Eng. Sci., 2022, 18, 187-192

Engineered Science
DOI: https://dx.doi.org/10.30919/es8d498

Tunable Terahertz Perfect Absorber Based on Graphene-
Photonic Crystal Hetero-Structure
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Abstract

The perfect absorption in monolayer graphene at terahertz frequencies is investigated. The designed absorber consists of a
monolayer graphene separated from a dielectric multilayer structure by a dielectric film. Nearly 100% absorption is observed
at resonance, which results from the excitation of graphene Tamm plasmon polaritons at the boundary between the graphene
and dielectric multilayer. The distribution of the electric field intensity along the z-axis is also presented to disclose the
physical origin of such a perfect absorption phenomenon. Besides, the operating frequencies can be flexibly tuned by
changing the angle of incidence, which is particularly attractive as the graphene absorption is not sensitive to the polarization
state. Furthermore, the absorption properties can be maintained with large fabrication tolerance, which is an advantage for
practical fabrication. Lastly, it is found that the operating frequency can be easily tuned by a change in the gate voltage. It is
believed the conclusions provide the potential for combining graphene with metamaterial to enable novel THz tunable device

applications.
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1. Introduction
As a kind of functional device, terahertz absorbers have
received increasing attention recently, owing to their potential
applications in various fields such as sensors,*4 detectors,!
medical imaging*®! and stealth technology.® Therefore, in the
past few years, many novel methods have been proposed to
achieve perfect THz absorption by employing various
structures and materials, including epsilon-near-zero
structures with hyperbolic dispersion,Il photonic crystal
structure,® metamaterial,”! and metasurface.l*) Among these,
metal-insulator-metal (MIM) structures are the typical
components of many THz absorbers. But these absorbers are
static, whose performances solely depend on their structural
parameters. The dynamic controlling of THz absorbers is
highly desirable, which has prompted the development of
several  techniques, including  liquid  crystals,*
microelectromechanical systems,*? and graphene.®! Among
these, graphene is an important and potential candidate to
realize perfect tunable absorption at terahertz frequency.
Graphene, as a monolayer of hexagonally arranged carbon
atoms have attracted a lot of attention due to their
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unprecedented optical and electric properties.'*1¢l  First,
thanks to its two-dimensional property, the strong plasmonic
response can be excited, leading to a strong light-graphene
interaction with extremely light confinement to the
interface.l'’.*¥1 Moreover, its conductivity can be tuned by
controlling the gate voltage upon graphene.’l Such
characteristics have enabled graphene a key component in
designing various kinds of devices such as infrared
metamaterials and transformation optical devices,? perfect
tunable absorbers,??? modulating and detecting devices,?324
image devices,® waveguide,?! and biosensors,?’l etc.
Nevertheless, the optical absorption in the graphene
monolayer is typically extremely low, which limits its
substantial applications in the THz frequency range. Therefore,
it is highly desirable to boost the absorption of an
electromagnetic wave in the monolayer graphene. To solve
this problem, various schemes have been designed recently to
boost the THz absorption in monolayer graphene, such as
combined metallic resonators with structured double graphene
sheets,®  graphene-based heterostructures,” patterned
graphene-dielectric multilayers-metal mirror structures,%
deposited graphene on a spacer layer backed by a mirror,* a
tunable strength multiband absorber based on graphene
circular rings,®? realizing multichannel tunable perfect
absorption based on a graphene-1D photonic crystal
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structure.®®l However, searching for novel schemes and
configurations to combine graphene into metamaterials to
achieve tunable perfect absorption in the THz range is still
highly desirable.

In this work, the perfect absorption in monolayer graphene
at the THz frequency based on graphene Tamm plasmon
polaritons is investigated, which is organized as follows. First,
a perfect tunable THz absorber, in the form of a monolayer
graphene placed on a dielectric multilayer structure separated
by a spacer, is designed. Second, the distribution of the electric
field intensity along the z-axis is illustrated to provide a
physical understanding of this phenomenon. Next, the effects
of the incident angle and the geometric parameters of the
absorber on the absorption spectra are calculated and
investigated, to guide tuning the operating frequency and
device fabrication. Last it is shown that the perfect absorption
properties can be flexibly tuned by applying external gate
voltages. It is hoped that the conclusions should be valuable in
the development of novel tunable devices based on graphene.

2. Design and analysis of the graphene absorber

The schematic of the designed THz absorber is presented in
Fig. 1. The absorber is composed of a graphene monolayer
coated upon a multilayer structure of two different materials
separated by a spacer. The total structure can be assumed to be
fabricated on a substrate S. Thus, the proposed absorber can
be denoted as GC(BA)*(AB)"S, where C is the spacer between
the monolayer graphene and the multilayer structure. Its
thickness and refractive index are /4; and 1.45, respectively.
The multilayer structure we considered contains repeating two
dielectric media A and B, arranged in the form of F(n) =
(BA)"(AB)" (n is a positive integer denoted as the sequence
order). Their refractive indices are n, = 1.45 and n, = 3.48,
respectively, with the corresponding thicknesses 4, and zHB,
respectively. The refractive index of the substrate is selected

as ng= 1.45.
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Fig. 1 Schematic of the proposed graphene absorber with
multilayer structure GC(BA)"(AB)"S.
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At the THz frequencies, the complex surface conductivity

of graphene is simplified as a Drude-like term:[#43]
ezEf i

a(a)) = wh? w+it1 (1)
where/is the reduced Planck’s constant and Er= 0.75 eV
denotes the Fermi level, @ denotes the angular frequency, e
denotes the basic electric charges, and t = 1.0 ps is the carrier
relaxation lifetime.

During the calculation, the monolayer graphene is

considered a thin film with an equivalent permittivity:
io(w)

& = EoWhg (2)

where gy denotes the relative permittivity of vacuum, and A, =
0.34 nm is the thickness of the graphene monolayer.

To simulate the optical performance of the proposed device,
the rigorous coupled-wave analysis (RCWA) was employed to
obtain the reflection (R) and transmission (7)) first.*5371 Then
the absorption (A4) is calculated according to A=1-R-T. The
detailed structure dimensions of the designed absorber are n =
3, ;=105 pm, .= 35 pm and /=30 pm. For normal incident
light, the absorption spectra of TE-polarized (with the electric
field along the direction of the y-axis) and TM-polarized (with
the magnetic field along the direction of the y-axis) lights are
the same due to the symmetry of the structure. Therefore, for
light under normal incidence, we only take into account the
TE-polarized wave. In Fig. 2, we show the calculated
absorption spectra for the TE-polarized light under normal
incidence. From the figure, two main points can be founded.
First, nearly 100% light absorption is achieved at the resonant
frequency of 0.89 THz, indicating that perfect absorption in
the monolayer graphene is realized. Second, the bandwidth of
the resonant peak is approximately 0.037 THz with the
corresponding quality factor (Q = fi4f) of about 24, which
presents a narrow frequency bandwidth.
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Fig. 2 Absorption spectra for the proposed absorber under normal

incidence.
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To qualitatively investigate the physical origin behind this
perfect absorption effect, the normalized electric field
intensity and the electric field intensity profile along the z-axis
at the resonant frequency for the absorber with and without
the covering of graphene are simulated and shown in Fig. 3.
As presented in Figs. 3(a) and 3(b), the electric field intensity
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Fig. 3 (a) Normalized electric field intensity distributions and (b) intensity profile along the z-axis at 0.89 THz for the absorber
without the depositing of graphene; (c) normalized electric field intensity distributions and (d) intensity profile for the absorber with
the covering of graphene; the red solid line denotes the interface between air and spacer, where monolayer graphene is coated.

in the incident, the region presents a typical feature of the
standing wave, which results from the superposition of the
reflected wave and the incident wave. This indicates that
nearly total reflection is achieved at the boundary between the
incident media and the dielectric multilayer structure. At the
same time, the electric field intensity decays exponentially in
the dielectric multilayers. Moreover, the enhancement of the
electric field intensity at the interface between the air and the
dielectric multilayers is extremely weak. However, when
monolayer graphene is placed on the dielectric multilayer
structure, the electric field intensity at the resonant frequency
is strongly enhanced and mainly confined in the spacer
between graphene and the dielectric multilayers, as clearly
illustrated in Figs. 3(c) and 3(d). This is attributed to the
excitation of graphene TPPs. TPPs are a recently discovered
surface wave, which is confined between two different layered
material interfaces after excited.*3% In contrast to the surface
plasmon polaritons, i.e. a kind of traditional surface wave,
TPPs can be excited by either TE-polarized wave or TM-
polarized wave without the assistance of external photonic
structures.®) Thus, the strongly enhanced electric field
intensity below graphene can significantly promote light
absorption in the monolayer graphene, which provides the
possibility to achieve perfect absorption. This is also
demonstrated by the intensity profile in the air where almost
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no reflected wave can be found. Thus, the perfect absorption
in the monolayer graphene results from the excitation of the
graphene TPPs.

3. Discussion

Typically, with the incident light deviating from normal
incidence, the absorption spectra for TE-polarized and TM-
polarized waves become different owing to the break of
symmetry. Subsequently, the dependence of the light
absorption in graphene on the incident angle is investigated.
The simulated absorption spectra versus the change of
frequency and the incident angle for TE-polarized and TM-
polarized waves are shown in Figs. 4(a) and 4(b), respectively.
The frequencies of the absorption peaks for both polarizations
exhibit blueshift when increasing the angle of incidence,
especially in the case of TE polarization. This phenomenon is
attributed to the shift of the photonic stopbands of the
dielectric multilayer to larger frequencies when increasing the
incident angle.*!! To intuitively present the changing trend, we
show the frequencies of the resonant peaks and peak
absorption versus incident angle in Fig. 4(c) and Fig. 4(d),
respectively. As depicted in Fig. 4(c), the frequencies of the
resonant peaks for both TE-polarized and TM-polarized waves
remain almost equal with the increase of incident angle from
0° to 30°. Though the differences between the resonant

Eng. Sci., 2021, 18, 187-192 | 189



Research article

Engineered Science

e
o 60
o
=
3
-5 40
=
©
o 20
()]
&
0
06 08 1 1.2
frequency (THz)
@)

-
o
()]

-
o
o

frequency (THz)
o o
g &

o
o)
5

10 20 30 40 50 60

angle of incidence(”)
(©

o

N 1
&
< 60
(8}
{ o
S 40
g 0.5
G
920
(@]
S
0
06 08 1 12
frequency (THz)
(b)
1.00
0.95}
c \\
2090t "\
E- \\
2085} "
% A\
ogof —TE \
----TM
0.75 ‘ : ' ‘ ;
0 10 20 30 40 50 60
angle of incidence(°)
(d)

Fig. 4 Light absorption in monolayer graphene versus the change of frequency and incident angle for (a) TE polarization and (b) TM
polarization, respectively. (¢) Resonant frequency and (d) peak absorption as a function of incident angle for both polarizations,

respectively.

the frequency between the two polarizations becomes larger
with the incident angle varying from 40° to 70°, their
differences are still small enough relative to the resonant
frequency. Thus, the proposed absorber can be considered to
be insensitive to the polarization state, which is a particular
advantage for practical application. The changing trend of the
peak absorption versus incident angle is similar to that of the
resonant frequency, as shown in Fig. 4(d). Moreover, it is also
found that the perfect absorption in monolayer graphene can
be maintained in a large incident angle range.

Typically, for the device manufacture, the dimension
tolerance of the designed absorber should be taken into
account. For this purpose, we show the effects of the structure
dimensions on the absorption spectra in Fig. 5. From Fig. 5(a),
it is found that increasing /; from 100 pm to 110 um results in
redshifts of the absorption peak. However, the profile of the
absorption spectra remains unchanged. Figs. 5(b) and 5(c)
show that the resonant peaks shift to the smaller frequencies
with the increase of A, or &, both of which exhibit a redshift.
Moreover, with the same amount of change in %, and /4, the
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Fig. 5 (a) Absorption in graphene monolayer as a function of (a) 4, (b) 44, and (¢) 4.
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redshift with the increase of 4, is larger than that of 4,, as the
shift of the photonic stopbands with the increase of 4 is larger
than that by increasing /., which has been explained by a
method based on the Fourier Transform of the structure index
profile.*2 Clearly, with the change of the geometric
parameters, the resonant frequency of the absorption peak can
be changed nearly linearly and the absorption performance
retains almost unchanged, which can be used to tune the
operating frequencies. More importantly, the perfect graphene
absorption can be maintained within the relatively large
structure dimensions range, benefiting the potential
applications of the devices.

Lastly, the dynamically controlling of the perfect
absorption through changing the Fermi energy of the graphene
is investigated. According to Eq. (1), the conductivity of
graphene has a linearly relationship with £ Thus, change in
Erwill have a direct influence on the absorption spectra. In Fig.
6, we calculate and illustrate the absorption spectra for
different £ Clearly, increasing the £rfrom 0.60 eV to 0.90 eV
leads to blue shifts of the absorption peak. More importantly,
the absorption property remains almost unchanged. Therefore,
the operating frequency can be easily controlled through
changing the gate voltage, which is particularly attractive for
real application as the absorption properties can be
dynamically controlled without re-designing and re-
fabricating another new device. For practical application, to
change the Fermi energy of the monolayer graphene, two
electrodes can be fabricated by thermal deposition, one was on
the graphene and the other one was on the dielectric spacer for
the gate voltage.

1. T
0 | ——E=0.60eV
0.8 - Ef=0.75 eV
E=0.90eV
(- f
506
=
8 0.4
®
0.2
O O L I \ _-””T’/\‘
0.7 0.8 0.9 1.0 1.1
frequency(THz)

Fig. 6 Absorption spectra versus the change of the Fermi energy
of graphene.

4. Conclusions

In conclusion, the perfect absorption effect in monolayer
graphene based on graphene-dielectric multilayer structure is
investigated. The results show that graphene TPPs with
frequency locating at the photonic stopband of the dielectric
multilayer can be excited, leading to perfect absorption in
monolayer graphene. This phenomenon is intuitively
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confirmed by the electric field intensity profile along the z-
axis, where strongly electric field intensity enhancement is
highly confined in the spacer just bellow graphene due to the
excitation of the graphene TPPs, which boosts the absorption
in graphene. It is also found that the operating frequencies can
be flexibly tuned with larger polarization independence by
adjusting the angle of incidence. Besides, the absorption
properties of the proposed absorber can be maintained with
large structure dimension tolerance, which is advantage for
practical fabrication. Lastly, it is found that the operating
frequency can be flexibly tunable by only a change in the gate-
voltage. Our results should have potential applications in the
developing of novel tunable devices based on monolayer
graphene, including filters, absorber and thermal detectors.
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