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raphene has generated tremen-

dous interest owing to its novel

electronic properties and unique
energy band structure. The graphene
energy—momentum relationship is found
to be linear for low energies, leading to zero
effective mass properties which can be de-
scribed by the Dirac equation for spin '/,
particles.'> Graphene electrons and holes,
referred to as Dirac fermions, are insensitive
to external electrostatic potentials.’~® Be-
cause of the linear dispersion relation at low
energies (Er = fivgk), one of the most inter-
esting properties of graphene is that its low-
energy excitations are massless, chiral Dirac
fermions. In bilayer graphene, a parabolic
band structure (Er = A%k*/2m*) with an ef-
fective mass m* = 0.037m,, has been calcu-
lated with the interlayer coupling
model.’~'* Recent research has shown that
bilayer graphene exhibits tunable bandgap
under the application of a perpendicular
electric field.”>"'® Graphene displays an un-
conventional Landau-level spectrum of
mass chiral Dirac fermions with the pres-
ence of a magnetic field.? Recent research
has shown that the energy splitting is pro-
portional to \/B for the symmetric case with
half-filled zero-energy levels in both mono-
layer and bilayer graphene.

Trilayer graphene is very interesting
as it has two almost linear conduction
bands similar to monolayer graphene but
also four parabolic bands, which is simi-
lar to bilayer graphene. For trilayer
graphene, a similar dispersion relation as
bilayer graphene with parabolic band
structure, but with a larger effective mass
m* = 0.052m,, has been found.’® Zhu et
al.,*® have shown that the carrier density
and mobility in bilayer and trilayer
graphene display similar trends.
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ABSTRACT The perpendicular magnetic field dependence of the longitudinal resistance in trilayer graphene

at various temperatures has been systematically studied. For a fixed magnetic field, the trilayer graphene displays

an intrinsic semiconductor behavior over the temperature range of 5—340 K. This is attributed to the parabolic

band structure of trilayer graphene, where the Coulomb scattering is a strong function of temperature. The

dependence of resistance on the magnetic field can be explained by the splitting of Landau levels (LLs). Our

results reveal that the energy gap in the trilayer graphene is thermally activated and increases with \/B.
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Trilayer graphene has an intriguing band
structure and the additional layers provide
screening properties which cannot be ob-
tained with mono- or bilayer graphene.
Cracium et al. demonstrated that trilayer
graphene is semimetallic with a tunable
band gap overlap.' The electronic trans-
port in trilayer graphene is dependent on
various parameters. The experimental evi-
dence of low energy electronic transport in
graphene is not in agreement with the cur-
rent theoretical model.?' A better under-
standing on the general electronic trans-
port properties of trilayer graphene is very
important.

In this paper, we have carried out a sys-
tematic study on the charge transport prop-
erties in trilayer graphene as a function of
magnetic field and temperature. We ob-
served that the trilayer graphene exhibits
an intrinsic semiconductor property even
under the influence of an externally applied
magnetic field. The resistance of the trilayer
graphene decreases with increasing tem-
perature and electric field; a behavior that
is noticeably different from the experimen-
tal reports of monolayer graphene and bi-
layer graphene. The dependence of resis-
tance on the magnetic field properties was
observed. Our results reveal that the energy
gap in the trilayer graphene is thermally
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Figure 1. Comparison of Raman spectra at 532 nm for one- to three-
layer graphene. The position of G peak and the spectral features of 2D
band confirm the number of atomic layers of the graphene.

activated and increases with \/B. This phenomenon
originates from trilayer band structure that can be
tuned by magnetic field, a property that has not been
observed in other semimetal materials.

RESULTS AND DISCUSSION

The precise number of graphene layers is identified
using micro-Raman spectroscopy through the 2D-band
deconvolution procedure.??~%> The Raman spectra of
our graphene structures were measured at room tem-
perature using a WITEC CRM200 instrument at 532 nm
excitation wavelength in the backscattering
configuration.?~28 Shown in Figure 1 is the characteris-
tic Raman spectrum with a clearly distinguishable G
peak and 2D band. The two most intense features are
the G peak and the 2D band which is sensitive to the
number of layers of graphene. The po-

However, for a fixed temperature, as the applied
magnetic field increases, the resistance of the trilayer
graphene increases. We attribute this to the perpen-
dicular magnetic field opening an energy bandgap in
the graphene structure.?? 3" Such behavior shows the
opening energy gap by applied perpendicular mag-
netic field inducing high resistance. These observations
suggest that the measured magnetic field dependence
of the two-terminal longitudinal resistance R4 for
graphene is a qualitative fingerprint of the band gap.

To better understand the effect of perpendicular
magnetic field on the electronic transport of trilayer
graphene, we have carried out a systematic resistance
measurement as a function of the magnetic field.
Shown in Figure 3 is the two-terminal resistance, Ry of
trilayer graphene as a function of magnetic field at vari-
ous temperatures. The term resistance per square is
used as it is independent of the sample size. The resis-
tance exhibits a nonlinear increase with the magnetic
field. This arises from the spin splitting induced by the
Zeeman effect. One of the unusual properties of mass-
less Dirac electrons in graphene is that it has an intrin-
sic Zeeman energy equal to one-half of the cyclotron
energy in a magnetic field. This results in Landau-level
(LL) splitting of the energy levels into a spectrum com-
prising 12-fold degeneracy at zero-energy and 4-fold
degeneracy at nonzero-energy levels in trilayer
graphene.3%32 This potentially indicates sublattice sym-
metry breaking and gap formation due to a many-body
correction in the LL.3? In addition, when Coulomb inter-
action is included, it gives rise to a gap opening at
zero energy level due to the attractive interaction be-
tween electron—hole pairs forming an excitonic con-
densation. The gap (AE,) is thermally activated and of
excitonic nature and is proportional to \/B according to

sition of the G peak and the shape of so4' 0
the 2D band confirm the number of lay- |
ers of graphene. The number of
graphene layers can also be deduced U
from the full width half-maximum of ]
the 2D band. e

In Figure 2 we present the <
current—voltage characteristics of the 7‘-:-' 1
trilayer graphene at temperatures, 7, of £ 20 o 5K-4T |
5 and 200 K, under the application of O —e— 5K-8T
different magnetic fields. The magnetic ] v 5K-12T ]
field is applied perpendicular to the 10 S LSS

o O— 200K-4T

plane of the graphene. An optical im- | o 200K-8T
age of the trilayer graphene is shown in — v 200K-12T
the inset. For all our measurements, 0 A‘ — ]
we observed a linear current—voltage 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
(IV) relationship, which is characteristic Voltage (V)

of ohmic behavior. The increase in re-
sistance as the temperature is reduced
is typical of an instrinsic semiconductor
behavior.
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Figure 2. Temperature-dependent current—voltage characteristics of trilayer
graphene. Inset shows the optical micrograph of the trilayer graphene with
gold electrodes. The measurements show that trilayer graphene intrinsic semi-
conductor property and the introduction of a perpendicular magnetic field
could induce high resistance.

Www.acsnano.org



270 - 5K P
° 10K -
268 420K e
-4 = v 50K|
38 c,,) v g
g - ./_,/ "
4 =
£ 264 e el e
364 g0 s
. P2621 * 0 oio 000 A
1]l 2
8
g
44 3
344 3,
g
4

Resistance per square (KQ/0)

5K
50K
200K

- Fitline

T T T T T T T

6 8 10 12

Magnetic field (T)

Figure 3. Resistance measurements as a function of temperature at temperature range of 5, 50, and 200 K. The results show
that the resistance R4 increases nonlinearly with the magnetic field strength. Inset shows the weak localization effect at
low field measurements. The dotted line is fit following the report that this gap is of excitonic nature and will increase with

V/B.

the recent theoretical prediction.?>33 On the other hand,
for the nonzero energy level, the effective Coulomb po-
tential depends on the spins and it results in valley po-
larization.3*

In our measurements, we have found an approxi-
mate expression for the nonlinear resistance, Ry o exp
(\/B/(kgT)), where kg is the Boltzmann constant. Our ex-
perimental results fit well with this equation, as seen
by the dotted line in Figure 3. However, comparing the
results with that of monolayer graphene an appar-
ent difference was the absence of a sharp increase in
the resistance with the magnetic field and plateau-like
phases. These considerations give qualitative explana-
tion of the Ry nonlinear behavior under the influence of
a magnetic field. One should note that there is a
plateau-like resistance for T < 50 K at a low magnetic
field. As seen from the inset, at low field, for T < 50 K,
a negative magnetoresistance is observed until a field
of 0.2 T, followed by a plateau region in the trilayer
graphene. This is a signature of the weak localization ef-
fect in graphene where the intervalley scattering
dominates.®3¢

The main scattering mechanisms in few layer
graphene with massless Dirac-fermion (MDF) at low en-
ergies has been reported to be Coulomb scattering
and short-range scattering.?’ The interplay between
these two main scattering modes strongly affect the re-
sistance of few layer graphene. The effect of tempera-
ture on the main scattering mechanisms of trilayer
graphene is not yet established. To gain an insight into
the dominant modes, we have carried out a systematic
study of the resistance-temperature behavior in trilayer
graphene.

www.acsnano.org

In Figure 4a, we present the temperature depen-
dence of the resistance of the trilayer graphene at a
neutrality point, with an out of plane magnetic field of
12 T and without the applied magnetic field. As the
temperature increases from 4 to 340 K, the resistance
decreases, which confirms our previous observation
that the trilayer graphene exhibits intrinsic semiconduc-
tor property. As the trilayer graphene has a predomi-
nantly parabolic band structure, the coulomb scatter-
ing is a strong function of temperature. The coulomb
scattering varies inversely as the temperature; an in-
crease in temperature leads to a decrease in coulomb
scattering, hence a decrease in resistance.

The mobility of charge carriers in the trilayer
graphene is dependent on the interplay between the
two main scattering mechanisms, which in turn affects
the resistance. On the basis of the Matthiessen’s rule,?
we can derive an approximation resistance equation:
Rtrilayer = RC-triIayer + Rsr-trilayerr where RC-triIayer and Rsr-trilayer
are resistances arising from the Coulomb and short-
range scatterings, respectively. We approximate the re-
spective terms to be of the form Rc.giiayer =1/((A +
BT)ne), Rr-witayer = C, where A, B, C are the fitting param-
eters. We fitted our experimental results to the analyti-
cal expression and obtained the following:

RuiayerT, B = 0T)/RyppyeT=5K B=0T) =
0.68057 + 2.19711 g 046831

RestayerTs B = 12 T)/Ryinyee T = 5K B=127T) =
1 — 6.70767

0.11655 + 1.6439 x 10°°T

From our experimental data fit, we note that the resis-
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Figure 4. (A) Resistance measurements of trilayer graphene as a function of temperature at zero and 12 T magnetic fields.
The symbols are the measured data and the lines are fits.The results show that the resistance of the trilayer graphene drops
following a nonmetallic behavior. (B) The relative resistance change under the bias and unbiased magnetic field as a func-
tion of temperature, the line is the fit following the equation Ry o exp (AE/(kgT)).

tance component due to the short-range scattering is
strongly influenced by the magnetic field. The short-
range scattering arises from the potentials created by
localized defects in the graphene structure. The applica-
tion of a perpendicular magnetic field leads to a distor-
tion of the graphene lattice. A detailed theoretical
analysis of graphene in a magnetic field has shown
that spontaneous lattice distortion lifts the valley de-
generacy only in the lowest Landau level, n = 0, while
the n > 0 Landau levels remain a 2-fold valley
degeneracy.®>* Figure 4b shows the relative change in
resistance (AR = Ry — Ror) as a function of tempera-
ture. AR displays a monotonic decrease as the temper-
ature is increased. The dotted line is the fit to the equa-
tion Ry o exp (AE/(kgT)), where AE is the energy gap.
Our experimental results are in good agreement with
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theory. These considerations give qualitative explana-
tions to the decrease of the resistance with increasing
temperature.

Figure 5 shows the measured normalized resistance
of the trilayer graphene as a function of electric field E,
under an applied magnetic field of 0—12 T and an op-
erating temperature of 5—340 K. The measured Ry—E
plot is symmetrical with respect to the polarity £ due to
the chirality of graphene electrons when the applied
electric field sweeps from +E to —E. For measurement
at low electric field (E < 1 mV/wm), the results show
that the resistance drops significantly when the mag-
netic field increases from 0 to 12 T at the lower temper-
ature range of 5—50 K. The larger drop in the resis-
tance at a lower temperature range (T < 50 K) is due
to the Coulomb impurities scattering which is a strong

Www.acsnano.org
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Figure 5. Electric and magnetic field dependent resistance measurements in trilayer graphene. The normalized resistance
R—E curve characteristic under the magnetic field from B = 0 T to B = 12 T and the temperature from 4 to 340 K, respec-
tively. The results show that when the magnetic field increases from 0 to 12 T the resistance of the trilayer graphene rises sig-

nificantly and it decreases with the increasing electric field.

function of temperature. On the other hand, for
measurement at higher electric field (E > 10 mV/um),
the overall resistance drops gradually as the tempera-
ture increases. The decrease is ascribed to the screen-
ing effect from the additional graphene layers on the
scattering of thermally excited surface polar phonons
of the SiO, substrate.?® This result indicates that the
scattering induced by electric field from the substrate
surface polar phonons is significantly screened at high
temperatures in trilayer graphene.

CONCLUSIONS

The temperature and magnetic field dependence
of the resistance of trilayer graphene has been investi-
gated. Our results show that the resistance of trilayer
graphene drops with increasing electric field, but in-

METHODS

The graphene trilayer samples used in this work were fab-
ricated using a method described in ref 2. Mechanical exfoli-
ation of highly oriented pyrolitic graphite (grade ZYA, SPI
Supplies) is used to deposit few-layer graphene flakes on a
doped silicon substrate covered with a 300-nm thick layer
thermally grown SiO,. The number of layers of trilayer
graphene were identified by optical microscope and subse-
quently confirmed by Raman spectroscopy. The contact pat-
terns were fabricated using photolithography techniques. A
pair of ohmic Cr/Au (10 nm/90 nm) contacts was deposited
via thermal evaporation at a background pressure of 1077
mbar and followed by a subsequent lift off in warm acetone.
Electronic transport measurements were carried out in mul-
tiple samples, using PPMS (Quantum Design) with a fixed ex-
citation current of 10 wA. The measurements were performed
in the temperature range 5—340 K, and a magnetic field up
to 12 T was applied. To enhance the electrical transport, in
situ magnetic and electric fields sample cleaning were car-
ried out. We chose the two-probe technique for our trilayer

www.acsnano.org

creases with magnetic field strength (0—12 T). The re-
sistance dependence on temperature at a fixed mag-
netic field for trilayer graphene exhibits an intrinsic
semiconductor nature. A model was formulated to ex-
plain the observed resistance dependence on the mag-
netic field and the measured normalized resistance as
a function of temperature. The experimental results are
in good agreement with theoretical prediction. Our re-
sults reveal that the energy gap in the trilayer graphene
is thermally activated and increases with /B, which in-
dicates sublattice symmetry breaking and gap forma-
tion due to a many-body correction in the Landau level.
The obtained results are important for understanding
that the resistance dependence on magnetic field is
qualitative proof of an energy gap opening in trilayer
graphene.

graphene transport measurement because it is relatively
simple for electrode fabrication on graphene flakes and its re-
liability for graphene characterization has been confirmed
by many researchers.'?°
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