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In this paper, we have shown that perfect absorption at terahertz frequencies can be achieved by using a composite
structure where graphene is coated on one-dimensional photonic crystal (1IDPC) separated by a dielectric. Due to
the excitation of optical Tamm states (OTSs) at the interface between the graphene and 1DPC, a strong
absorption phenomenon occurs induced by the coupling of the incident light and OTSs. Although the perfect
absorption produced by a metal-distributed Bragg reflector structure has been researched extensively, it is gen-
erally at a fixed frequency and not tunable. Here, we show that the perfect absorption at terahertz frequency not
only can be tuned to different frequencies but also exhibits a high absorption over a wide angle range. In addition,
the absorption of the proposed structure is insensitive to the polarization, and multichannel absorption can be

realized by controlling the thickness of the top layer.
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1. INTRODUCTION

In the past few years, the terahertz (THz) band has received
increasing attention from researchers due to the significant
progress of THz wave source research [1]. Applications of
THz technology have been found in many different fields, such
as information and communications technology, biomedical
imaging, and nondestructive evaluation and security [1,2].
Under these circumstances, THz absorbers have also been
greatly developed; they are widely used in solar photovoltaic
cells, optical switches, optical detectors, filters, and biological
and chemical sensors [3,4]. Therefore, the realization of perfect
absorption at the THz band in different kinds of structures has
received extensive attention in recent years. For instance, Xiang
et al. presented a graphene-based hyperbolic metamaterial as
the absorbing thin film to realize the critical coupling phe-
nomenon [5]. Diem ez al. demonstrated a wide-angle perfect
absorber/thermal emitter in the THz regime using an array
of tungsten wires on top of a silicon nitride substrate [6].
Wu et al. proposed broadband THz absorption enabled by
coating an ultrathin antireflection film on a doped semiconduc-
tor considering coherent absorption [7]. Zhou er al. investi-
gated a THz plasmonics perfect absorber whose absorption
peak is independent of the incident angle based on a Fabry—
Perot cavity [8]. Landy ez al. studied a polarization-insensitive
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metamaterial absorber for THz frequencies [9]. Though sundry
structures have been proposed to achieve tunable, broadband,
and wide-angle perfect absorption, which can be applied in the
field of solar power harvesting [10] and electromagnetic wave
spatial filters [11], it is hard to implement these predominant
properties in one structure or even realize a multichannel
absorber. For this reason, creating a tunable and multichannel
THz perfect absorber has attracted the attention of researchers,
and is achieved by the Tamm surface plasmons with graphene
in the present paper.

The Tamm surface plasmon, which is a new kind of surface
wave confined at the interface between two different media, has
attracted particular attention because of its potential applica-
tions in narrow-bandwidth multichannel absorbers and thermal
emission devices [12,13]. Compared with traditional surface
waves such as surface plasmon polaritons, optical Tamm states
(OTSs) can be excited directly for both TE- and TM-polarized
waves and it do not need a specific incident angle [14]. Due to
these favorable conditions of OTSs, a large number of OTSs-
based absorption devices have been put forward. Chen ez 4/.
reported a wide-angle perfect absorber based on OTSs with
a metal—distributed Bragg reflector (DBR) construction [15].
Lu et al. researched the dual-channel absorption properties
of OTSs in a metal-DBR-metal structure [16]. Fang ez al.
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proposed a unidirectional all-optical absorption switch based
on the theory of OTSs in a metal-DBR-metal plasmonic wave-
guide [17]. Up to now, most of the research on perfect absorp-
tion based on OTSs has been on wide-angle and narrowband
absorption.

However, it is desirable to tune perfect absorption using ex-
ternal bias voltage or the nature of the material and implement
three-channgel (or higher) absorption. For this purpose, on one
hand, a top layer can be placed between the graphene and one-
dimensional photonic crystal (1DPC) to tune perfect absorp-
tion at different frequencies. On the other hand, introducing
graphene into the perfect absorber also seems to be a good
approach for controlling perfect absorption. Graphene, a
two-dimensional carbon material that is one atom thick, has
attracted intensive interest due to its unique optical and elec-
trical properties [18,19]. It is a zero-bandgap material whose
electromagnetic response can be realized from the UV to the
THz range and is attractive for the possibility of controlling
its carrier concentration via external gate voltages or chemical
doping [20]. This means graphene’s conductivity can be con-
tinuously tuned over a broad frequency range by shifting the
Fermi energy. It is even more important that graphene is in-
trinsically a semimetal and has some metallic properties under
certain conditions [21,22]; this means that the graphene—
1DPC composite configuration may excite OTSs. Grande ez 4/.
investigated a graphene-based absorber exploiting guided mode
resonances in one-dimensional gratings [23]. It is attractive to
investigate perfect absorption based on a graphene—1DPC
structure.

In this paper, we present an effective method for achieving
perfect absorption at the THz band by using a graphene—1DPC
system. We show that we are able to control perfect absorption
at different frequencies not only by changing the Fermi energy
of graphene but also by adjusting the thickness and dielectric
constant of the top layer. Moreover, we can achieve multichan-
nel absorption by regulating the thickness of the top layer. At
the same time, we can guarantee more than 90% absorption
while the incident light is varied from 0° to 40°. Finally, we
prove that perfect absorption can also be achieved with the loss
and dispersion of the materials considered. We believe such
work has potential applications in notch filters, solar cells,
and directional absorbers for highly sensitive target identifica-
tion of biological and chemical agents.

2. THEORETICAL MODEL AND METHOD

As is well known, an OTSs exists in the photonic crystal het-
erojunction and the metal-DBR structure [24,25]. Due to the
metallic properties of graphene under certain conditions, here
we propose a composite structure consisting of graphene and
1DPC, as shown in Fig. 1(a). The top layer is sandwiched be-
tween graphene and 1DPC, and the thickness is &,. The lower
part of the top layer is followed by a 1DPC consisting of 20
cycles of DBR. The DBR is composed of two kinds of media
layers (2 and b) with thicknesses of 4, and 4, respectively, and
we select poly 4-methyl pentene-1 (commonly known as TPX)
and SiO, as medium 2 and medium &, whose refractive indices
are 7, = 1.46 and n, = 1.9 in the THz band, respectively. At
the top of the structure is a layer of graphene with a thickness of
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Fig. 1. (a) Perfect absorber based on the graphene-1DPC
composite structure, (b) a dissymmetric cavity, enclosed by a sheet
of graphene and a DBR.

0.34 nm; without considering the external magnetic field, the
isotropic surface conductivity of graphene in the THz range can
be described by Drude-like expression [26], namely,

o(w) =

ik T, [ Ep s

o 1 177 LBTg +2In (e i 1)] (1)
where @ is the frequency of the incident light, £ is the Fermi
energy, 7 is the electron—phonon relaxation time, and 7' is the
temperature in Kelvin. ¢, 1, and kp are the universal constants
related to the electron charge, reduced Planck’s constant, and
Boltzmann constant, respectively. Here, we set £, 7, and T, as
0.85 eV, 1 ps, 300 K, respectively. The thicknesses of dielectrics
a and b are chosen to correspond to a 1/44 plate: d, =
A/ (4ny) and dy, = A./(4n;), where the central wavelength
is chosen as 4, = 300 pm. We assume the thickness and refrac-
tive index of the top layer are the same as for dielectric 4.

It is known that the OTSs can be excited at the interface
between graphene and 1DPC when an incident electromag-
netic wave irradiates our composite structure. Then, the inci-
dent light and OTSs will produce an intense coupling, resulting
in a sharp decline in the reflection of incident light [27]. Thus,
a high absorption occurs due to the coupling of the incident
light and OTSs. Our composite structure can be regarded as
a dissymmetric cavity, enclosed by a sheet of graphene on
one side and a DBR on the other [13], as shown in Fig. 1(b).
When the light is incident from the left of the graphene, the
reflection coefficient for the electromagnetic wave incident on
the graphene layer from the top layer is 7q,,, and rppg is the
reflection coefficient of an electromagnetic wave incident from
the same top layer. In order to excite OTSs, the amplitude
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matching condition must be satisfied. Based on the transfer
matrix method, we can obtain the intrinsic mode field [28]
as follows:

1 _{ exp(i6) O TDBR
A(rGra) - (0 exp(-0) >< 1 )’ (2

where A is a constant and § is the phase change caused by the
propagation of the light in the top layer. After being calculated
and simplified, the excitation condition is shown as follows:
7Gra”DBR €Xp(2i0) ~ 1. ()
To get the excitation condition associated with OTSs and
the position of perfect absorption, we can calculate the reflec-
tion and transmission coefficients using a modified transfer ma-
trix method [29]. Unlike a traditional transfer matrix, the
transfer matrix for the TM-polarized wave at the interface of
the air—graphene-top layer-1DPC can be modified as

1/14n,+¢ 1-n,-¢&
D =— » » p  cP R 4
’ 2<1"7p+§p L+1n,-¢, “

where 11, = €,k [ (¢,ks2), & = 0k, [(€08,), kye = (@) cos 6,
ky, = kor\/€ - €,5in* 0, and @ and ¢, are the incident angle

and the dielectric constant in a vacuum, respectively. For
the TE-polarized wave, by applying the boundary conditions
and Ohm’s law, the transmission matrix can be modified as

L1+ +¢& 1-n-¢&
D == s s s s )
! 2(1_’7:"_55 1+’75“§: (5)

where 1, = k, [k, & = o/ k,,, and p is the permeability
in a vacuum. So far, we can successfully get the reflectance R
and transmittance 7 of our graphene—1DPC composite
structure, and hence the absorption can also be obtained using

A=1-R-T.

3. RESULTS AND DISCUSSION

First, we discuss the realization of perfect absorption in the gra-
phene—1DPC composite configuration and the mechanism. In
Fig. 2(a), we show the absorption of our structure as a function
of frequency for normal incidence. Some of the parameters are
Er=0.85¢V,7=1 ps, and d;, = 4./ (4n,). The absorption
for 1IDPC with twenty periods of dielectrics whose loss can
be neglected is almost zero. However, the absorption peak
appears at 0.956 THz when a layer of graphene is placed on
the top layer. The absorption peak produced by the coupling
of incident light and OTSs almost reaches 100%. The full
width at half-maximum (FWHM) of the absorption peak is
about 0.025 THz, which may find applications in optical
switches and directional selective filters. Generally, OTSs
can be excited in a metal-DBR configuration. Similarly, perfect
absorption may also be realized by replacing the metal with
graphene due to its similar properties to metal. In our paper,
we only discuss the OTSs for TM polarization for simplicity,
though OTSs can be directly excited in both TE- and TM-
polarized waves. The excitation conditions for OTSs can be
discussed based on Eq. (3). After simplifying the equation,

the excitation conditions can be written as follows:

[7Gral l7DBR| = 1, (6)
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Fig. 2. (a) Absorption of the graphene—1DPC configuration (red
line is the absorption of our structure without graphene), (b) the phase
of rg, (black dotted line), rpgr (red dot-dashed line), and
7Gra"DBR €Xp(2i®) (blue line) as a function of frequency, (c) reflection
coefficient rg,, for a graphene—top-layer interface (black line), and
reflection coefficient rppgr for a top-layer—1DPC interface (red line),
as a function of frequency.

Arg[ra,,7per exp(2i®@)] = 0. (7

Figure 2(c) shows the modulus of the reflection coefficient
for the electromagnetic wave incident on the graphene layer
from the top layer and the reflection coefficient of the electro-
magnetic wave incident from the same top layer. We can see
that the first condition [Eq. (6)] can be well satisfied. When
there is no graphene, 7, almost reaches 0, and the OTSs cant
be excited. But the conductive properties of graphene allow a
large &, which influences the 7g,, and then satisfies the first
condition. For the second condition [Eq. (7)], we also obtain
Arglrgrper exp(2i®)] ~ 0 around 0.956 THz, as shown in
Fig. 2(b). It perfectly matches the position of the perfect ab-
sorption peak. So far, the perfect absorption generated by
the excitation of the OTSs has been verified.

To better illustrate the OTSs excited by graphene, we
perform a simulation using the transfer matrix method and show
the electric field distribution along the z axis in the graphene—
1DPC composite at 0.956 THz, as shown in Fig. 3. In Fig. 3(a),
we show the electric field distribution in the 1DPC composite
configuration without the graphene for a better comparison. The
calculated electric field is normalized by the incident electric
field, and we set the position of the graphene to be z = 300 ym.
We can see that the electric field in the air is the superposition of
the electric fields of the incident and reflected light, which means
that total reflection occurs on the interface of the 1DPC. The
electric field in the DBR decays exponentially, as the OTSs fre-
quency is in the forbidden band of the DBR. However, it is
found that the electric field is strongly enhanced when the
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Fig. 3. (a) Normalized electric field profile distributions in the mul-

tilayer configuration without the covering of graphene, (b) normalized

electric field profile distributions in the multilayer configuration with

the covering of single-layer graphene.

graphene is placed on the DBR, as shown in Fig. 3(b). Clearly,
there is nearly no electric field of the reflected light in the air,
meaning that the incident light is totally absorbed by our struc-
ture. In addition, most of the energy of the electric field is con-
centrated near the interface between the air and the top layer, due
to the excitation of the OTSs, which makes it possible to achieve
perfect absorption.

Next, we discuss the manipulation of the perfect absorption
point. We know that the conductivity of graphene can be
changed by adjusting the external bias, which can be effectively
used in the tunability of our absorber. In addition, the existence
of the top layer makes the manipulation more diversified. The
absorption peak is blueshifted when we increase the Fermi en-
ergy Er. The Fermi energy E is setat 0.75, 0.85, and 0.95 eV,
as shown in Fig. 4(a), and all of these values can achieve total
absorption. More important, the absorption peak can be ma-
nipulated by the Fermi energy of the graphene layer. On the
other hand, the theoretical and experimental results show that
the OTSs in a metal-Bragg reflector structure can be greatly
modulated by the top layer. Thus the eigenfrequency of the
OTSs based on graphene—DBR can also be changed by varying
the parameters of the top layer. Figure 4(b) shows the dif-
ferent eigenfrequencies of the absorption peak achieved by
changing the dielectric constant of the top layer. In addition,
the thickness of the top layer has an important impact on ab-
sorption. We plot the absorption as a function of frequency
with different thicknesses of the top layer, as shown in
Fig. 4(c). It can be seen that the reduction of thickness 4, leads
to a shift in the absorption peak to a shorter wavelength.
Moreover, we can adjust the thickness and dielectric constant
of the top layer simultaneously to realize the manipulation of
perfect absorption. In Fig. 4(d), the perfect absorption disap-
pears when we set the dielectric constant and thickness to
& = 5.5, d; = 39 pm. However, our graphene-1DPC com-
posite configuration can also achieve perfect absorption after
optimizing the thickness of the top layer with the dielectric
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Fig. 4. (a) Absorption as a function of frequency at different Fermi
energies in the graphene—1 DPC composite configuration; the tunabil-
ity of our absorber based on changing (b) the dielectric constant and
(c) thickness of the top layer when £ = 0.85 eV; (d) the tunability
based on changing the dielectric constant and thickness of the top layer
at the same time.

constant fixed. This adds diversity to the manipulation of
perfect absorption devices.

Another advantage of the proposed structure is that it not
only can achieve wide-angle absorption but is insensitive to the
polarization state. Figure 5 presents the absorption perfor-
mance with the angle and frequency of the contour plot in both
TM polarization and TE polarization. We can see that the ab-
sorption for both polarizations remains almost invariant when
the incident angle varies from 0° to 40°, which means that the
proposed absorber may be efficient for applications under
multidirectional illumination.

According to the analysis in Fig. 4(c), we can manipulate the
perfect absorption peak by changing the thickness of top layer.
As the thickness continues to increase, multichannel perfect ab-
sorption can be come true. As shown in Fig. 6(a), we can get the
absorption rate for more than 98% of the multipeak absorption
phenomenon when the thickness is set as 4, = 1224.5 pm or
d, = 1580 pm. The FWHM of the multipeak absorption is
about 0.006 THz, which suggests the application may have
a better effect in a filter due to the narrowband absorption.
In our previous article, we explained that the absorption peak
is produced due to the excitation of the OTSs. But how can we
resolve the multipeak absorption phenomenon? Now, we ex-
tend it from a single absorption peak to multipeak absorption,
caused by the excitation of multiple OTSs at different eigen-
frequencies. Figure 6(b) shows that the double-channel absorp-
tion satisfies the phase-matching condition. This indicates that
our previous inferences were right. Moreover, the absorption
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peaks are not independent, but are interrelated. The absorption
peak appears periodically when we increase the thickness
of the top layer at a fixed incident wavelength. We summed
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Fig. 5. Simulated absorption spectra for (a) TE and (b) TM wave as
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up the relationship between the thickness and absorption
peaks, which is d; = (V- 1/2)A for odd peaks and 4, =
(VN -1)A for even peaks, where A =1./(2n,) =79 pm,
N €[5k-4,5k+ 1), and £ is the number of absorption
peaks. For example, while there is only one absorption peak,
that is, # =1, when N =1, 2, 3, 4, 5, it will correspond
to five different thicknesses of the top layer, and all of them
can realize perfect absorption. Such regulation can be widely
utilized in thermal emissions, directional selective filters, and
THz optical switches.

As is well known, the characteristics of loss and dispersion in
many dielectrics must be considered when we discuss perfect ab-
sorption and manipulation over a wide range of frequencies.
Here, considering the feasibility of the actual material, we have
chosen several typical materials for the composition of our model.
The 1DPC also consists of two kinds of media layers (# and 6),
namely, polytetrafluoroethylene (PTFE) and fused quartz.
Polypropylene (PP) and polyethylene terephthalate (PET) are
used for tuning the position of perfect absorption as the top layer.
The dielectric constant for different frequencies of those materials
can be described by the Debye model [30] as follows:

£

ew) =+, @®)
1+ iwt

where e(w) is the complex dielectric function, @ is the frequency,
7 is the relaxation time, &, is the static permittivity, and &, is the
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Fig. 7. (a) Absorption as a function of frequency when the top layer
is chosen as fused quartz, d, = 51.75 pm, d, = d;, = 38.34 pm, and
the other parameters are the same as in Fig. 2; (b) the manipulation of
our absorber based on changing the thickness of the top layer made up
of fused quartz; (c) the manipulation of our absorber based on using
fused quartz, PTFE, PP, and PET as the top layer, where the thick-
nesses of these materials are 32, 40, 32, and 24 pm, respectively, and
the other parameters are the same as in (a); (d) multichannel absorp-
tion when the top layer is chosen as PTFE.
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high frequency dielectric constant. The parameters of these ma-
terials can be found in the related literature [30—33]. After con-
sidering the loss and dispersion, our structure can also achieve
perfect absorption when the top layer is chosen as fused quartz,
and the position of perfect absorption can be tuned by changing
the thickness of the top layer, as shown in Figs. 7(a) and 7(b).
Furthermore, the manipulation can be achieved by varying the
dielectric constant of the top layer. In this paper, we choose fused
quartz, PTFE, PP, and PET as the top layer, whose complex di-
electric constants are described by the Debye model, as shown in
Fig. 7(c). Moreover, in Fig. 7(d), dual channels or three channels
can also be obtained, which match well with the previous disci-
pline shown in Fig. 6. It is obvious that perfect absorption and
manipulation can be realized even when the loss and dispersion of
the actual materials are considered.

4. CONCLUSIONS

In summary, we have proposed an effective method for realizing
perfect absorption in the THz frequency regime based on a
graphene—1DPC structure by the transfer matrix method. As
a result of the intense coupling of incident light and OTSs
at the interface of the graphene and the DBR, a strong absorp-
tion occurs in our system. We can achieve tunability of the
absorption peak by changing the Fermi energy applied to
the graphene sheets. Moreover, the thickness and dielectric con-
stant of the top layer are another option to achieve the manipu-
lation of perfect absorption. In addition, it is found that the
absorption performance of the proposed structure is wide-angle
and polarization-insensitive. More important, we can produce
multichannel narrow-peak absorption at the same time, and the
relationship between the thickness and multichannel absorp-
tion have been summarized. Finally, we demonstrated that per-
fect absorption, manipulation, and multichannel absorption
can be achieved even when the loss and dispersion are taken
into account. We believe that our work in this paper will have
potential applications in narrowband selective filters, solar pho-
tovoltaic cells, thermal emissions, and optical detection devices.
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