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A mid-infrared planar Bragg reflector, which is based on the fundamental edge plasmonic mode in the nanoribbons is
proposed and numerically demonstrated in this paper. The simulation results calculated with the three-dimensional (3D)
finite element method reveal that it shows superb wide-band filtering characteristics in the mid-infrared frequencies,
and the bandwidth of stopband in the reflector can be dynamically modulated by varying the chemical potentials of
corresponding nanoribbon waveguides. In addition, its band properties on the ribbon width are also analyzed. This kind
of Bragg reflector exhibits extreme compactness of lateral scales and wonderful light confinement in both the longitudinal
and the lateral directions, which is expected to have significant applications in constructing 3D highly integrated optical
networks for signal processing.
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1. Introduction

Surface plasmon polaritons (SPPs) [1], which are coupled
electromagnetic modes of exciting photons and surface elec-
trons in conductors or semiconductors, have been consid-
ered as the most potential way for the realization of highly
integrated optical systems for their ability of manipulating
and channeling light in subwavelength limit. Graphene as
an atomically thin material has recently been manifested
to be capable of supporting both TE and TM polarized
SPP mode [2]. Compared with noble metals, the graphene
presents unique plasmonic properties, such as tunability
[3–5], extreme confinement [6], long lifetimes and low loss
[7]. These merits have spurred tremendous interests on this
one-atom thin material [8], from which various applica-
tions, such as modulators [9,10], splitters [11] and switches
[12] are rapidly emerging. Among those charming advan-
tages, the most attractive one is its dielectric function can
be rapidly modulated via changing its chemical potential
by utilizing an external electric field or biased gate voltage
[13]. This enables one to tame electromagnetic into desired
shapes, which provides a viable path to devise novel planar
photonic elements, such as waveguides [2], Luneburg
lenses [14], and filters [15] on this single atom platform.
With regard to achieving the ultimate goal of realizing highly
integrated optical circuits, the graphene nanoribbon is also

∗Corresponding author. Email: llwang@hnu.edu.cn

demonstrated to possess great potential in constructing ultra-
compact photonic elements [16]. This is mainly due to its
supported unique edge plasmonic mode [17], which exhibits
many intriguing characteristics in both information trans-
ferring and exchange at nanoscales [18].

The Bragg reflector is one kind of crucial elements in
the photonics, because of its significant applications in
several optoelectronic devices, such as filters, modulators,
light-emitting diodes, and resonant-cavity photodetectors
[19,20]. For the past decades, investigations on the plas-
monic Bragg reflectors are mainly based on insulator-metal-
insulator or metal-insulator-metal waveguides [21,22], each
of them have their own merits and demerits. Nevertheless,
both of these two kinds of Bragg reflectors are hardly tun-
able once the geometry of the structure is fixed, due to the
fact that optical properties in metals are not easily to be
modified. Graphene as a newly risen plasmonic material
seems to provide a solution to this problem. Recently, the
graphene-based Bragg reflector has been designed [23],
which makes use of the high refractive indices contrast
between the monolayer graphene and the graphene with
dielectric substrate. It indeed presents advantageous tun-
ability compared with noble metal based ones. However,
from the view point of constructing three-dimensional (3D)
integrated photonic networks, this kind of Bragg reflector
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may still face difficulties because of its infinite lateral scales.
In fact, to the best of our knowledge, most of the previ-
ous studies about the planar plasmonic Bragg reflectors are
concerned only in the two dimensions. A real 3D compact
Bragg reflector, which can be incorporated into 3D highly
integrated optical networks, still remains challenging and is
urgently needed.

In this work, by taking advantage of the charming wave
guiding performance of edge plasmonics in the nanorib-
bons, we demonstrate that a real compact 3D plasmonic
Bragg reflector can be realized on this single atom plat-
form. In addition, the real-time modulation of the reflector
is achieved by dynamically tuning the chemical potentials
in the respective nanoribbons. Furthermore, the influence of
the ribbon width on its band characteristics is also analyzed.
This kind of Bragg reflector exhibits wide band gap in the
mid-infrared frequencies, and it is compact in size at both
lateral scales, which is envisioned to play pivotal role in
constructing highly integrated SPP based devices, such as
distributed Bragg SPP emitter, filters, modulators, and other
compact broad bandgap nanophotonic elements in ultra-
compact optical systems.

2. Results and discussion

The propagation characteristics of a freestanding graphene
nanoribbon waveguide are studied firstly. As is shown in
Figure 1(a), the graphene nanoribbon with a narrow width
of W is modeled as an ultra-thin film with a thickness of
�. The surface conductivity σ of the graphene is governed
by Kubo formula [2,24], which relates to the radian fre-
quency ω, temperature T, momentum relaxation time τ , and
chemical potential μc. In this study, the light wavelength
in free space is chosen to be in the mid-infrared range
which is around 10 µm (�ω = 0.124 ev), and the consid-
ered minimum value of chemical potential μc is 0.18 ev.
Thus, the conductivity contribution of the interband transi-
tion is neglected, because the chemical potential is always
above half of the photo energy of incident light. Under this
condition, the surface conductivity of grahene is reduced
to a semiclassical Drude model at room temperature [25]
(σ(ω) = i(e2μc/π�

2)/(ω + iτ−1)), where μc represents
the absolute value of the chemical potential, and the car-
rier relaxation time τ = μμc/(ev2

f ) relates to the carrier
mobility μ and Fermi velocity v f = 106 m/s in graphene.
Here, μ is set to be 10, 000 cm2/V/s. The equivalent per-
mittivity of graphene is given by [2,25] εg = 1+iση0/(k0�)

whereη0 (≈ 377	) is the impedance of air and k0 = 2π/λ is
the free-space wavenumber. The � is set to be 0.5 nm in this
simulation, although other extreme values will lead to sim-
ilar results. All calculations have been implemented using
the commercial finite element method software COMSOL
Multiphysics.

Figure 1(a) shows the schematic diagram of a graphene
nanoribbon with a narrow width W. In terms of the graphene

(a)

(b) (c)

Figure 1. (a) Schematic diagram of the graphene nanoribbon
waveguide with width W. (b) Dependence of the effective
refractive index (Nef f ) on the incident wavelength with various
chemical potential (μc) in graphene. (c) The electric fields
distribution (cross section) of the SPP mode in the nanoribbon
with λ = 10 µm and μc = 0.6 ev. (The colour version of this
figure is included in the online version of the journal.)

nanoribbon, it is well known that it supports two types of
SP modes: one is the waveguide type, with the EM field
concentrated at the whole area of the ribbon, and the other
is the edge modes that the EM field is localized on the rims
of the ribbons. They separated with each other by a wave-
vector gap. However, when the width W is only dozens
of nanometers, the nanoribbon waveguide only supports
fundamental edge modes in the mid-infrared frequencies.
Note that the microscopic details at the edges of the rib-
bons are not taken into consideration in the present study,
which are similar to the treatment in some previous works
[15–17,26]. The guided SPP mode, which takes the form
�E(�r , t) = �E(y, z) exp(iqk0x) exp(−iωt) (q is the modal
wave vector) is excited by a discrete port that is placed in
front of the graphene ribbon.

As shown in Figure 1(b), two representative groups of
chemical potentials(μc) were selected, which consists of
two large values (0.6 and 0.8 ev) and two small ones (0.18
and 0.2 ev), to analyze their influence on the effective
refractive indices (Nef f ) of SPPs supported in the nanorib-
bon waveguides. From Figure 1(b), one can clearly notice
that the Nef f exhibits greater sensitivity to the changes for
smaller chemical potentials than that for larger ones. When
μc is 0.2 ev, a decrease of 0.02 ev in chemical potential
would improve the Nef f by an average of 10. However,
when μc is 0.8 ev, the Nef f only grow by 10.2 in average
as the chemical potential drops from 0.8 to 0.6 ev. As is
know that the chemical potentials in nanoribbon rest with its
applied gate voltage or doping level, this feature indicates
that a very tiny biased voltage or doping applied on the
nanoribbon will induce a large variation of it’s refractive in-
dex while μc is small. On the other hand, as refractive index
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of the nanoribbon is determined by its chemical potentials
based on the above discussion, the refractive index contrast
of SPPs, therefore, can be directly generated by tuning the
chemical potentials. As is displayed in Figure 1(b), a Nef f

difference of 68.3 is obtained when μc = 0.2 and 0.6 ev
at wavelength of 7 µm. And this value increases to 88.2
when μc equals to 0.18 and 0.8 ev. Such feature provides
us favorable condition to devise the tunable Bragg reflector
on this single atom platform. Here, the ribbon width W is
assumed to be 10 nm for the calculation. From Figure 1(c),
one sees clearly that the symmetric fundamental edge mode
with strong lateral confinement is supported in the ribbon
region.

Figure 2 schematically illustrates the proposed Bragg
reflector, which is constructed by periodically stacking
graphene nanoribbon waveguides with patterned chemical
potentials. The red-filled areas designate the ribbons (RA)
with large chemical potentials (μc,A), and the navy blue
filled ones correspond to the ribbons (RB) with small chem-
ical potentials (μc,B). The length of RA and RB are labeled
as L A and L B in Figure 2, respectively. The ribbon width is
also set to be W = 10 nm. The μc,A is consistent with small
refractive index and the μc,B corresponds to the large one.
In terms of investigating the transmission property, the inci-
dent signal is injected from the port Pin with power A1, and
out of port Pout with power A2, therefore the transmission is
defined as T = A2/A1. It is well known that the nanoribbon
can not only be an actual graphene strip, but also be virtually
created on a monolayer graphene [17]. Consequently, as to
realizing such a Bragg reflector experimentally, it can either
be constructed on a real graphene strip, which may be cut out
from a graphene sheet [27], or be virtually drawn on a single
flake of graphene [2]. The second way may be achieved
using different bias voltages to different regions in graphene
to make the ribbon regions (red and navy blue filled areas
in Figure 2) behave as metal to support SPPs, and at other
areas, the graphene behaves as dielectric that cannot support

Figure 2. Schematic diagram of the Bragg reflector consisting
of alternately stacked graphene nanoribbon waveguides (blue and
red area in the picture) which is constructed on a single flake of
graphene. The SPPs are only supported at the ribbon region and
at other areas the graphene behave as dielectric. Here, L A and
L B denote the length of the nanoribbon waveguide with chemical
potential of μc,A and μc,B , respectively. The width of the ribbon
is denoted as W. The incident signal is injected through port Pin
into the waveguide. (The colour version of this figure is included
in the online version of the journal.)

them. The inhomogeneous patterned chemical potentials
can be realized by adjusting the value and locations of
applied bias voltages. We note that the calculations in this
work are implemented for a free-standing graphene with
no substrate. However, the concepts and effects introduced
here will still be the same for graphene sheet standing on a
substrate.

Based on Bragg condition L A Nef f,A+L B Nef f,B = λb/2
where λb is the Bragg wavelength, we can obtain a Bragg
reflector operating around the middle infrared wavelength
λb = 10 µm by suitably choosing the lengths or refractive
index of the corresponding ribbons. Here, the length of
RA and RB are fixed at L A = 20 nm and L B = 35 nm,
respectively. Calculated with the mode solver in Comsol
Multiphysics, we can obtain Nef f,A∼46.38 at λ = 10 µm,
which corresponds to μc,A = 0.8 ev. To meet the Bragg
condition, the Nef f,B is choosen to be 116.4, which is related
to μc,B = 0.184 ev. The other μc,A and μc,B can be ob-
tained by a similar way. Based on the above discussion, the
simulated transmission spectra with different combination
of μc,As and μc,Bs are obtained and shown in Figure 3.
One can indeed see from the spectra that multiple wide
bandgaps appear for the considered mid-infrared range.And
different group of μc,A and μc,B results in different band-
width of the stopband in the spectra. For example, in case of
μc,A = 0.6 ev and μc,B = 0.196 ev (blue line in Figure 3), a
bandwidth of 2.31 µm with near-zero transmission occurs
around the central wavelength of 10 µm, which exhibits
excellent wide band gap filtering characteristics. However,
the bandwidth further increases to 2.77 µm when the dif-
ference between μc,A and μc,B gets enlarged, as is shown
from the black line in Figure 3. This feature can be well
understood by the fact that the refractive index contrast
increases with the increase in the chemical potential differ-
ence, as is demonstrated in Figure 1(b). Therefore, when the
chemical potential difference is reduced (i.e. μc,A = 0.4 ev
and μc,B = 0.224 ev), the transmittance of the stopband is

Figure 3. Transmission of the Bragg reflector consisting of eight
periods with different chemical potential distributions. The width
of the nanoribbon waveguide is W = 10 nm. (The colour version
of this figure is included in the online version of the journal.)
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correspondingly shortened to be 1.42 µm, as is shown from
the red line in Figure 3, and the transmission in the stopband
is lifted up at the same time. Through the above analysis,
it can be concluded that by utilizing such scheme, one can
modulate expediently the bandwidth of the reflector for a
fixed central wavelength in the infrared range. Such function
can be envisioned with promising potential for applications
in future active integrated optical systems.

According to the transmission spectra shown in Figure 3,
we also simulated the intensity distribution (|E |2) of inci-
dent wave propagating through the structure at λ = 8 µm
and λ = 10 µm, as shown in Figure 4, which are outside and
inside the bandgap, respectively. From the top view of the
distribution shown in Figure 4(a) and (c), where the monitor
is placed 2 nm above the structure, one can indeed notice
that the EM filed is tightly localized at the ribbon region
in both the lateral dimensions. Simultaneously, strong light
confinement also occurs for the structure in the longitudinal
directions, as is shown in Figure 4(b) and (d) where the
monitor is placed in the middle of the reflector. Taking the
two noticeable facets of compactness and strong light con-
finement into considerations, our proposed Bragg reflector
is very suitable for use in the 3D highly compact optical
circuits, which shows charming properties compared with
the previous proposed two-dimensional Bragg reflectors
[21,23]. From Figure 4(a) and (b), one sees obviously from
the intensity profile that when the Bragg condition is not
satisfied, the incident light transmits efficiently through the
ribbon. However, as shown in Figure 4(c) and (d), when
the incident wavelength is inside the bandgap region, the

Figure 4. illustrate the intensity (|E |2) distribution in the Bragg
reflector as the incident light is outside [(a) and (b)] and inside [(c)
and (d)] the bandgap with wavelength of λ = 8 µm and 10 µm,
respectively. Note that (a) and (c) demonstrate the top view (x-y
plane), and (b) and (d) correspond to the side view (x-z plane)
of the field intensity profile. The monitor in (a) and (c) is placed
2 nm above the structure and in (b) and (d), it’s placed in the
middle of the reflector. The chemical potentials in the reflector are
set to be μc,A = 0.8 ev and μc,B = 0.184 ev respectively. (The
colour version of this figure is included in the online version of
the journal.)

Figure 5. Transmission spectra of the Bragg reflector at different
width (W ) of the nanoribbon waveguide. The chemical potentials
of the nanoribbon waveguides are set to be μc,A = 0.58 ev and
μc,B = 0.192 ev, respectively. The inset depicts the dependence
of the refractive index on the width of the ribbon. (The colour
version of this figure is included in the online version of the
journal.)

plasmonic waves are thoroughly reflected by the reflector
and cannot pass it.

Despite the fact that the band characteristics of the Bragg
reflector can be modulated by varying the chemical poten-
tials, we also find that it’s strongly dependent on the width of
the nanoribbons. The dependence of the refractive indices
on the width (W ) of the nanoribbons is illustrated in the inset
in Figure 5. From the diagram, one can clearly notice that the
refractive indices will increase when ribbon width decrease,
which is in consistent with the trend in Ref. [16]. However,
the refractive indices of small chemical potential (μc =
0.192 ev) increase at a faster rate than that of the large one
(μc = 0.58 ev). This will lead to the decrease in refractive
index contrast as the ribbon width grows. For example,
when W = 10 nm, the refractive index difference is 57.3.
However, this value reduces to 45.4 when the W increases to
20 nm. The impact of these phenomena on the band property
will be shown latter. As illustrated in Figure 5, we present
the simulated transmission spectra of the reflector with
various ribbon width. Two distinguished features can be
drawn from the spectra. Firstly, the central wavelength of
the Bragg reflector tends to blue-shift when the ribbon width
increases. This can be understood according to the Bragg
condition that the central wavelength reduces as the dwin-
dling of optical length of the lattice constant [L A Nef f,A +
L B Nef f,B ] lead by the decrease of refractive indices in the
guide region. Secondly, the bandgap of the reflector shrinks
accompanied with the reduction in central wavelength when
W grows. According to the discussion about the inset in
Figure 5, such rule can be well explained by the fact that the
contrast of two nanoribbons in effective refractive indices
will reduce when W increases. The above analysis indi-
cates that the way of modulating the ribbon width indeed
provides us new degree of freedom to manipulate the band
characteristics.
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3. Summary

In conclusion, a kind of tunable planar plasmonic Bragg
reflector has been proposed and numerically investigated
in this work based on the fundamental edge propagating
plasmonics in the nanoribbon waveguide. The bandwidth
of the stopband in the reflector can be dynamically mod-
ulated by tuning the chemical potentials in the respective
nanoribbons. In addition, the dependence of the band char-
acteristics on the ribbon width are also analyzed. Due to the
compactness and strong light confinement of the reflector
in both the lateral scales, it’s expected to play significant
role in building 3D ultra-compact SPP-based devices, such
as filters, modulators, and other broad bandgap photonic
elements for use in highly integrated optical circuits.
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