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Interlayer carrier scattering hampers electrical conduction in two-dimensional layered nanostructures.
Extenuated carrier scattering is observed in a double-layered graphene system with hexagonal boron
nitride (h-BN) as an interposer. Raman spectrum shows signature peaks with enhanced sharpness as
compared with that of bilayer graphene. The density functional theory simulation shows degenerate
energy bands in the E-k dispersion. The decoupling of the two graphene monolayers is further confirmed
by electrical conduction measurements. Improved carrier mobility is observed in the graphene/h-BN/
graphene heterostructure as compared with exfoliated or randomly-stacked graphene bilayer, indicating
preserved Fermi velocity. The demonstrated behavior in graphene/h-BN/graphene heterostructure sug-
gests a pathway to preserve the excellent carrier transport of pristine graphene monolayer in a multi-

channel configuration, leading to implementation of highly conductive 2D heterostructure systems.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Pristine graphene in its monolayer form exhibits superb elec-
trical [1—3], mechanical [4—6], and electromechanical behaviors
[7—9]. Monolayer graphene possesses ~100 times higher current
density than copper [10|, demonstrating potential in future-
generation interconnect and wiring applications. However, its
one-atom-thick configuration means extremely-small cross-
sectional area, limiting current-carrying capacity. Research efforts
on bilayer and multilayer graphene (stacked in AB Bernal configu-
ration [11] or with random pattern [12,13]) have indicated reduced
conductivity with increasing layer number due to non-linear E-k
dispersion [14]. Additionally, carrier coupling in the adjacent
monolayers results in degraded conduction, as reflected in inter-
layer resistance [15]. Randomly-stacked (known as turbostratic)
graphene has been reported to exhibit lesser interlayer coupling, as
compared to AB-stacked bilayer, due to decoupling of the mono-
layers. This is believed to be caused by carrier momentum con-
servation, confirmed by the linear dispersion at low-energy regime
near the Dirac point [16—19]. However, considerably reduced Fermi
velocity is observed in turbostratic bilayer graphene, as comparison
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with that in monolayer, indicating undesirable impact of the
adjacent layer on carrier transport [20,21].

It has been demonstrated that, when individual monolayers are
decoupled, the carriers in graphene multilayer continue to behave
as massless Dirac fermions, and each layer can be viewed as inde-
pendent [22]. The turbostratic bilayer, comprised of two mono-
layers randomly stacked over each other, allows for mitigated
interlayer coupling which leads to improved conduction than AB-
stacked bilayer. However, interlayer scattering is observed in tur-
bostratic bilayer, as seen from velocity renormalization [23]. This
leads to degraded carrier mobility. The phonon-mediated conduc-
tance arises primarily from the vibrational beating mode of the
bilayer, in which out-of-plane acoustic (flexural) modes of the two
layers are 180° out of phase, such that the layers vibrate against
each other. For any rotational angle, carrier scattering can be sig-
nificant at room temperature, resulting in compromised electrical
conductivity.

In this work we study the conducting behavior in a double-
layered graphene system. Two-dimensional (2D) dielectric, hex-
agonal boron nitride (h-BN), is used as an intercalating layer
sandwiched between two graphene monolayers. This yields gra-
phene/h-BN/graphene (G/h-BN/G) heterostructure which serves as
the unit cell in graphene/h-BN superlattice-like structure. The se-
lection of h-BN as interposing layer is rational due to its atomically
smooth, self-terminated surfaces, along with its high optical
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phonon energy (~2.5 times that in SiO2), all contributing to the
preservation of carrier transport in graphene [24—27].

2. Experiment

Preparation of graphene/h-BN/graphene samples. Monolayer
graphene was grown on copper foil and transferred onto Si/SiO;
substrate using the PMMA/iron chloride assisted technique. Gra-
phene was then patterned with e-beam lithography (Vistec VB 300)
and excessive graphene was etched away with O, plasma-based RIE
(Micro-RIE). The process was described in detail in prior publication
[25]. Graphene monolayer was patterned into 1 um x 5 um ribbon,
followed by transferring a 3 pm-wide h-BN multilayer (~22 nm
thick, measured from AFM). Another graphene monolayer was
subsequently transferred and patterned to nearly the same size as
the first one. Top metal contacts were made with 5 nm Ti/40 nm Au
stack. The resultant structure isa 1 pm x 3 pm strip of graphene/h-
BN/graphene heterostructure.

Electrical measurements. The samples were annealed over-
night at 300 °C in forming gas to minimize hysteretic effect. All
electrical characterization was performed in vacuum condition on
Lakeshore Cryotronics probe station using Agilent B1500A semi-
conductor parameter analyzer.

3. Results and discussion

Fig. 1a shows the atomic-lattice schematic of graphene/h-BN/
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Fig. 1. (a) Atomic-lattice schematic of the double-layered graphene structure sepa-
rated by a thin interposing h-BN multilayer; (b) SEM image showing the fabricated
heterostructure with two probing contacts (Ti/Au). Here the dash-dotted lines show
the edges of the plasma-etched graphene ribbon for eye-guiding purpose. (c) Sche-
matic tilted-view of the graphene/h-BN/graphene heterostructure. (d) Zoomed-in view
showing the detail of the graphene-metal contact. (e) AFM scanning results showing
the thickness of h-BN as 22 nm. (A colour version of this figure can be viewed online.)

graphene heterostructure. Although AB-stacked pattern is given for
illustrative, the stacking pattern in prepared sample is random.
Fig. 1b is the optical image of the implemented structure with
probing metal contacts. It was reported that, if different from 60°,
twist angle in stacked bilayer has insignificant impact on interlayer
coupling [16]. Fig. 1c is the schematic heterostructure with metal
contacts, and Fig. 1d illustrates the contact at the edge of graphene
layers. In the studied structure metal contacts only touch the bot-
tom monolayer at its edges, while making top and edge contact
with the upper monolayer [28]. Wang et al. reported that metal-
graphene contact along the edge shows low resistance [29].
Fig. 1e shows the AFM scan of the h-BN flake used for making the
heterostructure, confirming the flake thickness of 22 nm. Besides
dual-layer graphene structure, CVD monolayer graphene, CVD
stacked bilayer graphene, and exfoliated bilayer graphene were
also compared in this experiment.

3.1. Raman spectrum analysis

We conducted Raman spectral analysis to investigate the in-
fluence of interposing h-BN on interlayer carrier scattering in a
graphene/h-BN/graphene heterostructure. Fig. 2a shows the Raman
spectrum generated from monolayer, exfoliated bilayer, stacked
bilayer, and graphene/h-BN/graphene heterostructure. It should be
noted that, as the growth and transfer process is the same for CVD
graphene, the defect peak positioned at ~1350 cm™! should be
similar. Therefore, the sharp peak at 1365 cm ! is the signature of
h-BN layer. Other than that, the most noticeable difference is the sp?
carbon G peak positioned at ~1583 cm ™! and double-resonance 2D
peak at ~2700 cm™. Due to the presence of two phonon modes
with opposite momentum in the highest optical branch, 2D band
provides the information about layer number in few-layer gra-
phene (FLG) [30]. The layer number in AB-stacked FLG is estimated
from the intensity ratio of G peak to 2D peak, or I¢/lI2p, valid up to
45 layers. Additionally, the band-splitting depends on the relative
orientation of stacked layers [31]. Interlayer scattering in bilayer
and multilayer graphene induces band-splitting, which in turn has
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Fig. 2. (a) Intensity ratio of G-peak and 2D-peak as observed in Raman spectra
measured on micromechanically exfoliated graphene and transferred-and-stacked
CVD-graphene samples. (b) The full-width-at-half maximum of 2D peak in Raman
spectra of graphene with different thickness. (¢) Lorentzian curve-fitting of 2D peak of
exfoliated graphene shows four components (P1-P4). The numbers in the inset are the
corresponding values of wavenumber. (d) Raman spectra of graphene/h-BN/graphene
heterostructure in comparison with that of CVD monolayer graphene (1L), exfoliated
bilayer graphene (e-2L), and stacked dual-layer graphene (s-2L). (A colour version of
this figure can be viewed online.)
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Fig. 3. Density-functional-theory simulation results of the E-k dispersion in four different configurations: (a) monolayer graphene, (b) AB Bernal-stacked bilayer graphene, (c)
double-layered graphene with an interposing h-BN monolayer, and (d) double-layered graphene with an h-BN multilayer (22 nm thick). (A colour version of this figure can be

viewed online.)

direct influence on the double resonance, leading to split 2D band.
Thus, the 2D peak is lowered and broadened, increasing the full-
width-at-half-maximum (FWHM). Lorentzian curve-fitting was
used to isolate the individual 2D peak of the exfoliated bilayer. It
consists of four components (2656 cm ), 2688 cm ™, 2707 cm ],
and 2722 cm™ ), as shown in Fig. 2b.

Peak intensity ratio and FWHM in the Raman spectra was
extracted for one-to five-layer AB Bernal stacked (exfoliated) and
turbostratic graphene, respectively, as illustrated in Fig. 2c and d.
For exfoliated graphene, it is observed the Ig/lop ratio increases
sharply from monolayer to bilayer, which is explained by the onset
of interlayer scattering that creates 2D peak rounding. For turbos-
tratic graphene, the disturbance in degeneracy (Ig/lop = 0.45) is not
as much as in Bernal-stacked graphene (Ig/Izp = 0.67), resulting in
sharper 2D peak and lower Ig/lyp ratio as observed in Fig. 2c.
However, after adding h-BN interposing layer, the Ig/lop value is
0.39, close to that of a CVD monolayer graphene (Ig/lzp = 0.37). The
lowered ratio indicates reduced carrier scattering effect between
the two graphene layers.

Further, it is seen in Fig. 2d that FWHMp, for exfoliated bilayer is
nearly twice that of monolayer. Similarly, increased Ig/Izp ratio is
observed on exfoliated graphene with increasing layer number. For
CVD graphene monolayer, the observed I¢/lzp ratio and FWHMzp
(FWHMS,p = 40 cm 1) are higher than that of exfoliated monolayer
(FWHM,p = 30 cm™ '), which could be attributed to good crystal-
linity of exfoliated graphene. However, when two CVD graphene
monolayers are stacked, the increase in Ig/lpp ratio is less
(FWHMS,p = 51 cm™! as compared to exfoliated bilayer of 71 cm™),
attributed to the extenuated interlayer scattering. This is evidenced
by smaller change in FWHM5p in stacked bilayer. Additionally, it is
seen that further addition of monolayers does not increase Ig/lzp
ratio as much as seen in the exfoliated sample. The impact on
FWHM),p, is also less significant, indicating less 2D peak broadening.

This confirms that 2D peak broadening is an indication of layer
coupling in multilayer configuration. A smaller Ig/Ip ratio suggests
reduced carrier scattering via interlayer electron-phonon coupling.
The generated results have indicated that coupling in turbostratic
graphene does exist, albeit much smaller than that in exfoliated
graphene, as reflected by the gradual increase in the Ig/lIop ratio as
layer number increases. Furthermore, the FWHM,p results for
eraphene/h-BN/graphene is 43 cm~!, mimic those for monolayer
graphene, indicating minimum impact between two monolayers.

3.2. Density-function-theory (DFT) simulation

The DFT simulation was conducted to study the E-k dispersion in
graphene monolayer, AB-stacked bilayer, and graphene/h-BN/gra-
phene heterostructure, as shown in Fig. 3a—d. While graphene/
monolayer h-BN/graphene would be an ideal case, in our experi-
ment 22 nm (65 layers) was the minimum thickness of h-BN flake
that could be identified under the optical microscope used for
making the structures. DFT calculations are performed with PBE
functional [32] which is implemented by SIESTA [33]. DZP orbitals
are used for C, B and N atoms. Initial structure is placed in a hex-
agonal lattice, and a 2-nm space is added to the graphene/h-BN/
graphene structure to isolate the interaction between unit cells.
Then, atoms are relaxed with force threshold of 0.01 eV/A. The
relaxed structure has a lattice constant of 2.504 A. 11 x 11 x 1
Monkhorst-Pack grid is used in the calculation and Mesh cutoff is
300 Ry.

Linear E-k dispersion is seen in monolayer graphene (Fig. 3a)
whereas bilayer graphene has multiple bands at the Dirac cone
(Fig. 3b). Band splitting in bilayer graphene is the direct conse-
quence of interlayer interaction which causes the IT and I1* bands
to be divided. While the presence of heavy holes and electrons
degrades carrier mobility, the split of conduction and valence bands



20 N. Jain et al. / Carbon 126 (2018) 1722

B

—iL
- e-2L
'aN 41 —saL
- e —— GIABNIG
T~} —
T g
it '_’2_
s 5
= e 1
= X
0 5 10 15 20

Voltage (V)

9
— &

- E 8 i \\

-E 9 \‘ =

o w ‘\ /’

5 7 T \ 1]

© ‘ro \ /

5 = \ /

» 67 /

< i

5 T T T T
1L e-2L  s-2L G/h-BN/G

10F -

g0

X - 6

3‘ N> 4} [

= £ N

2 O 5

Q

= ol | o

1L e-2L s-2LG/h-BN/G

Fig. 4. (a) Measured electrical current density in structures with four different sample
configurations, including monolayer graphene, exfoliated (AB-stacked) graphene,
randomly-stacked bilayer graphene, and graphene/h-BN/graphene heterostructure. (b)
& (c) Conductivity and mobility as measured in these different configurations
respectively. (A colour version of this figure can be viewed online.)

into two sub-bands does not directly open up a bandgap, as the
lower conduction sub-band and the higher valence sub-band are
still degenerate at the Dirac point. However, degeneracy breaks
under strong electric field in the perpendicular-to-plane direction,
and sub-bands move away from each other, resulting in the
opening of band gap [34].

As shown in Fig. 3c, the introduction of monolayer h-BN be-
tween two graphene layers helps to prevent band split, bringing
back degeneracy. The observed linear dispersion mimics the one
observed in monolayer graphene, confirming that carriers remain

massless Dirac fermions. The DFT study confirm the presence of
degeneracy in the graphene/65-layer h-BN/graphene hetero-
structure. It is inferred that in such a heterostructure, linear E-k
dispersion is expected, similar to monolayer graphene. The result
confirms the isolation of the two graphene monolayers, each
behaving as independent conducting channel due to h-BN inter-
poser. It must be noted that 22 nm is not an optimized thickness,
rather the minimum thickness obtained while performing micro-
mechanical exfoliation of h-BN. Other samples were created using
flakes with thickness varying from 22 nm to 55 nm, and similar
results were observed.

3.3. Electrical measurements

Fig. 4a shows the measured current density vs. voltage charac-
teristics (in vacuum) of the four different sample configurations.
The conductivity is shown for each sample (Fig. 4b). The monolayer
graphene (red-color) serves as the reference. In exfoliated AB-
stacked bilayer (green-color) the interlayer scattering is expected to
be significant. It is noted that the current density in that sample is
less than that in monolayer, despite doubled cross-sectional area
(For instance, at 5 V, current is ~30% lower). The degraded con-
ductivity in bilayer is the indication of interlayer scattering. For
stacked bilayer (blue-color), improved conduction is observed as
compared with exfoliated bilayer, confirming turbostratic graphene
exhibits reduced scattering. However, current density in turbos-
tratic graphene is much below the ideal value (monolayer), signi-
fying degradation (Fig. 4b). Finally, the graphene/h-BN/graphene
heterostructure is studied to understand the impact of h-BN
interposer. It is noticed that current is improved from other struc-
tures with current density closer to the ideal value (monolayer), as
shown in Fig. 4b.

Carrier mobility is measured as a function of ambient temper-
ature. Monolayer graphene exhibits high mobility due to the fact
that carriers mimic Dirac fermions. However, substrate is a limiting
factor and a field-effect mobility of ~8000 cm?/V.s (room temper-
ature) is measured for monolayer graphene (Fig. 4c). SiO, is known
to have surface phonons with low energy (~55 meV) [35]. The
phonons couple with carriers, resulting in degraded mobility. The
effect, known as surface polar phonon scattering, is relevant in 2D
systems, as carriers are present in the vicinity of a solid surface.
Surface vibrations, arisen from abrupt termination of crystal lattice
at surface, have lower energy in SiO; as compared with that in h-BN
due to the surface-limiting nature in the latter. In bilayer graphene,
the lower layer partially screens the top layer from the substrate
phonon-induced field, however, the mobility value remains
considerably lower than that of monolayer graphene (~3000 cm?/
V-s) at room temperature. This is the direct result of interlayer
scattering which causes reduction in carrier Fermi velocity. The
stacked bilayer graphene fares only slightly better with the
observed carrier mobility of ~3500 cmzjVA s at room temperature. [t
should be noted that, when h-BN is used as an interposing layer, the
decoupling between the two graphene monolayers causes an
upswing in mobility. An approximate value of 9000 cm?/V-s at
room temperature was observed for double-layer graphene with
interposing h-BN, the value being even higher than what was
observed in a monolayer graphene. We attribute this enhancement
to two key factors, decoupling of the two graphene monolayers and
high mobility in the top graphene monolayer (attributed to the
high-energy optical phonons in h-BN, which does not create
enough polar phonon scattering on the surface). It has been shown
in our prior work that graphene mobility is significantly enhanced
as placed in contact with h-BN rather than SiO, [27]. The result
confirms that electrical conduction (in terms of conductivity and
carrier mobility) is improved in graphene/h-BN/graphene



N. Jain et al. / Carbon 126 (2018) 17-22 21

heterostructure as compared with bilayer graphene (either stacked
or exfoliated).

Interestingly the graphene/h-BN/graphene heterostructure has
lower conductivity (at zero gate voltage) despite having higher
mobility than monolayer graphene. Conductivity is given by,

7= n*q*u

(6 — Conductivity, n — Carrier density, q — electronic change, and p
- carrier mobility).

Low conductivity (despite high mobility) arises due to the car-
rier density being lower in G/h-BN/G compared with monolayer
graphene. The carrier density can be obtained using,

n-—= gr’ﬁ'[)*(vg — Virac)/tox

(tox — thickness of the oxide, e, — Relative permittivity of oxide
substrate, g9 — permittivity of free space, Vg — Gate voltage, Vpirac —
Voltage at Dirac point).

At zero gate voltage, the carrier density, n, is a direct outcome of
the amount of ‘doping’ in the graphene channel. This ‘doping’ is
characterized by the voltage at Dirac point, Vpijrsc as obtained from
the transfer characteristics of graphene channel (R vs. V; plot).
Since this ‘doping’ is observed to be higher in monolayer graphene
as compared to graphene/h-BN/graphene structure, the overall
conductivity is compromised. The higher value of Vp;jy in mono-
layer graphene is an outcome of the higher degree of electrostatic
interaction with the environment (substrate as well as air). For
graphene/h-BN/graphene, h-BN provides one inert interface for
both the graphene layers resulting in lower interfacial electrostatic
interaction and correspondingly lower Vpjac and lower carrier
density. When the operating point is close to the Dirac point, the
carrier density is low (case of G/h-BN/G since Dirac point is close to
zero) and the conductivity approaches its minimum value when
operating at Dirac point. Far away from the Dirac point, there is no
electrostatic control of the gate on the channel, the result is lower
resistance and higher conductivity (case of monolayer graphene).

4. Summary

We investigated conduction behavior in double-layered gra-
phene system with interposing h-BN multilayer, a unit cell struc-
ture of the conceptual graphene/h-BN superlattice. Reduction of
coupling between two graphene monolayers is observed. The linear
dispersion at the Dirac point in Brillouin zone is seen in the gra-
phene/h-BN/graphene heterostructure, reflected by the DTF simu-
lation. Raman spectra confirm, via the existence of a single 2D peak,
the electrical isolation of two graphene monolayers. This decou-
pling is well reflected in electrical behavior of the graphene/h-BN/
graphene heterostructure in which improved conductivity and
carrier mobility are observed with reference to AB-stacked bilayer
graphene. The results indicate that the current-carrying capacity in
multi-layered graphene could be significantly improved, to that of a
pristine monolayer, by using thin h-BN as the interposer in the
graphene multilayers. The graphene/h-BN superlattice, using the
demonstrated trilayer heterostructure as a unit cell, shows promise
as the next-generation high-performance conductors.
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