrier lifetime is typically higher than that found in graphene supported by SiO2, reaching 
values higher than 700 fs.
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by the magnetic field. Directly from the fast fourier trans-
form (FFT) of the oscillations we estimate the Berry phase 
for this system. Moreover, from the thermal damping of 
the oscillations we estimate the effective mass. Finally, 
from the envelope of the oscillations, the carrier lifetime is 
estimated.

1.1. Sample preparation

The sample was fabricated by a modified dry-transfer process 
[11]. Four-terminal electrodes (Ti/Au) are firstly fabricated on 
a exfoliated flake of h-BN that has previously been placed on 
a 300 nm-thick layer of SiO2 grown on a p++ -Si substrate 
as illustrated in figure 1(a). An exfoliated flake of monolayer 
graphene is placed on another Si:SiO2 wafer and picked up 
via Van der Waals force by a different flake of h-BN previ-
ously attached to a polypropylene carbonate (PPC) film. This 
two-layer structure is then connected to the prefabricated elec-
trodes to form a bottom contact configuration as also shown 
in figure 1. The PPC film is then removed by the application 
of a mild heat (90 °C) and subsequent solubilization in chlo-
roform. The device is then annealed at 523 K for one hour in 
a reducing atmosphere to improve the quality of the electrical 
contacts.

1.2. Experimental procedure

The sample was cooled to 0.3 K using a 3He cryostat and 
the magnetoresistance was observed by applying an external 
magn etic field perpendicular to the sample. A very clear 
charge neutrality point was observed at low temperatures as 
shown in figure  1(b). All measurements were made using 
lock-in amplifiers with an excitation current of 10 nA and a 
frequency of 17 Hz.

2. Experimental

2.1. Quantum capacitance

In a semiconductor, the effect of filling and emptying a band 
is captured by the concept of a quantum capacitance. that 
appears in series with the structure. For a pure graphene flake, 
this is mathematically given by [12–14]:
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where vF is the Fermi velocity of Dirac electrons, e is the 
fundamental electron charge, kB is the Boltzmann constant, 
T is the temperature and u is the potential of graphene given 
by the Fermi energy /E eF . In the limit where �µ k TB , this 
 equation reduces to:
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where gv is the valley degeneracy factor, m* is the effective 
mass, e is the fundamental electron charge.

In the case of a real graphene flake with impurities, this 
equation can be modified to:
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where nG and n* are the carrier concentrations caused by the 
gate potential and impurities, respectively.

We obtained ≈C 10q  μF cm−2, assuming a pure graphene 
flake. This is three orders of magnitude larger than the capaci-
tance of SiO2, which is 0.01 μF cm−2. Since we expect a reduced 
density of impurities for graphene supported by boron nitride, 
the real quantum capacitance in the presence of impurities 
should not deviate much from this result. Thus, we neglected 
the effect of the quantum capacitance in our calculations.

2.2. Mobility

In order to estimate the mobility, the longitudinal conduc-
tivity of the structure was measured at different temperatures 
and different values of backgate voltage (VBG), as shown in 
figure 1(b). In our case, the charge neutrality point (VCNP) was 
at approximately  −2 V. As the temperature is reduced, fractal 
conductance fluctuations become more intense and are associ-
ated to a chaotic transport of the carriers [15].

The carrier density induced in the graphene flake can be 
estimated by the capacitance relation:

| − | =C V V n q,BG CNP 2D (4)

where q is the elementary charge. The mobility of the carrier 
in the graphene flake can be estimated from its conductivity:

σ µ= qn .2D (5)

Combining both equations, one obtains:

( )σ µ= −C V V .BG CNP (6)

Therefore, the mobility can be estimated from:

( )
µ

σ
=

∂
∂ −C V V

1
.

BG CNP
 (7)

The mobilities extracted from the conductivity curves are 
shown in figure  1(c). Their extrema are robust and insensi-
tive to temperatures up to 30 K, as shown in figure 1(d). The 
average maximum value for the mobility of p-type carriers is 
×1.07 105 cm2 Vs −1, whereas this value is ×0.97 105 cm2 Vs −1 

for n-type carriers.

2.3. Shubnikov–de Haas oscillations

The change in resistance is given by [5, 6, 16–19]:

( ) ( ) [ ( )]
ρ
ρ

ω ω π φ
∆

= ⋅ ⋅ ⋅D T M B, cos 2 .xx
c c

0
 (8)

( )ωD T , c  is a thermal damping factor and ( )ωM c  is a so called 
‘mobility factor’. The cyclotron frequency is the standard 

ω = ∗c
eB

m
, where B is the applied magnetic field and m* is the 

effective mass.

2.3.1. Berry phase. According to the Lifshitz-Onsager 
quanti zation rule [20, 21], the argument of the oscillatory 
component is given by:
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where β is the Berry phase and kF is the Fermi wavevector 
defined as [22]:

π
=k

n
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where n2D is the two-dimensional carrier concentration, and gs 
and gv are the spin and valley degeneracy factors, respectively.

The argument ( )φ B  should be an integer every time the 
magnetic field corresponds to a maxima in the SdH oscilla-
tions. Thus, a plot of these Landau indices shifted by 1/2 as 
a function of 1/B should return the Berry phase as its inter-
cept in units of π2 . Moreover, the carrier concentration can 
be found from the slope of these curves. This result has been 
discussed elsewhere [15]. A plot of the carrier concentration 
as a function of the gate voltage is shown in figure 3(b).

An FFT of the SdH oscillations at different gate voltages 
is shown in figure 2(b). The Berry phases extracted from the 
FFT phase of the SdH oscillations in units of π2  are shown 
in figure  2(c) and are close to 1/2 independent on the gate 
voltage. This clearly indicates the presence of Dirac Fermions. 
The deviations from 1/2 present in our samples at positive 
back gate voltages higher than 10 V (<20%) are caused by 
numerical fitting uncertainties. These deviations are common 
in many samples [3] and can occur as a consequence of the 

background disordered potential that affect the quality of the 
oscillations. [15]

2.3.2. Effective mass and Fermi velocity. The thermal damp-
ing factor is given by:

( ) ( ) ( ( ))ω = ⋅D T X T csch X T, ,c (11)
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According to the original SdH theory developed for metals, 
at sufficiently high temperatures such that ħ� ωk T cB , slow 
oscillations are still present and the hyperbolic cosecant can 
be approximated by an exponential function [7]. Thus, it is 
possible to write:
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where TD, known as the Dingle temperature, is given by:

ħ
π

= ∗T
qB

k m2
.D 2
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 (14)

Thus, it is possible to estimate the effective mass from the 
Dingle temperature. In the case of semiconductors, how-
ever, this situation is more complicated. The assumption that 

ħ� ωk T cB  would imply that the Landau levels are smeared 

Figure 1. (a) Sample diagram indicating the SiO2 substrate, Ti/Au contacts and the BN/graphene/BN structure. (b) Conductivity of the 
graphene sample obtained at different temperatures for the p-type (blue and green curves) and n-type carriers (red and yellow curves). 

(c) Mobility calculated as σ∂
∂C V

1 . From top to bottom: 30 K, 20 K, 10 K, 2.67 K, 0.3 K. Offsets were added for clarity. (d) Extrema of mobility 

for different temperatures.
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out, no slow oscillations are present, and no measurement 
could be performed.

Another complication arises from the fact that, typically, a 
specific value of 1/B is chosen for a maximum in the SdH oscil-
lations and its thermal dependence is fitted with  equation (13). 
Nonetheless, typical SdH oscillations might include geomet-
rical effects that change the shape of the oscillations.

In order to circumvent these problems, we used a more 
robust approach. First, the extrema of the oscillations are found 
and B-spline interpolation is performed for both the maxima 
and minima. The difference between both gives us a numerical 
estimate for the amplitude of the decay. In the case of gra-
phene, SdH oscillations are present even at high temperatures. 
Therefore, measurements taken at low temperatures (typically 
�T 1 K) are discarded and the thermal decay is then fitted with 

equation (13). Typical curves are shown in figure 3(a) and esti-
mated values for the effective mass are shown in figure 3(c). 
The estimation of the effective mass has a precision of  ±0.002.

It is know for graphene that [23]:

ħ
/

π
=∗m m

n

m v
,0

2D

0 F
 (15)

where vF is the Fermi velocity. Thus, the latter can be found 
from a plot of m* versus n2D . This result is shown in 
figure 3(c). The estimated Fermi velocities for the n-type and 
p-type carriers are ×0.84 106 m s−1 and ×0.80 106 m s−1, 
respectively. For a lattice constant of 1.42 Å, these velocities 
imply hopping energies of 2.59 eV and 2.47 eV through:

ħ
=v

ta3

2
,F (16)

where t is the hopping energy and a is the lattice constant. The 
band structure of graphene has been vastly estimated from 
angle-resolved photoemission spectroscopy [24, 25]. From 
these measurements, the hopping energy t should be near 
2.7 eV. Although our estimation is more prone to numerical 
uncertainty due to the weak SdH signal near the charge neu-
trality point, our value is within  ∼96% of the expected result. 
The same happens with the Fermi velocity. The latter is typi-
cally around 106 m s−1 and we obtain values within  ∼84% of 
the expected result. Thus, these values should not be inter-
preted as a unique feature of the sandwiching strategy with 
boron nitride sheets, but rather a numerical imprecision.

Finally, based on the curves of figure 3(a) and equation (13), 
the Dingle temperature can be found from a linear squares fit-
ting. The obtained Dingle temperature, which corresponds to 
the low temperature collision broadening at the Fermi level 
was approximately 7.5 K and the fitting is shown in figure 4.

2.3.3. Carrier lifetime and mean free path. The so-called 
‘mobility factor’ is given by:

( )
⎛

⎝
⎜

⎞

⎠
⎟ω

π
ω τ

= −M exp ,c
c q

 (17)

where τq is the carrier coherence lifetime in a Landau level 
and is not to be confused with the momentum relaxation 

Figure 2. (a) Typical SdH oscillations obtained at VBG- = −V 5CNP  V. From higher to lower oscillation amplitude: 0.3 K, 0.5 K, 1.0 K, 1.5 K, 
2.0 K, 3.0 K, 8.0 K, 12.0 K, 16.0 K, 20.0 K, 28.0 K, 36.0 K, 44.0 K. The index n designates the position of a Landau level. (b) The FFT 
amplitude for the SdH oscillations at different gate voltages. B0 is treated as a fitting constant. (c) Berry phase β in units of π2  obtained 
from the FFT phase of the SdH oscillations at different gate voltages.
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time. Thus, from a semilog plot of the envelopes indicated 
in figure 3(a), it is possible to extract the latter. These results 
are shown in figure  3(d) and have an expected value of 

±782.57 194.18 fs.
The mean free path, on the other hand, can be computed 

from [3, 26]:

ħ
µ π=l

e
n .m 2D (18)

In our case, the estimated mean free path ranges from  ∼120 nm 
to  ∼645 nm depending on the carrier concentration.

3. Conclusions

Here we have shown Shubnikov–de Haas measurements on 
a graphene flake sandwiched between boron nitride sheets. 
Compared to a typical sample supported on a SiO2 substrate, 
this strategy proves to have some advantages. For instance, the 
mobility found is two orders of magnitude higher than that 
reported on the literature and compares to values found for 
suspended graphene and high-quality CVD grown graphene 
[26, 27]. Also, the carrier lifetime is approximately one oder of 
magnitude higher. On the other hand, both the effective mass 
and the carrier concentration have values close to those found 
on standard samples supported on SiO2 [2, 9]. Usually, the car-
rier coherence lifetime is smaller than the momentum relax-
ation time in conventional semiconductors such as GaAs and 
Si-MOSFET. Nonetheless, we have shown that these values are 
comparable in high mobility graphene. This can be caused by 
the fact that large angle scattering is nearly suppressed in gra-
phene and small angle scattering related to the quantum coher-
ence lifetime is not so frequent as in typical semiconductors.
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