
Research Article
Tunable Terahertz Absorption with Optical Tamm State in
the Graphene-Bragg Reflector Configuration

ShuaiWang ,1 Guimei Li ,2 and Yanhong Zou 1

1School of Physics and Electronics, Hunan University, Changsha 410082, China
2Key Laboratory of Hunan Province for New Retail Virtual Reality Technology,
School of Computer and Information Engineering, Hunan University of Commerce, Changsha 410205, China

Correspondence should be addressed to Guimei Li; 1507@hnuc.edu.cn and Yanhong Zou; yanhongzou@hnu.edu.cn

Received 6 April 2018; Accepted 25 July 2018; Published 5 August 2018

Academic Editor: Qinghua Guo

Copyright © 2018 Shuai Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Tunable terahertz absorption in the interface between graphene and dielectric Bragg reflector (DBR) has been numerically
demonstrated. The near perfect absorption mainly originates from the enhancement of the electric field owing to the excitation
of the optical Tamm state (OTS) at the interface between graphene and dielectric Bragg mirror. It has been found that the
absorption peak occurs at specific incident angles, which can be employed for realizing the frequency and angular absorbers.
Further,we demonstrate that the position of the absorption peak can be tuned by changing the Fermi energy of graphene.Moreover,
the behaviors of the near perfect absorption are strongly related to the dielectric constants and thicknesses of the surrounding
dielectrics.The tunability of graphene-DBR structure absorption may help to find favorable applications for the realization of high-
performance graphene optoelectronic devices.

1. Introduction

The electromagnetic absorber is a kind of functional device
that can reduce the reflection and transmission of incident
light. Recently, terahertz (THz) absorbers have become a
hotspot in the field of terahertz [1, 2]. THz absorbers have a
wide range of applications in the field of nanostructures, such
asTHz switches [3], thermal detectors [4], time reversal lasers
[5], and metamaterial absorbers [6]. To achieve impedance
matching we can adjust the structural parameters. And by
the mean, the perfect absorption of the incident wave can be
obtained.What ismore, based on the principle of perfect THz
absorber, we can manufacture electromagnetic switches [7],
modulators [8], and sensors [9]. Therefore, many THz wave
absorbers have been studied in recent years. To specify, Tao
et al. designed and produced the narrow band absorber of the
first THz band [10]. Since then, THz double band absorbers,
multiband absorbers, and broadband wave absorbers have
also been studied [11–13]. However, it is still urgent to design
wonderful angular absorber with thin thickness, adjustable
angular spectrum for the THz absorption, and large absorp-
tivity [14].

Graphene has a considerable amount of special proper-
ties that attracts scientists’ attention, such as high specific
surface areas, excellent mechanical properties, remarkable
thermal conductivity, and flexibility [15–18]. At the moment,
graphene also has excellent optical properties like linear
optical properties, nonlinear optical effects, high electrical
conductivity, and absorbance interaction [19–24]. With its
unique properties being discovered, it has many applications
in the field of optical bistability [25], light emission devices
[26], andmode-locked fiber lasers [27]. Besides, the graphene
has potential applications in THz absorber as well, such
as realizing the tunable THz absorber based on graphene
[28], demonstrating the tunable THz absorption in graphene-
based heterostructures [29], and realizing the near perfect
absorption by graphene-based modified Otto configuration
in the THz frequency range [30]. More importantly, the
conductivity of graphene can be tuned by adjusting gate
voltages or chemical doping [31, 32], which means that we
can obtain different absorption peaks by changing the Fermi
energy.

The optical Tamm state (OTS) is a novel interface mode
which widely exists at the interface of the photonic crystal
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Figure 1: The structure diagram of the graphene-DBR structure. The top layer is between graphene and the photonic crystals. A stands for
dielectric layer PVC, and B stands for dielectric layer in the photonic crystals with a period number𝑁 = 16, respectively. Here, surface of the
graphene layer is defined as the plane of x, y, z = 0.

(PC) heterostructures [33, 34]. The electric field energy
is mainly concentrated on the interface of the dielectric,
providing the conditions for almost total absorption of
electromagnetic waves. Therefore, in this paper, we propose
realizing near perfect absorption of electromagnetic waves
by exciting OTS through graphene-DBR structure. Owing
to the excitation of OTS and the method of transfer matrix,
the structure can achieve almost total absorption in the THz
band. Furthermore, we can achieve near perfect absorption
at different wavelengths by adjusting the Fermi energy of
graphene, the thickness, and permittivity of the top layer. We
believe that the tunable electromagnetic terahertz absorber
has potential applications in thermal sensing, THz imaging,
and emissivity spectrum modifiers.

2. Theoretical Model and Method

We consider that a graphene-DBR structure consists of
monolayer graphene, the dielectric photonic crystals (PC)
with alternately stacked polyvinyl chloride (PVC) (A) and
glass (B), and the top layer glass (with refractive index 𝑛s =2.3 and thickness 𝑑s = 32 𝜇m) between the monolayer
graphene and the photonic crystals as shown in Figure 1.The
cycle of PC that we choose is made of 16 pairs of alternate
dielectric layer A (the refractive index 𝑛a = 1.8 and thickness𝑑𝑎 = 42𝜇m) and dielectric layer B (the refractive index𝑛𝑏 = 2.3 and thickness 𝑑𝑏 = 32 𝜇m), and the thickness of
graphene is 0.34nm. It is well known that the conductivity𝜎 is responsible for the optical behavior of graphene in
the THz spectral range. The conductivity of graphene can
be theoretically described as the Kubo formula Drude-like
conductivity [35], namely,

𝜎 = 𝑖𝑒2𝐸𝐹𝜋ℏ2 (𝜔 + 𝑖/𝜏) , (1)

where 𝐸𝐹 is the Fermi energy of graphene, 𝜏 is the relaxation
time, 𝜔 is the frequency. 𝑒 and ℏ are the universal constants
related to the electron charge and reduced Planck’s constant,
respectively.

In order to determine the THz absorption effect, we use
the transfer matrix to calculate the reflectance and trans-
mittance, respectively [36]. The THz waves are propagating
across the interface of the two dielectrics. The wave assumes
to be p and s polarization in the propagated direction. We
consider the p and s polarization, separately. For the p
polarized, the transmission matrix on adjacent dielectric
surfaces can be expressed as

𝐷12 = 12 [
1 + 𝜂p + 𝜀p 1 − 𝜂p − 𝜀p
1 − 𝜂p + 𝜀p 1 + 𝜂p − 𝜀p] , (2)

where 𝜀𝑝 = 𝜎𝑘2𝑧/𝜀0𝜀2𝜔, 𝜂𝑝 = 𝜀1𝑘2𝑧/𝜀2𝑘1𝑧, where 𝜀0 is the
permittivity in the vacuum and 𝜀1 and 𝜀2 are the dielectric
constants, respectively. Similarly, by applying the Ohm’s law
and boundary conditions, the transfer matrix for s polarized
can be expressed as

𝐷12 = 12 [
1 + 𝜂s + 𝜀s 1 − 𝜂s + 𝜀s1 − 𝜂s − 𝜀s 1 + 𝜂s − 𝜀s] , (3)

where 𝜂s = 𝑘2𝑧/𝑘1𝑧, 𝜀s = 𝜎𝜇0𝜔/𝑘1𝑧, and 𝜇0 is the permeability
in the vacuum. According to the transfer matrix, the absorp-
tion rate of terahertz wave can be expressed as A = 1-R-T,
where R and T are the reflectance and the transmittance,
respectively.

3. Results and Discussions

In this section, we discuss the characteristics of reflectance
and absorption in the graphene-DBR structure. For the sake
of simplicity, we only focus on the case of p polarization and
simulate the absorption efficiency of incident electromag-
netic wave at the central wavelength 𝜆0 = 300 𝜇m on the
structure. As shown in Figure 2, we can see that the wave
absorber achieves almost 100% absorption in the wavelength
of 314 𝜇m with the Fermi energy (𝐸𝐹) of 0.85 eV. From
Figure 2(a), we can see that the wavelength of the absorber
changes with the Fermi energy ranging from 0.45 eV to1.05 eV. The dip of graphene-DBR structure’s reflectance
decreases and then increases as Fermi energy rises. When
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Figure 2: Reflectance and absorption of the graphene-DBR structure as a function of the Fermi energy. (a) Reflectance rate varies with
different graphene Fermi energy, where the incident wavelength 𝜆0 = 300 𝜇m, and the Fermi energy ranging from 0.45 eV to 1.05 eV. (b)
Absorption rate varies with different graphene Fermi energy, and the parameters are the same as those in (a).

𝐸𝐹 = 0.45 eV, the wavelength of the reflectance dip is 322𝜇m. However, for 𝐸𝐹 = 0.85 eV, the wavelength of the
reflectance dip is 314 𝜇m, and the reflectance is almost zero
at the minima. But when the Fermi energy increases, the
reflectance increases as well. It can be clearly seen that the
absorber approaches nearly 100% absorption in 𝐸𝐹 = 0.85 eV
as shown in Figure 2(b). It iswell known that the Fermi energy
has an impact on the conductivity of graphene.The imaginary
part of the optical conductivity Im(𝜎) exhibits some complex
behaviors: it has a dip near the wavelength 𝜆𝑑𝑖𝑝 for ℏ𝜔 =2𝐸𝐹, and at this dip, Im(𝜎) can become negative. Moreover,
dip shifts to shorter wavelength with the increasing Fermi
energy 𝐸𝐹. Compared with traditional metal materials, the
biggest advantage of graphene is that its conductivity can be
tuned dynamically. The change in Fermi energy of graphene
can affect the conductivity of graphene, which affects the
absorption of terahertz wave. Therefore, we can adjust the
absorption effect of the structure by changing the Fermi
energy.

To further understanding the absorption mechanism of
OTS, we present the change rule of phase varying with the
wavelength, as shown in Figure 3. It is found that the phase
(𝜑) is almost zero at 𝜆 = 314 𝜇m due to the reason that the
incident electromagnetic wave excited OTS on the structure.
The near perfect absorption wavelength is roughly the same
as the intrinsic wavelength of OTS. The intrinsic wavelength
of OTS can also be deduced according to the theory of
transfer matrix. In particular, when the light is confined to

the interface between graphene and DBR structure, the OTS
is excited. The amplitude matching condition should satisfy𝑟𝐺𝑟𝑎𝑟𝐷𝐵𝑅𝑒2𝑖𝜑 ≈ 1, where 𝑟𝐺𝑟𝑎 and 𝑟𝐷𝐵𝑅 are the graphene-top
layer interface and top layer-PC interface amplitude reflection
coefficient of propagating wave, respectively, and 𝜑 is the
phase change of the propagating wave between the interfaces.
As shown in Figure 3, the formula 𝐴𝑟𝑔(𝑟𝐺𝑟𝑎𝑟𝐷𝐵𝑅𝑒2𝑖𝜑) ≈ 0
at the wavelength of 314𝜇m. Thus, we can estimate that the
wavelength of 314𝜇m equals the intrinsic wavelength of OTS.

In order to better describe how OTS is excited by
graphene, Figure 4(a) shows that the electric field along the
z axis in the graphene-DBR structure. By contrast, it also
shows the distribution of electric field in the structurewithout
the graphene, as shown in Figure 4(b). The electric field is
normalized, and we set the position of graphene as 𝑍 = 0.
To simplify the problem, we do not take dielectric loss into
consideration; it is found that the electric field is evanescent
attenuation for 𝑍 > 0. In addition, it occurs the maximum
field in the interface between the air and the graphene. The
maximum field strength at 𝑍 = 0 is about 36 times larger
than the electric field intensity in Figure 4(b). OTS at the
graphene-DBR interface is strongly excited, which is a new
surface wave pattern. The monolayer graphene’s real part is
not enough to change the profile of the field distribution in
the structure. But its imaginary part will effectively change
the intensity of the electric field; thus, the graphene with thin
layer thickness can strongly absorb the incident light as a
dissipative layer. Because the OTS is excited in the graphene
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Figure 3: The phase of reflection coefficient 𝑟𝐺𝑟𝑎 (red line) for a graphene-top layer interface, reflection coefficient 𝑟𝐷𝐵𝑅 (black line) for top
layer-PC interface, and 𝑟𝐷𝐵𝑅𝑟𝐺𝑟𝑎𝑒2𝑖𝜑 (blue line) with the changing of wavelength.
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Figure 4: The normalized electromagnetic field distribution of OTS. (a) The electromagnetic field distribution in the multilayer structure
with the covering of graphene. (b) The electromagnetic field distribution in the multilayer structure without the covering of graphene.

layer, the reflectance is almost zero at the wavelength 𝜆 =314 𝜇m.
Aside from the influence of graphene Fermi energy

absorption properties, we also discuss the influence of
the dispersion characteristics of top layer on graphene-DBR
structure absorption. Figure 5(a) shows the change rule of
the dielectric constant of top layer for different wavelength
absorption. We found that the absorption peak moves in
the direction in which the wavelength becomes larger (red-
shift, corresponding to an increase in wavelength) as the
dielectric constant increases. However, the peak absorption
efficiency does not change. In addition, Figure 5(b) shows
the effect of the thickness of top layer on the absorption
efficiency. Kaliteevski et al. have been proposed theoreti-
cally and experimentally that the intrinsic energy of OTS
varies with the thickness of the top layer [37]. When the
thickness of top layer 𝑑𝑠 ≤ 𝜆0/(2𝑛𝑠), we can only see
the presence of an OTS. However, when the thickness of
the top layer increases, multiple OTSs will appear in the

photonic bandgap. In Figure 5(b), it can obviously observe
that, as the thickness rises, the absorption peak moves
toward the direction of the larger wavelength. Based on the
simulation results above, it is hardly affecting absorption peak
at the location of the low frequency, although the absorption
peak amplitude can be controlled. On the contrary, the
absorption peak has a clear red shift only at the location
of the higher frequency. All the absorption efficiency is
basically the same. Compared to the dielectric constant,
the influence of thickness on the absorption wavelength is
relatively larger.However, the absorption bandwidth basically
remained constant. We can utilize different parameters to
design the wavelength absorbers in the terahertz range. It is
also found that the two parameters have their own charac-
teristics on the overall absorption amplitude and absorption
peak position; it has potential applications in optical sensors,
optical filters, optical switches, and low-threshold optical
bistability and even electromagnetically induced transparen-
cy.



Advances in Condensed Matter Physics 5

1.00

0.75

0.50

0.25

0.00
280 290 300 310 320 330 340

Wavelength (m)

Ab
so

rp
tio

n

ＮＩＪ=1.7
ＮＩＪ=1.9
ＮＩＪ=2.1
ＮＩＪ=2.3

(a)

280 290 300 310 320 330 340

Wavelength (m)

1.00

0.75

0.50

0.25

0.00

Ab
so

rp
tio

n
＞Ｍ=30m
＞Ｍ=32m
＞Ｍ=34m
＞Ｍ=36m

(b)

Figure 5: Reflectance of the graphene-DBR structure as a function of the dielectric constant and thickness. (a) Absorption rate varies with
different top layer different dielectric constants, where the dielectric constant ranges from 1.7 to 2.3. (b) Absorption rate varies with different
top layer different thicknesses, where the thickness ranges from 30𝜇m to 36𝜇m.

4. Conclusions

In conclusion, we designed the graphene-DBR structure to
achieve the tunable properties of the near perfect absorption
in the THz frequency regime. We found that the different
wavelength absorption effect can be altered by adjusting the
dielectric constant, thickness of the top layer, or the Fermi
energy of graphene. On the basis of the analysis above, near
perfect absorption can be achieved at different frequency
bands in the structure.These resultsmay contribute to finding
promising applications in the THz frequency, including opti-
cal logic devices, optimized narrow band tunable absorbers,
optical filters, and optical switches.
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