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The optical Tamm state (OTS), which exists generally at the interface between metal and a dielectric Bragg
mirror, has been studied extensively in the visible and near infrared spectra. Nevertheless, OTS in the terahertz
(THz) region normally receives far less attention. In this Letter, we demonstrate the physical mechanism of OTS
at the interface between graphene and a dielectric Bragg mirror in the THz frequency band by applying the
transfer matrix method and dispersion characteristics. Based on such mechanisms, we propose an efficient
method that can precisely generate and control OTS at a desired angle and frequency. Moreover, we show that
the OTS is dependent on the optical conductivity of graphene, making the graphene–dielectric-Bragg-mirror a
good candidate for dynamic tunable OTS device in the THz frequency range.
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The optical Tamm state (OTS) is a kind of surface wave
confined at the interface between two different media. It is
an optical analogue of electronic Tamm state predicted by
Tamm and firstly occurs at the boundary between two
periodical dielectric structures[1,2]. In the past few years,
OTS has attracted particular attention due to its poten-
tial applications in polariton laser fabrication and
enhanced light–matter interaction, as well as nanolasers,
thermophotovoltaic devices[3–6], etc. Very recently, a
unidirectional all-OTS-based absorption switch has also
been reported[7]. In comparison with the conventional sur-
face waves [e.g., surface plasmon polaritons (SPPs)], OTS
can be excited directly for both the TE- and TM-polarized
waves and occur even at normal incidence[8]. Therefore,
OTS represents an excellent alternative for a variety of
optical elements with a functionality relying on surface
waves. Researchers have been intrigued by the possibility
of using different methods for realizing OTS through
various materials and configuration systems, such as
one-dimensional (1D) magnetophotonic structures[9–11],
two-dimensional (2D) materials[12,13], photonic crystal
(PC) heterostructures[14–16], metal–Bragg-reflector struc-
tures[17,18], and plasmonic waveguides[7,19]. It is well known
that the ability to create and manipulate OTS in a tera-
hertz (THz) frequency range is central to the development
of micro/nano optical components. It has been reported
that OTS can be controlled by an external magnetic
field[20], anisotropic materials[21], etc. However, there are
very few reports concerning tunable OTS, especially in
the THz frequency range.
Recently, graphene, a one-atom-thick 2D carbon

material, has attracted intensive interest due to its unique

optical and electrical properties[22–29]. Graphene in a micro/
nano structure is extremely promising for various opto-
electronic applications, including a graphene-based
broadband polarizer[30], fiber laser[31], metamaterials[32–36],
etc. Besides, graphene is a zero bandgap material, and
its electromagnetic response can be realized from the
ultraviolet to THz range[37]. Therefore, graphene-based
optoelectronic devices could work over a much broader
wavelength range. Apart from being a special bandgap
structure, graphene is also attractive for the possibility
of controlling its carrier concentration via external gate
voltages or chemical doping. It means graphene’s conduc-
tivity can be continuously tuned in a broad frequency
range by shifting the Fermi energy. In addition, graphene
is intrinsically a semimetal with some metallic properties
under certain conditions[38–40]. Interesting questions arise as
to whether graphene can be used to realize OTS in a PC
structure or, more importantly, whether such a graphene–
PC composite structure could support the controllable
OTS. To answer these questions, in this Letter, we inves-
tigate theoretically the tunable OTS of a graphene–PC
structure in the THz frequency range using the modified
transfer matrix method[41]. It is found that the OTS in this
composite structure can be realized due to electric field
enhancement and the giant linear conductivity of gra-
phene. Furthermore, we have confirmed a way to manipu-
late OTS by tuning the Fermi energy of graphene,
adjusting the incident angle, and varying the thickness
and permittivity of the top layer. Graphene-based control-
lable optical devices with intrinsic OTS allow us to find
potential applications in optical absorption, optical
sensing, and some other optoelectronics fields.
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It is known that 1D PC heterostructures and distrib-
uted Bragg reflector (DBR) structures are the two most
ideal structures for observing OTS phenomena. Here,
we consider a composite structure composed of graphene
and a 1D PC. A top layer is placed between graphene and
a 1D PC, where ds is the thickness of the top layer adja-
cent to graphene, as presented in Fig. 1. This configura-
tion can be seen as an asymmetrical cavity consisting of
a graphene layer on the left side and a DBR on the right
side; the top layer is located inside the cavity. The 1D PC
is made of 20 pairs of alternate dielectric layer 1 (with
refractive index n1 and thickness d1) and dielectric layer
2 (with refractive index n2 and thickness d2). We focus on
an experimentally relevant structure in the THz region
and assume that dielectric 1 is polymethylpentene
(TPX) with n1 ¼ 1.46 and dielectric 2 is SiO2 with
n2 ¼ 1.9[42]. TPX is a transparent material in both visible
light and the THz frequency range (0.6–6 THz).
Above the top layer is the graphene sheet. Within the

local random phase approximation and without consider-
ing the external field, the surface conductivity of the gra-
phene sheet is dominated by the intraband term in the
THz range, namely,

σðωÞ ≈ ie2kBTg

πℏ2ðωþ i∕τÞ
�

EF

kBTg
þ 2 ln

�
e−

EF
kBTg þ 1

��
; (1)

where EF is the Fermi energy, ω is the frequency of the
incident light, τ is the electron–phonon relaxation time,
and Tg is the temperature in Kelvin. e, kB, and ℏ are
the universal constants related to the electron charge,
Boltzmann constant, and reduced Planck’s constant,
respectively. Here, the Fermi energy EF can be electrically
controlled by an applied gate voltage, thereby leading to a
tunable surface conductivity. This could provide an
effective route to achieving controlled transmission and
reflection characteristics in graphene–1D-PC composite
structure. Besides, we choose the center wavelength of

λc ¼ 300 μm, EF ¼ 0.75 eV, τ ¼ 1 ps, and Tg ¼ 300 K
for graphene. The other parameters are taken as dj ¼
λc∕4nj and j ¼ 1; 2. For simplicity, we assume the refrac-
tive index ns and the thickness ds of the top layer are the
same as those of dielectric layer 2.

To obtain the resonance condition associated with OTS,
we use the modified transfer matrix method to calculate
the transmission and reflection coefficients[41]. Unlike the
transmission matrix at the interface of common materials,
the transmission matrix at the interface of the air–
graphene top layer can be modified as

Dvt ¼
1
2

�
1þ ηp þ ξp 1− ηp − ξp
1− ηp þ ξp 1þ ηp − ξp

�
; (2)

where, for the TM-polarized, ηp ¼ εaksz∕εskaz , ξp ¼
σksz∕ε0εsω, kaz ¼ ðω∕cÞ cos θ, ksz ¼ k0

�����������������������������
εs − εa sin2 θ

p
,

and θ and ε0 are the incident angle of incident light and
the permittivity in the vacuum, respectively. εa and εs are
the dielectric constant of air and the top layer, respec-
tively. Similarly, by applying the boundary conditions and
Ohm’s law, the transmission matrix for the TE-polarized
can be modified as

Dat ¼
1
2

�
1þ ηs þ ξs 1− ηs þ ξs
1− ηs − ξs 1þ ηs − ξs

�
; (3)

with the parameters ηs ¼ ksz∕kaz and ξs ¼ σμ0ω∕kaz ,
where μ0 is the permeability in the vacuum. According
to Eqs. (2) and (3), σ can be reflected in the boundary con-
ditions. Hence, we can ignore the thickness of graphene in
the computation. Based on the transfer matrix, we can
easily calculate the reflectance and the transmittance of
the graphene–1D-PC composite configuration.

Now, we discuss the OTS in the graphene–1D-PC
composite configuration. It is well known that OTS can
be directly excited in both the TE- and TM-polarized
waves and could occur even at normal incidence. To sim-
plify the discussion, in the present Letter, we mainly dis-
cuss the OTS for TM polarization. In the absence of the
graphene layer, and hence lacking OTS in the graphene–
1D-PC composite configuration, there is only a photonic
bandgap between 275 μm and 330 μm. In Fig. 2, we show
the reflectance for the PC with T ¼ 20. Due to the neglect
of the loss in dielectrics, the reflectance would reach the
peak (100%), as shown in Fig. 2(a). However, when the
single-layer graphene covers the top layer, the OTS would
be appearing as a sharp dip at 315 μm. There is an obvious
reflectance dip in the bandgap region. This reflectance dip
is deep and relatively narrow due to the long wavelength
region, and it is excited by OTS at the interface of the air–
graphene top layer. In this novel OTS, the graphene is
similar to a mirror surface due to its analogous properties
with metal. The electric field confinement in graphene is
achieved as a result of its positive imaginary optical con-
ductivity (the effective permittivity is negative). The field
confinement in the periodical structure is caused by the

Fig. 1. Schematic diagram of the graphene–1D-PC composite
structure. Incident light is assumed to be TM-polarized. Surface
of the graphene layer is defined as the plane of z ¼ 0. Here, the
period for the PC is T ¼ 20.
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photonic bandgap of the PC. The OTS occurs owing to the
coupling of the electric field in graphene and the PC. The
excitation condition of the OTS can be expressed by a for-
mula, namely, rGrarDBR expð2iϕÞ ¼ 1, where rGra is the
reflection coefficient for the electromagnetic wave incident
on the graphene layer from the top layer, rDBR is the
reflection coefficient of the electromagnetic wave incident
on the 1D PC from the same top layer, and ϕ is the phase
change of the electromagnetic wave propagating in the
cavity between the two interfaces. The above expression
can help us estimate the location of the resonance
frequency for exciting the OTS. In the calculation of
Figs. 2(a) and 2(b), we also use the modified transfer
matrix method to obtain rDBR ¼ −0.86þ 0.5i and rGra ¼
2∕ð1þ ηþ ξÞ− 1 around 315 μm, where η ¼ εskaz∕εaksz ¼
1.9 and ξ ¼ σkaz∕ε0εaω. For σ ¼ 0 (without the graphene
layer), jrGraj ≪ 1 and the OTS cannot be excited in
this case. However, the introduction of the conductivity
of graphene allows large ξ and thus satisfies rGrarDBR·
expð2iϕÞ ≈ 1. Moreover, the above excitation condition
also requires Arg½rGrarDBR expð2iϕÞ� ¼ 0, and we also
obtain Arg½rGrarDBR expð2iϕÞ� ≈ 0 around 315 μm, as
shown in Fig. 2(b). This zero-crossing coincides with
the reflectance dip in Fig. 2(a). In addition, we further find
that the transmittance can almost decrease to 0 with the
presence of the graphene sheet, and the absorption has
reached almost 100% (not shown in the figure). It is clear
that this wavelength-dependent absorption can be used to
design wavelength absorbers in the THz range.
Another advantageous and interesting feature of

the graphene–1D-PC composite configuration is the tun-
able wavelength-selected range achieved by changing the

Fermi energy EF . The electrically tunable Fermi energy
provides us with a method for manipulating the reflec-
tance, as shown in Fig. 2(c). The reflectance dip of the
composite configuration first decreases and then increases
with increasing Fermi energy EF . At the same time, the
reflectance dip moves to the shorter wavelength side when
we increase the Fermi energy EF . For EF ¼ 0.55 eV, the
wavelength of the reflectance dip is λ ¼ 319 μm; however,
for EF ¼ 1.05 eV, the wavelength of the reflectance dip is
λ ¼ 311 μm. This property suggests that the wavelength
of the reflectance dip can be manipulated by the Fermi
energy of the graphene layer. It is quite useful, and we
can realize the manipulation of transmission and reflection
properties easily by tuning the Fermi energy. It enables us
to use the graphene–1D-PC composite configuration in
tunable wavelength filtering or absorption in a fixed
structure.

To better illustrate the OTS excited by graphene, we
perform the simulation using the transfer matrix method
and show the electric field distribution along the z axis
in the graphene–1D-PC composite configuration at
λ ¼ 315 μm, as shown in Fig. 3. For the sake of better com-
parison, we have also presented the electric field distribu-
tion in a graphene-free 1D PC composite configuration, as
shown in Fig. 3(a). The calculated electric field is normal-
ized by the incident electric field, and we set the position of
graphene to be z ¼ 0. It is found that the electric field
decays rapidly for z > 0. However, the situation can be
obviously changed by introducing monolayer graphene.
It is obvious that the electric field is strongly enhanced
in the graphene–1D-PC composite configuration, and a
maximum electric field can be observed near the boundary
between the air and the top layer. The electric field near
the interface between the air and top layer has increased to
about 30 times larger than that in Fig. 3(a) (in arbitrary

Fig. 2. (a) Reflectance of the graphene–1D-PC configuration
(solid line), reflection coefficient rGra for a graphene top-layer
interface (dash dot line), and reflection coefficient rDBR for a
top-layer PC interface (dash line) as functions of wavelength.
For comparison, the reflectance of the configuration without
the graphene layer is also shown (short dash line). (b) The phases
of rGra (dash dot line), rDBR (short dash line), and rDBRrGrae2iϕ

(solid line) as functions of wavelength. (c) The reflectance as a
function of wavelength for different Fermi energies in the
graphene–1D-PC composite configuration.

Fig. 3. (a) Normalized electric field profile distributions in the
multilayer configuration without the covering of a single
graphene layer. (b) Normalized electric field profile distributions
in the multilayer configuration with the covering of a single gra-
phene layer.
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units). Most of the energy of the electric field is concen-
trated near the interface between the air and the top layer.
At the same time, as the propagating distance in the
composite configuration increases, the electric field decays
exponentially. The excitation of OTS in the graphene-
layer surface leads to a nearly zero-reflectance dip at
λ ¼ 315 μm. Due to this strong field enhancement, the
graphene-based OTS can be applied in optical sensors,
optical filters, etc.
It is known that the excitation of OTS corresponds to a

common solution of the wave equation, which is a super-
position of the electromagnetic wave localized at the gra-
phene top-layer interface. In order to further understand
the excitation mechanism and condition of OTS at the
interface of the air–graphene top layer, we need to derive
the OTS dispersion characteristics of the monolayer gra-
phene. By matching the boundary conditions to the
graphene–1D-PC composite configuration in Fig. 1, the
OTS dispersion can be derived. Figures 4(b) and 4(d)
illustrate the OTS dispersion for the monolayer graphene
as a function of wavelength in the THz region and the
incident angle. Other parameters have the same values
as those in Fig. 2. It is found that this dispersion curve
is in accord with the results in Figs. 4(a) and 4(c). These
results indicate that the OTS can generate for both TE-
and TM-polarizations even at normal incidence without
the need for prism coupling, and the resonant wavelength
is blue shifted with the increasing of the incident angle for
both polarizations. Furthermore, it can be clearly seen
from Fig. 4 that both the TM polarization state and
the TE polarization state are degenerating under normal
incidence. They require the same resonance frequency for
the excitation of OTS. However, the frequency for exciting
TM-polarized OTS is higher than the level of the TE-
polarized OTS with the increase of the incident angle.
Besides, the difference between the two resonance

frequencies would also increase with the incident angle.
Note that there is no strict sense of gap between the
TM-polarized dispersion curve and the low energy
bandgap edge for large incidence angle, so we only draw
the dispersion curve less than 50°.

The theoretical and experimental results show that the
resonance energy of OTS in a metal–Bragg-reflector struc-
ture can be greatly modulated by the top layer[17,43]. By
varying the dispersion parameters of the top layer, one
can change the reflection coefficient of the PC as well
as the resonance frequency of the OTS. It provides an
effective route for tuning the OTS properties of the
graphene–1D-PC composite configuration. Here, we only
discuss the reflectance dip. Figure 5(a) presents the varia-
tion of reflection spectra with wavelengths for different di-
electric constants of the top layer. It is found that the
reflectance dip could shift to shorter wavelengths by de-
creasing the dielectric constant of the top layer. However,
there is some change in the minimum reflectivity during the
PC bandgap range. In addition, the thickness of the top
layer has a measurable impact on the reflectance. For
the sake of simplicity, we only discuss the case of one
OTS, so we only consider the case of thin thickness for
the top layer, namely, ds ≤ λ∕ð2nsÞ[2]. It is noteworthy that,
for larger ds, it is possible to excite multiple OTSs in the
photonic bandgap. Figure 5(b) also shows the reflection
spectra as a function of wavelength for different thicknesses
of the top layer. It is clear that the reflectance dip is
strongly dependent on the thickness of the top layer. We
can obviously find that the reduction of the top layer’s
thickness ds could lead to a shift of the OTS to a shorter
wavelength. Meanwhile, the minimum value of reflectance
would also change slightly. However, the bandwidth of the
reflectance dip is widened.

In general, different numbers of layers could easily affect
the electrical and optical properties of most 2D materials,
including graphene. Therefore, it is necessary to further
discuss the impact of graphene’s layer number on the
excitation of OTS, especially its influence on reflectance

Fig. 4. (a) Dependence of the reflectance for the TM-polarized
on wavelength and incident angle. (b) OTS dispersion character-
istics on monolayer graphene for the TM-polarized. (c) Depend-
ence of the reflectance for the TE-polarized on wavelength and
incident angle. (d) OTS dispersion characteristics on monolayer
graphene for the TE-polarized. Other parameters are the same as
before.

Fig. 5. (a) Reflectance as a function of wavelength at different
dielectric constants of the top layer. (b) Reflectance as a function
of wavelength at different thicknesses of the top layer. Other
parameters have the same values as those in Fig. 2.
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dip. As we all know, when the layer number of few-layer
graphene satisfies N < 6, there would be an approximate
linear relationship between its conductivity and the layer
number[44]. The influence of graphene’s layer number on
reflectance dip is illustrated in Fig. 6. It is clear that
the whole reflectance dip is shifting toward a shorter wave-
length with the increase of graphene layers, accompanied
by a sharp decline of full width at half maximum. This
phenomenon can be applied to develop various OTS-based
photoelectric devices. Although the increase of graphene
layers could lead to sharper reflectance dip, the minimal
reflectivity would shift upward slightly. Meanwhile, the
maximal number of graphene layers is also limited, as
the increase of graphene layers might damage some of
its electrical and optical properties or, even worse, could
make the graphene a bulk medium.
In conclusion, we have presented a graphene–1D-PC

composite configuration to realize OTS in the THz fre-
quency region and discussed the controllable properties of
this phenomenon. It is found that the wavelength-dependent
reflectance dip is strongly dependent on the optical proper-
ties of the graphene sheet as well as the dielectric thickness
of the top layer, and the reflectance dip of the wavelength
can be tuned by changing the Fermi energy applied on
the graphene sheets. Moreover, we have discussed the
dispersion characteristics on monolayer graphene as a func-
tion of wavelength and incident angle. Since the structure
can be built with planar fabrication techniques, it offers an
interesting approach to tunable OTS. We believe that the
controllable OTS phenomenon at the THz frequency could
have potential applications in optical filters, optical absorp-
tion, and some other optoelectronics fields.
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