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Tunable localized surface plasmon resonances in one-dimensional
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Kaibiao Zhang(张开彪)1,2, Hong Zhang(张红)1,3,4,†, and Xinlu Cheng(程新路)1

1Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065, China
2School of Science, Sichuan University of Science and Engineering, Zigong 643000, China
3College of Physical Science and Technology, Sichuan University, Chengdu 610065, China

4Key Laboratory of High Energy Density Physics and Technology of Ministry of Education, Sichuan University, Chengdu 610064, China

(Received 18 August 2015; revised manuscript received 7 October 2015; published online 18 January 2016)

The graphene/hexagonal boron-nitride (h-BN) hybrid structure has emerged to extend the performance of graphene-
based devices. Here, we investigate the tunable plasmon in one-dimensional h-BN/graphene/h-BN quantum-well structures.
The analysis of optical response and field enhancement demonstrates that these systems exhibit a distinct quantum confine-
ment effect for the collective oscillations. The intensity and frequency of the plasmon can be controlled by the barrier
width and electrical doping. Moreover, the electron doping and the hole doping lead to very different results due to the
asymmetric energy band. This graphene/h-BN hybrid structure may pave the way for future optoelectronic devices.
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1. Introduction

Graphene has emerged as a promising plasmonic mate-
rial that combines the appealing optoelectronic properties with
the ability of being tuned by chemical doping or electrostatic
gating.[1–3] This allows for the realization of optical signal
processors,[4] sensors, and light modulators.[5,6] To further en-
hance and extend the performance of these graphene-based
devices, one of the challenges concerning this ultra-thin ma-
terial is to enhance light-graphene coupling in a wide spec-
tral range. Many discontinuous graphene structures have been
designed to enhance the optical response associated with the
excitation of graphene plasmon.[7–13] Instead of propagation,
the plasmons in these patterned graphene arrays can be lo-
calized in a small region. These localized surface plasmons
can significantly increase the light–matter interaction. An-
other new popular approach to extend its functionalities is
plasmon hybridization due to the excellent compatibility of
graphene.[14–17] In a hybrid structure, the resonant frequency
can be tuned in a broader range.

Recently, graphene/hexagonal boron-nitride (h-BN) hy-
brid structures have been realized experimentally.[18–24] Ci et
al. used a chemical vapor deposition (CVD) process to syn-
thesize an atomic structure consisting of hybridized h-BN and
graphene domains. This system exhibited a semiconducting
behavior due to the carrier confinement within the graphene
paths embedded in BN domains. Zhang et al. fabricated peri-
odic graphene/h-BN heterostructures with precisely controlled

domain sizes by using lithography patterning and sequential
CVD grown step.[25] Theoretically, it has been predicted that
one can manipulate the electronic band structure of graphene
by doping with h-BN.[26–29] Band gap engineering plays an
important role in applications of graphene. A minimal lattice
mismatch allows graphene and h-BN to form a lateral planar
heterostructure. Additionally, the large band gap difference
between pure h-BN (∼ 5.9 eV) and graphene leads to distinct
phase separation in the sheet of C and BN domains. Shinde
et al. suggested that a zigzag BN chain on either side of a
graphene nanoribbon may produce a major effect of quantum
confinement. In this case, the BN domains act as infinite bar-
riers due to the very large bandgap.[30] The charge carriers are
confined within the graphene domain, which form a quasi-one-
dimensional quantum well. Thus, the graphene plasmons in
this heterostructure are expected to couple more strongly to
their local environment.

In the present study, we numerically present a fully
quantum-mechanical study of localized plasmon resonances
in one-dimensional h-BN/graphene/h-BN quantum-well struc-
tures. The collective oscillations are mainly localized in the
graphene domain due to the quantum confinement effect of
the BN barrier. Compared with isolate graphene, the res-
onance absorption and the field enhancement exhibit a dis-
tinct strengthening in this hybrid structure. In addition, the
intensity and frequency of the plasmon can be controlled by
the barrier width and electrical doping, which provides the
highly desirable feature of tunability to the plasmonic device.
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This study may provide a visible strategy for the well-ordered
graphene/h-BN hybrid structure in the development of future
devices.

2. Method of calculations
The calculations have been performed using the real-

space time-dependent density functional theory (TDDFT) ap-
proach as implemented in the OCTOPUS computer code.[31]

TDDFT is a generalization of the static density functional
theory to describe the electronic excitation and other time-
dependent behaviors. This scheme offers a good compro-
mise between computational cost and accuracy. In the pre-
vious works, it has been successfully used in predicting the
absorption and plasmon resonances of nanostructures.[32–36]

In the calculation, the inner shell electrons are treated by
the Troullier–Martins norm-conserving pseudopotentials,[37]

and the exchange and correlation interaction is included
within the local-density approximation (LDA).[38] The lin-
ear response can be obtained by propagating the system
with time-dependent Kohn–Sham equations under an impulse
perturbation with a damping parameter of 0.15 a.u. Then
the frequency-dependent absorption spectra are extracted by
Fourier transform of the dipole strength. The simulation zone
is a sphere around each atom with a radius of 6 Å and a
uniform mesh grid of 0.3 Å. The Kohn–Shan wave func-
tions are typically evolved for 6000 steps with a time step of
∆t = 0.003 h̄/eV.

3. Result and discussion
According to the experiment result,[18] it is more likely

that graphene and h-BN domains could form a B–N–C con-
figuration with N bonded to C atoms. The symmetrical one-
dimensional quantum-well structures are constructed by inte-
grating h-BN at the two sides of rectangular graphene flakes
to form a seamless in-plane h-BN/graphene/h-BN structure, as
depicted in Fig. 1(a). The relaxed C–C bond lengths of these
systems vary from 1.40 Å to 1.43 Å, the B–N bond lengths
vary from 1.40 Å to 1.44 Å, and the C–N bond lengths vary
from 1.39 Å to 1.41 Å. Following the conventional nomencla-
ture of graphene nanoribbons, we will denote these quantum-
well structures as (BN)n/Cm/(BN)n, where m represents the
number of zigzag chains of C and n represents the number of
zigzag chains of BN. The edges of all structures are passivated
with H atoms.

We first consider a series of 1D (BN)n/Cm/(BN)n

quantum-well structures with fixed graphene length (m = 6)
and varied BN length (n = 1, 2, 4, 6). The polarization di-
rection of the impulse excitation light is maintained along the
horizontal axis. Here, we focus on the optical response in

the near-infrared region, aiming at a better understanding of
the low-energy dipolar plasmon properties in these quantum-
well structures. Figures 1(b)–1(e) display the surface in-
duced charge density distributions of these (BN)n/C6/(BN)n

(n = 1, 2, 4, 6) systems at the energy resonance point 0.72 eV.
The spatial-dependent density profiles reveal that the induced
charge oscillations have a strong dipolar plasmon characteris-
tic. These plasmons arise from the long-range electronic mo-
tion along the edges of the graphene flakes under the electro-
magnetic interaction. Yamijala and coworkers also contributed
the oscillatory in a graphene/h-BN hybrid structure to charge
transfer of border/edge C atoms.[39] Thus, the armchair edges
of these 1D structures offer a crucial path for the charge trans-
port in these truly nanometer-size graphene structures. It is
also worth noting that the electrons and holes are mainly lo-
calized in the graphene domain. As discussed above, the BN
domains act as an insulator or a barrier to confine the charge
within the graphene domain and the interface regions.

(e)

(c)

(b)

(a)

(d)

(BN)n (BN)nCm

   ... n    ... m    ... n

↩ ↩   (A)
0.004

-0.004

0

-10 0 10

↩ ↩  

-10 0 10

-10-20 0 10 20

Fig. 1. (color online) (a) Schematic of (BN)n/Cm/(BN)n quantum-
well structure. Carbon, nitrogen, and boron atoms are represented
by black, blue, and red balls, respectively. (b)–(e) The induced
charge density distributions at the energy resonance point 0.72 eV for
(b) (BN)1/C6/(BN)1, (c) (BN)2/C6/(BN)2, (d) (BN)4/C6/(BN)4, (e)
(BN)6/C6/(BN)6.

To gain more insight, we show the optical absorption
spectra associated with these dipole oscillations in all the
(BN)n/C6/(BN)n (n = 1, 2, 4, 6) systems in Fig. 2(a). For
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comparison, the absorption spectrum of the isolate graphene
(C6) is also shown. As a result of quantum confinement, the
resonance peaks of graphene with BN barriers exhibit an over-
all red shift and absorption enhancement relative to that of
the isolate graphene. The shift of the resonance frequency
can be attributed to both the carrier mobility decrease and the
travel path increase. In the previous experimental studies, the
decrease in carrier mobility after BN inclusion in graphene
has been reported.[18,19] Additionally, the carrier will travel
a longer distance in graphene with a BN-terminal than that
with an H-terminal. As expected, the plasmon resonance fre-
quencies of all (BN)n/C6/(BN)n systems are independent of
the width of the BN domain. These fixed frequencies further
confirm that the collective oscillations are merely confined in
the graphene flakes. In the quantum-well system, the carriers
trapped in the interface states can be resonant with the plas-
mon in the graphene domain. This coherent combination and
the enhanced quantum finite size effect give rise to the absorp-
tion enhancement and broadening in graphene.
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Fig. 2. (color online) (a) Absorption spectra of a series of
(BN)n/Cm/(BN)n quantum-well structures with fixed zigzag C chains
(m = 6) and variable BN zigzag chains (n = 1, 2, 4, 6). (b) Energy-
dependent field enhancement of graphene flakes in (BN)n/Cm/(BN)n.
For comparison, the absorption spectrum and field enhancement (inset)
of isolate graphene (C6) are also displayed.

In general, the oscillating charge distribution is re-
sponsible for the large induced electric field enhancement.

The field enhancement is obtained by deriving the effective
potential.[40] Figure 2(b) displays the frequency-dependent
electric field enhancement nearby the graphene flake in the
(BN)n/C6/(BN)n structure. The prominent peaks also ap-
pear around the plasmon resonance frequency. Importantly,
the field enhancement of the graphene with BN is nearly two
orders of magnitude higher than that of the graphene without
BN. This behavior implies that the quantum confinement ef-
fect is significant in such small-size quantum-well systems. In
addition, the field enhancement monotonically increases with
increasing BN length. This trend and distribution are in line
with the absorption spectra.
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Fig. 3. (color online) (a) Absorption spectra of (BN)2/C6/(BN)2
quantum-well structure as a function of net doped charge Q/e.
(b) Energy-dependent field enhancement of graphene flakes in
(BN)2/C6/(BN)2 structure as a function of net doped charge Q/e.

The electronic nature of plasmons suggests electrical tun-
ability, which is convenient for integrable and high-speed
modulation. Clear evidence has been obtained recently which
demonstrates the ability to control the optical response in
graphene by both electron and hole dopings.[41,42] However,
these two dopings would lead to very different results due to
the asymmetric energy band.[43,44] Here, the tunable plasmon
properties can be obtained by adding or removing net elec-
trons. A negative value means that we are adding electrons,
while a positive value means removing electrons from the sys-
tem. We first add electrons to the (BN)2/C6/(BN)2 quantum-
well structure. Figure 3(a) shows the absorption spectra asso-
ciated with the π-plasmon as a function of net doped charge.
The resonance frequencies shift toward the higher energy side
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with the doping. Moreover, the strengths of the plasmon peaks
display a distinct enhancement with the net electron increas-
ing. This result demonstrates that low-energy plasmon in the
(BN)n/Cm/(BN)n quantum-well structure can be controlled
by several electrons. More interestingly, the field enhancement
near the graphene surface is reduced with the net electron in-
creasing, as shown in Fig. 3(b).

To elaborate the mechanism of field enhancement reduc-
tion, we show in Fig. 4 the induced charge density distributions
of the (BN)2/C6/(BN)2 structure at the resonance frequency.
The electrons are uniformly added to the hybrid structure.
However, they are mainly pulled and confined in the graphene
domain by the dipole–dipole interaction of the carriers. More-
over, compared with the neutral case, a small anti-parallel
dipole is clearly observed near the center of the graphene do-
main. In addition, it is enhancing with the net doped electrons
increasing. The formation of the small dipole is mainly at-
tributed to the screening effect. This opposite charge distribu-
tion arising from the screening effect can decrease the electric
field enhancement near the graphene flake.
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Fig. 4. (color online) The induced charge density distributions of
(BN)2/C6/(BN)2 with Q/e of (a) −2, (b) −3, and (c) −4.

Then the hole doping is realized by removing electrons
from the (BN)2/C6/(BN)2 quantum-well structure. The ab-
sorption spectrum displays a dramatic difference compared
with that of electron doping, as shown in Fig. 5(a). Particu-
larly, the mode around 1.8 eV, which can be negligible in the
electron doping cases, exhibits a significant enhancement with
the hole doping increasing, while the absorption mode around
1 eV shows a nonlinear enhancement. However, their reso-
nance frequencies shift toward the high-energy side with the
doping increasing. This result is similar to the previous exper-
imental finding for a graphene/h-BN heterostructure, where a

blue-shift of plasmon resonance was observed when the nega-
tive gate voltage or hole doping increased.[25] This frequency
shift behavior is attributed to the dipole–dipole interaction of
the carriers.

To confirm this argument, we display in Figs. 5(b)–5(f)
the induced charge density distributions corresponding to the
plasmon resonance peaks. A distinct difference is noticed that
the dipole charge appears in both the graphene domain and the
edges of BN after hole doping. This means that the confine-
ment effect is relatively weak for doped holes. Partial carriers
can be localized at the BN edges to form new dipoles. The
existence of dipole–dipole interaction results in charge redis-
tribution in the graphene domain. Different plasmon modes
arise from different spatial charge distributions. The induced
charge at the BN edges tends to distribute around the center
(Figs. 5(b) and 5(c)) for the modes near 1 eV. While for the
modes around 1.8 eV, the induced charge at the BN edges
tends to distribute at the corners (Figs. 5(e) and 5(f)). Fur-
thermore, the dipole strengths are enhanced with the charge
density increasing. This enhanced dipole–dipole coherent in-
teraction leads to the frequency shift and absorption enhance-
ment.
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Fig. 5. (color online) (a) Absorption spectra of (BN)2/C6/(BN)2
quantum-well structure as a function of net doped charge Q/e. (b)–
(f) The induced charge density distributions of (BN)2/C6/(BN)2 with
different net charge at the resonance energy point.
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4. Conclusion
We have investigated the tunable plasmon in 1D

(BN)n/Cm/(BN)n quantum-well structures. The analysis of
optical response and field enhancement demonstrate that these
systems exhibit a distinct quantum confinement effect for the
collective oscillations. Importantly, the plasmon in this struc-
ture can be sensitively tuned by electrostatic doping. The elec-
tron doping and hole doping lead to very different results due
to the asymmetric energy band,[45] which lead to different con-
finement effects and different dipole–dipole interactions. This
graphene/h-BN hybrid structure may pave a way for novel op-
toelectronic devices.
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