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Graphene-based dual-band independently tunable
infrared absorber
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In this paper, we theoretically demonstrate a dual-band independently tunable absorber consisting of a
stacked graphene nanodisk and graphene layer with nanohole structure, and a metal reflector spaced by
insulator layers. This structure exhibits a dipole resonance mode in graphene nanodisks and a quadrupole
resonance mode in the graphene layer with nanoholes, which results in the enhancement of absorption
over a wide range of incident angles for both TE and TM polarizations. The peak absorption wavelength is
analyzed in detail for different geometrical parameters and the Fermi energy levels of graphene. The
results show that both peaks of the absorber can be tuned dynamically and simultaneously by varying the
Fermi energy level of graphene nanodisks and graphene layer with nanoholes structure. In addition, one
can also independently tune each resonant frequency by only changing the Fermi energy level of one

rsc.li/nanoscale

1 Introduction

Surface plasmon-polaritons (SPPs) are excitations of electro-
magnetic radiation coupled to surface charges existing at a
metal-dielectric interface, which propagate along the inter-
face.”” When this occurs in metallic nanoparticles, the corres-
ponding non-propagating plasmon-polaritons are generally
denoted as localized surface plasmons (LSPs).””®

Similar to a three-dimensional (3D) metal nanoparticle, a
doped two-dimensional (2D) graphene monolayer can also
support SPPs.® " Graphene, a two-dimensional material of hexa-
gonally arranged carbon atoms, has attracted significant atten-
tion for its remarkable properties such as electrical tunability,
strong light confinement, and relatively low ohmic losses.* In
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graphene layer. Such a device could be used as a chemical sensor, detector or multi-band absorber.

virtue of the tunability of its carrier mobility and conductivity,
countless studies focus on perfect absorbers based on graphene.
Tunable metamaterial absorbers based on graphene have been
widely investigated.">™® However, in these studies only single
band absorption was reported. Dual-band or multi-band tunable
perfect absorbers were also presented based on graphene ellipti-
cal nanodisk and multilayered graphene structures.>*>* However,
in these structures, different absorption bands cannot be con-
trolled or tuned independently from each other. In addition,
multiband metamaterial absorbers based on combining two
cross-shaped metallic resonators of different sizes that can inde-
pendently tune absorption bands have been reported.*

In this paper, different from traditional optical absorbers
based on a single graphene layer,">'**">* we design an
independently tunable dual-band absorber by double-stacked
graphene layers, which does not require fabrication of metallic
nanostructures. The absorption can be significantly enhanced
due to the dipole and quadrupole resonance modes, which are
supported by graphene nanodisks and graphene layer with
nanoholes, respectively. The effect of geometrical parameters
on the absorption spectra is studied. A wide spectral range of
absorption wavelengths can be realized by changing the geo-
metrical parameters of the structure. Moreover, the main
advantage is that our proposed structure possesses excellent
properties of flexible selective spectral absorption in a wide
spectral range by slightly changing only the Fermi energy level
of one of the graphene layers. Besides, the absorption remains
more than 90% over a wide range of incident angles for both
TE and TM polarizations. This tunable structure could be
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useful for applications related to chemical sensors, detectors,
and multi-band absorbers.

2 Results

The schematic of the proposed infrared absorber is shown in
Fig. 1. Arrays of doped single-layer graphene nanodisks with
diameter D; = 175 nm and nanoholes with diameter D, =
385 nm are placed on the top surface of two insulator layers.
The optically thick gold layer which is used as the back reflec-
tor prevents any transmission through the structure. In this
way, the transmission from this structure is inhibited and
perfect absorption can be obtained when the reflection is close
to zero.”* Also note that the two graphene layers are concentric
in the z direction. The thickness of the two insulators are s; =
60 nm and s, = 1.7 pm. The structure is periodic in the x and
the y directions with periodicity P = 400 nm. The structure is
illuminated by a normally-incident monochromatic plane wave
with electric field along the x direction.

The relative dielectric permittivity of the insulator which is
assumed to be lossless is 1.96.>> The permittivity of gold is cal-
culated using the Drude model with plasma frequency w, =
1.37 x 10'® 57" and damping constant o, = 1.23 x 10™* s>
All materials are considered as nonmagnetic (u, = 1).

Graphene is modeled in the simulations as a conductive
surface with thickness ¢, = 1 nm.” The surface conductivity of
graphene is expressed by the Kubo formula within the local
random phase approximation including interband and intra-
band transitions®” >
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where e is the electron charge, kg is the Boltzmann constant,
T is the temperature, 7 is the reduced Planck’s constant, Ef is

(a)

Graphene ’/

Fig. 1 (a) Schematic of a unit cell of the proposed graphene-based
infrared absorber. (b) Schematic of the graphene layer with an array of
nanoholes.
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the Fermi energy level, @ is the photon frequency in vacuum,
and 7 = uFg/(evy”) stands for the momentum relaxation time
due to charge carrier scattering. Here we use the Fermi velocity
vp =1 x10° m s~ and dc mobility = 10 000 cm> V' s71.%°
When the Fermi level is increased above half of the photon
energy, the interband contribution of graphene conductivity is
very small according to the Pauli exclusion principle.”® In our
simulations, we only consider highly doped graphene with the
Fermi energy level Ex > kT and Er > hw, so the conductivity
of graphene can be simplified as:**"

eEr 1
T Wt i @)
Er is determined by the doping concentration. In practical
operation, although the graphene nanodisks are not electri-
cally interconnected, their Fermi energy levels can be tuned
through a thin layer of gel-like ion liquid which is placed on
top of the sample and acts as a conductive contact.**** The
use of ion gels for creating conductive contacts has been
described in detail elsewhere.** Here we assume that the same
approach as the one described in ref. 34 is used, and that the
entire uppermost surface of the sample, where the nanodisks
are located, is covered with the ion gel. This enables us to tune
the Fermi energy level of the nanodisks. A gate voltage can be
applied between the conductive contact and the gold reflector.
The Fermi energy of the graphene layer with nanoholes can be
tuned via electrostatic biasing by applying a gate voltage
between the gold reflector and the graphene layer. In this
work, numerical simulations were carried out based on the
finite element method (FEM). The transmission T'() is zero in
our structure since the gold film thickness is assumed to be
infinite. Thus the absorption is given by A(w) = 1 — R(w), where
R(w) is the reflection.

3 Discussion

Fig. 2 shows the absorption spectra of the structure (black
solid line). For comparison, the absorption spectra for the
structure without nanoholes (red dashed line) and without
nanodisks (blue dashed line) are also plotted. Graphene Fermi
energies were chosen as EP = 0.5 eV and EX = 0.65 eV for the
nanodisks and the layer with nanoholes, respectively. The
spectra show that two absorption peaks, denoted as A and B,
occur in the proposed structure, which are contributed by the
graphene nanodisks and the graphene layer with nanoholes,
respectively. The resonance wavelengths corresponding to the
two absorption peaks are 1, = 11.92 pm and Ag = 14.55 pm,
respectively. Keeping other parameters fixed, the red (blue)
dashed line in Fig. 2 corresponds to the absorption spectra of
the proposed structure without the lower (upper) graphene
layer. Through the comparison of the solid and dashed lines,
we find that the overall absorption spectra are approximately
the combination of structures with only an array of graphene
nanodisks or a graphene layer with an array of nanoholes.
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Fig. 2 Absorption spectra for the structure shown in Fig. 1 (black solid
line). Also shown are the absorption spectra of the structure shown in
Fig. 1 without the graphene layer with an array of nanoholes (red dashed
line), and the spectra of the structure without the array of graphene
nanodisks (blue dashed line). All parameters are as in Fig. 1.

In order to understand the physical origin of the two
absorption peaks, we consider the normalized electric field
amplitude corresponding to absorption peaks A and B. From
Fig. 3(a) and (c), we observe that a dipole resonance mode is
supported by the graphene nanodisks. The electric field of this
mode is highly localized in the graphene nanodisks, while the
electric field intensity at the graphene layer with nanoholes is
almost zero. Thus, at the resonance wavelength A (Fig. 2) light
is absorbed at the graphene nanodisks. Similarly, from
Fig. 3(b) and (d), we observe that a quadrupole resonance
mode is supported by the graphene layer with nanoholes in
the lower graphene layer. The electric field of this mode is
highly localized in the graphene layer with nanoholes, while
the electric field intensity at the graphene nanodisks is almost
zero. Thus, at the resonance wavelength B (Fig. 2) light is
absorbed at the graphene layer with nanoholes. These analyses
prove that there is almost no coupling effect between the two
graphene layers. Therefore, the two absorption peaks can be
independently tuned by varying the Fermi energy level of the
graphene nanodisks and the graphene layer with nanoholes.

Perfect absorption can be achieved when the effective impe-
dance of the structure matches that of free space, resulting in
zero reflection. Therefore, the thickness s, of the insulator layer
directly impacts the absorption of the structure. Fig. 4 shows the
absorption spectra as a function of the thickness s, of the insula-
tor layer. As shown in Fig. 4, varying s, has no significant effect
on the position of the resonant peak, but greatly affects the total
absorption in the structure. This is due to Fabry-Perot effects in
the second insulator layer with thickness s,. We choose s, =
1.7 pm. For this thickness, the effective impedance of the struc-
ture matches that of free space at the resonance wavelengths, so
that the overall reflection from the sample vanishes. Thus, all of
the incident power is absorbed in the structure.
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Fig. 3 (a) Profile of the electric field amplitude normalized by the field
amplitude of the incident plane wave at the plane of the array of gra-
phene nanodisks. Results are shown at the wavelength corresponding to
absorption peak A in Fig. 2. All other parameters are as in Fig. 1. (b)
Profile of the electric field amplitude normalized by the field amplitude
of the incident plane wave at the plane of the graphene layer with an
array of nanoholes. Results are shown at the wavelength corresponding
to absorption peak B in Fig. 2. All other parameters are as in Fig. 1. (c)
Profile of the electric field amplitude normalized by the field amplitude
of the incident plane wave at the x—z plane shown with dashed line in
(a). Results are shown at the wavelength corresponding to absorption
peak A in Fig. 2. All other parameters are as in Fig. 1. (d) Profile of the
electric field amplitude normalized by the field amplitude of the incident
plane wave at the y—z plane shown with dashed line in (b). Results are
shown at the wavelength corresponding to absorption peak B in Fig. 2.
All other parameters are as in Fig. 1.
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Fig. 4 Absorption spectra of the structure shown in Fig. 1 as a function
of the thickness s, of the lower insulator layer. All other parameters are
asin Fig. 1.

In addition, the effect of the other geometrical parameters
(D1, Dy, 81, and P in Fig. 1) on the absorption spectra are inves-
tigated in Fig. 5(a)—-(d). These analyses provide some guidance
to structural design and fabrication.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Absorption spectra of the structure shown in Fig. 1 as a func-
tion of the nanodisk diameter D;. All other parameters are as in Fig. 1. (b)
Absorption spectra of the structure shown in Fig. 1 as a function of the
nanohole diameter D,. All other parameters are as in Fig. 1. (c)
Absorption spectra of the structure shown in Fig. 1 as a function of the
thickness s; of the upper insulator layer. All other parameters are as in
Fig. 1. (d) Absorption spectra of the structure shown in Fig. 1 as a func-
tion of the period of the structure P. All other parameters are as in Fig. 1.

The plasmon resonance of an individual graphene disk

occurs at an energy>>*?
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(3)

and the corresponding resonant wavelength can be expressed
as

2m3ch(ey + &)D
aLEr ’

(4)

Ap =

where a ~ 1/137 is the fine-structure constant, ¢ is the speed of
light in free space, L, is a constant which is independent of fre-
quency and disk size but depends on the symmetry of the
plasmon, &; and ¢, are the dielectric permittivities of the
materials above and below the graphene disk, respectively, and
D is the diameter of the graphene disk.

The evolution of the absorption spectra with varying nano-
disk diameter D; and nanohole diameter D, with other para-
meters unaltered are illustrated in Fig. 5(a) and (b), respect-
ively. We observe that the resonant wavelength of absorption
peak A has a redshift from 11.23 pm to 13.14 pm as D, varies
from 150 nm to 210 nm, and the position of absorption peak
B is almost constant. The resonant wavelength of peak A
increases when the disk diameter becomes larger, which can
be understood from eqn (4). More specifically, we observe that
the resonant wavelength is approximately proportional to /D,
as expected from eqn (4). Meanwhile, the peak absorption
remains high in a wide spectral range.

This journal is © The Royal Society of Chemistry 2018
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As can be observed from Fig. 5(b), absorption peak B shows
a redshift from 13.38 pm to 16.11 pm as D, varies from
365 nm to 395 nm. This is similar to Fig. 5(a), resulting from
the resonant wavelength increasing with D,. However, unlike
Fig. 5(a), the wavelength of absorption peak A changes when
D, varies. This can be explained via the following analysis. The
effective permittivity of the dielectric layer, below the graphene
nanodisks, can be affected by changing D,. In Fig. 3(b), the
field is confined with high local intensity in a narrow graphene
strip with a width much smaller than the period. In analogy to
metallic slits,*” the effective permittivity of thedielectric
layer can be approximated as

Eoff R £P/W, (5)

where ¢ is the dielectric constant of the insulator, P is the
period, and w is the width of the graphene strip [shown in
Fig. 1(b)]. The reference value of D, is 385 nm with an absorp-
tion peak A at 11.92 pm. The width of graphene strip w
increases when D, varies from 385 nm to 365 nm, resulting in
a decrease of e As a result, based on eqn (4), the resonant
wavelength of peak A shows a blueshift from 11.92 pm to
11.41 pm. Similarly, the resonant wavelength of peak A exhibits
a redshift when we increase D, to 395 nm.

We choose the thickness of the top insulator s; = 60 nm,
which is much smaller than the operation wavelength of the
device, to prevent Fabry-Pérot effects associated with the top
insulator layer. Therefore, when the absorption spectra are cal-
culated for different thicknesses of the top insulator layer s;,
ranging from 40 nm to 70 nm, while other parameters are kept
unchanged, no major change in the resonance wavelengths is
observed [Fig. 5(c)].

The effect of changing the period P of the structure on the
absorption spectra is shown in Fig. 5(d). As P increases from
390 nm to 450 nm, the absorption peak B is blueshifted from
15.90 pm to 13.43 pm due to the increase of L;. For a standard
graphene nanoring, L, increases with the decreasing of the
ratio of inner to outer diameter.** Also, the absorption peak B
exhibits a slight blueshift from 11.94 pm to 11.81 pm with the
period varying from 390 nm to 450 nm. However, since P/w
hardly changes when P increases with a fixed D,, e. hardly
decreases. According to eqn (4), it can be seen that the reso-
nance will occur at a shorter wavelength.

Fig. 6(a) [6(b)] shows the absorption spectra, under the con-
dition that only the Fermi energy of the graphene nanodisks
(graphene layer with nanoholes) varies, while the rest of the
parameters are unchanged. As the Fermi energy of the gra-
phene nanodisks (graphene layer with nanoholes) increases
from 0.43 eV to 0.58 eV (0.50 eV to 0.70 eV), the resonance
wavelength of peak A (B) experiences a blueshift and decreases
from 12.82 pm to 11.08 pm (16.55 pm to 14.02 pm), a wave-
length shift of 13.6% (15.3%), while the position of the other
absorption peak does not change, which indicates that there is
no coupling effect between the two graphene layers in process
of graphene Fermi energy adjusting. Therefore, the absorption
spectra can be independently tuned in a wide spectral range by

Nanoscale, 2018, 10, 15564-15570 | 15567
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Fig. 6 (a) Absorption spectra of the structure shown in Fig. 1 as a func-
tion of the Fermi level of the graphene nanodisks. All other parameters
are as in Fig. 1. (b) Absorption spectra of the structure shown in Fig. 1 as
a function of the Fermi level of the graphene layer with an array of nano-
holes. All other parameters are as in Fig. 1. (c) Resonance wavelength A
(Fig. 2) as a function of the Fermi level of the graphene nanodisks (red
line). Also shown is the resonance wavelength B (Fig. 2) as a function of
the Fermi level of the graphene layer with an array of nanoholes (blue
line). All other parameters are as in Fig. 1.

changing the Fermi energy level of graphene. Increasing Er
can lead to an increase of resonant frequency.”' In other
words, this results in a decrease in the resonant wave-
length,**?° which is in agreement with eqn (4). It is also
clearly observed that we no longer have near perfect absorp-
tion. The reason is that the perfect impedance matching con-
dition between the graphene structure and free space cannot
be satisfied as Ey increases. However, the peak absorption
remains high in a wide spectral range. We also study the
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relation between the resonance wavelength and the Fermi
energy, which is shown in Fig. 6(c). The relation between the
resonance wavelength of graphene nanodisks and graphene
layer with nanoholes and the Fermi energy is shown with red
and blue lines. Fig. 6(c) shows that the resonance wavelengths
of graphene nanodisks and graphene layer with nanoholes are
almost linearly proportional to the Fermi energy. Therefore, in
our proposed structure, the resonance wavelengths of gra-
phene nanodisks and graphene layer with nanoholes can be
actively tuned by slightly changing the Fermi energy of gra-
phene. This tunability feature of graphene-based structures
makes them more attractive than metal-based devices in which
the optical responses cannot be efficiently tuned.

In the preceding discussions, absorption spectra were
shown for normally illuminated structures. Finally, the absorp-
tion spectra at different incident angles for TE and TM polariz-
ations are illustrated in Fig. 7(a) and (b), respectively. Clearly,
the absorption peaks are not sensitive to the angle of inci-
dence, which can be attributed to the high degree of symmetry
of the structure. In addition, we found that, since the reso-
nances in the graphene nanodisks and graphene layer with
nanoholes are localized, the resonance wavelengths are not
sensitive to the incident angle.>®*° Therefore, a peak absorp-
tion of ~90% is still achieved at incident angles as large as 65°
for TE polarization and 50° for TM polarization. As the results
reveal, the proposed structure is a wide-angle, polarization-
independent absorber, which could be important for many
practical applications.

4 Conclusion

In summary, we introduced graphene-based, dual-band, inde-
pendently tunable infrared absorbers. The influence of various
geometrical parameters on the absorption spectra of the struc-
ture were investigated in detail. Due to the dipole and quadru-
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Fig. 7 (a) Absorption spectra of the structure shown in Fig. 1 as a function of the angle of incidence. Results are shown for TE polarization. All other
parameters are as in Fig. 1. (b) Absorption spectra of the structure shown in Fig. 1 as a function of the angle of incidence. Results are shown for TM

polarization. All other parameters are as in Fig. 1.
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pole resonance modes, which are supported by an array of gra-
phene nanodisks and a graphene layer with an array nano-
holes, respectively, the absorption can be significantly
enhanced. We found that the two absorption peaks of the
structure can be independently tuned by varying the Fermi
energy level of the graphene nanodisks and of the graphene
layer with nanoholes. In addition, we found that the proposed
structure is a wide-angle polarization-independent absorber.
The proposed structure could be useful for applications related
to chemical sensors, detectors, and multi-band infrared
absorbers.
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