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Abstract: In order to obtain a dynamically adjustable plasmon induced transparency
(PIT) phenomenon in non-contact way, we theoretically and numerically investigate
the thermal tunable PIT by taking into account of electrons and phonons interaction in
graphene metamaterial. The novel structure consists of two hollow square graphene
and a rectangular strip in right middle, each of them acting as a bright mode. To fully
explore the physical origin of the transparency window, the Lorentz coupled oscillator
theory is employed. Good agreement can be achieved with the numerical results,
which further verifies our calculations. To alter the PIT effect, the influence on the
transparency window with different temperature and polarization angle are elaborately
examined. The bandwidth of the transparent window gets wider with the lower

temperature and switchable transparent window appears with varied polarization
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angle. As a potential application in the slow light device, the group index and group
delay are also calculated with the temperature from 60 K to 500 K. Our proposed
thermal tunable PIT structure may open up a new avenue in the application of

controllable optical filters, switchers and optical memories.
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1. Introduction

Metamaterials are engineered composite embodying some extraordinary physical
properties beyond natural materials. The first experimental discovery of negative
refraction was realized with metal metamaterials in 2000.! Since then, it has rapidly
become a hot topic among the researchers in optical, acoustic or thermal regime. The
broad application prospects of metamaterials extend into the scope of super-resolution
imaging,” electromagnetic stealth cloak,® thermal cloak,* thermal camouflage,’
acoustic lens® and so on. One outstanding behavior in the optical region is the
plasmon induced transparency (PIT), which is an analogue quantum interference
effect in classical optical systems.”® PIT was firstly proposed by Zhang et al. in 2008,
which based on metal metamaterials composing of three silver strips.” The mutual
coupling between the bright and dark mode resulted in a narrow band transparent
window in the transmission spectrum. With the maturity of plasmon photonics and

metamaterial fabrication technology, PIT has been intensively investigated in the area



of flexible design, adjustable working bands and simple implementation conditions. It
has wide practical applications in optical sensors, filters, absorbers and switchers.!*-!3
However, metal metamaterials have some intrinsic drawbacks to get tunable PIT, like
the large propagation loss and high cost, especially the resonant peak and operating
frequency band are not able to flexibly tune once the structures are fabricated.

The emergence of new materials like the graphene,'*!> Dirac semimetal'® and
phase change materials!” provide us a new way to get tunable PIT effect, owing to
their outstanding electrical, thermal and optical properties. In the modulation process,
the controllable PIT can be obtained by varying the Fermi energy,'® the polarization
angle! or the thermal stimuli.?® Jia et al. investigated the active control and large
group delay in graphene based THz metamaterial with external applied gate voltage.?!
Liu et al. designed H-shaped Dirac semimetal metamaterial to achieve thermal
modulation of PIT during the process of rising temperature.?’ A phase change material
VO> combined with SRR metamaterials had been fabricated to achieve tuning
transmission spectrum by thermal modulation.?? Kurter et al. experimentally
investigated the transparency window employing a superconducting Nb film and Au
film below the critical temperature of Nb.23 Temperature controlling of the
metamaterials comprising a pair of gold strips and a vanadium dioxide strip had also
been achieved in Ref.17. In addition, thermal transparency was theoretically
investigated with an effective medium theory by considering anisotropic layered or
graded structures.?* This phenomenon was realized by tailoring periodic interparticle

interaction, enhancing the flexibility of thermal management.”> Cao et al.



experimentally observed the thermal modulation of PIT effect with
superconductor-metal coupled resonator.2 Li et al. realized the thermal modulation of
PIT in the waveguide structure by using the plasma frequency of InSb.?’ Therefore,
research on thermal modulation of PIT in graphene metamaterial is currently very rare.
Combining the external thermal modulation and the outstanding properties of
graphene metamaterials, the potential applications can extend into the area of thermal

8 and thermal emitters.?> Moreover, thermal modulation

filters, thermal rectifiers,?
method is convenient to initiate in the experiment.

In this work, we have proposed the patterned graphene metamaterial to achieve
tunable PIT effect through thermal management with the Boltzmann transport theory.
Owing to the near field coupling between the two bright modes, a clear transparent
window is created, which is further verified by the Lorentz coupled oscillator theory.
The bandwidth and intensity of the PIT transparency window are fully explored with
the temperature from 60 K to 500 K. Moreover, the number of transparent windows
can be tuned by adjusting the polarization angle. Finally, the dispersion properties in
our proposed structure are investigated with the calculation of group index and delay
time.

2. Theory and model
2.1 Boltzmann transport theory includes the electron-phonon scattering in
graphene

We consider the electron-phonon interaction in the graphene metamaterial under

the influence of thermal stimuli with Boltzmann transport theory. The contribution of



phonon modes to carrier transport under different thermal range is fully considered.
There are six phonon branches in graphene, three optical phonon branches and three
acoustic phonon branches.?*3! When the temperature below 200 K, the longitudinal
acoustic phonon scattering plays a primary role, while the optical phonon can’t be
excited. The number of optical phonons increases with the high temperature above
200 K.*>3 Thus, taking the influence of thermal on the scattering rate between
phonons and carriers into considerations, an integral differential equation describing
how the electron distribution function f(rk,t) varies in the phase space is
employed*
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k is the wave vector. The first term denotes the diffusion of electrons in real space, the
second term represents the inverse space drift of electrons under the steady external
field and the third term is related to electron scattering. E and B are the electric and
magnetic fields in the external field respectively. vj is the group velocity of
electrons and it equals to v, = V& /h. W(k',k) is the probability of an electron
going from k to k state per unit time. W(k,k') is the probability of the electron
leaving the k state and going into the k' state. Under the condition of quasi-elastic
acoustic scattering,’>6 W(k k) = W(kk) = 27”2 IC(@)I? A(e€). € and & represent
the energy of the k and k states of the electron respectively. ¢ is the phonon wave

vector. C(q) is acoustic phonon scattering matrix element and taken as |C(q)|? =



D%hq [1—(;—}()2]/2Apmvph , Aee)=N,(e—€+hwy)+ (N, +1)8(e — € —
hwq), where N, is the phonon occupation number. It can be written as N, =
1 / (exp(ha)q / kBT)—l). D is the deformation potential coupling constant. p,, is the
graphene mass density, w, = v,,q represents the acoustic phonon energy with the
phonon velocity. A is the area of the sample. Under the relaxation time approximation,
the scattering rate of electron and acoustic phonons in the intraband can be

indicated as3°:
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The electron scattering rate incorporating the optical phonons and acoustic

phonons in the interband can be written as®’:

1 D?
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op m

D, is the optical phonon deformation field. wg is the optical phonon frequency, 0 is

the Heaviside function. The total scattering rate can be obtained as:
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Moreover, the conductivity of graphene can be obtained with Kubo formula,®
which consists the contribution of inter-band and intra-band under the excitation. It

can be denoted as,
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w, T, Er and T represent frequency, relaxation time, Fermi energy and temperature,

respectively. fq(&) = 1/(exp((§—Er)/(kpT))+1) is the Fermi-Dirac distribution, e


javascript:;
javascript:;

is the electronic charge. i denotes reduced Planck constant. kp represents the
Boltzmann constant. The relationship between the real part of the conductivity and
temperature is illustrated in Fig. 1. It can be clearly observed that the real part of the
conductivity increases with higher temperature in a linear way. Thus, it is necessary to

study the electron-phonon interaction with different thermal excitation.
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Fig. 1 The relationship between the real part of the graphene conductivity and temperature is
calculated under certain excitation frequency.
2.2 Model design

Our designed graphene metamaterial is shown in Fig. 2. The patterned graphene
layer is periodically deposited on the dielectric substrate (silicon) in Fig. 2a. Its
thickness is 200 nm. The incident light is along z direction and the polarized electric
field is along x axis. The unit cell consisting of two hollow square graphene and a
rectangular graphene strip is depicted in Fig. 2b. The periodicity along the x and y
axis is Px= P,= 600 nm. The length and width of the graphene strip are l; = 450 nm

and wq; = 110 nm. Inner and outer length of the square graphene are I3 = 110 nm



and [, = 150 nm. The distance between the strip and square is d, which is fixed at 20
nm. In our numerically calculation, one-unit cell with periodicity boundary is
considered for simplicity. The Fermi energy of the graphene is taken as 0.5 eV in our
numerical calculations. Up to now, there are several methods to prepare the single
layer graphene like the mechanical exfoliation method,* epitaxial growth method,*
oxidation-reduction method*! and chemical vapor deposition (CVD).*? In order to
produce large-scale, high-quality graphene layer at low-cost, CVD is the best choice
to obtain the graphene on the Cu substrate, then it can be transferred onto the
dielectric substrate. After that, electron beam lithography and anisotropic plasma

etching can be employed to prepare patterned graphene films.*
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Fig. 2 (a) Schematic diagram of the patterned graphene metamaterial. (b) Top view of the unit cell
with geometric parameters :w; = 110 nm;l; = 450 nmm;l, = 150 nm;lz = 110nm; P, = P, =
600 nm;d = 20 nm.
3. Results and discussions

The transmission spectrum of the incident light propagating through the

graphene metamaterial at 60 K are illustrated in Fig. 3a. A broadband transparency



window at 10.2 THz can be achieved in the transmission spectra (black line) in our
proposed structure. As a comparison, we have also investigated the transmission
spectra in each separate resonator. A dip locating at 9.1 THz can be clearly achieved in
the structure of only horizontal graphene strip, indicating a directive interaction with
the incident light, acting as a bright mode. In the case of two symmetrical hollow
square graphene (blue line), a dip around 11.3 THz exists. To fully explore the
physical origin of the resonant peaks, the electric field distribution at resonant
position of 9.15 THz, 10.2 THz and 11.3 THz are also investigated in Figs. 3(b-d).
The electric field is mainly distributed on the two sides of the graphene strip,
behaving as a dipole resonator in Fig. 3b. Similarly, the electric filed in the double
square resonators mainly focuses on the left and right sides in Fig. 3d. For the
combined structure, due to the near filed coupling between them, the electric field is
distributed in each resonator in Fig. 3c. Thus, an obvious broadband transparency
window can be achieved in the transmission spectra. The exact position and intensity
of the plasmon resonant peak is closely related to the geometry parameters (like size
and shape) and its medium surrounding medium.** With our proposed graphene
structure, the PIT transparent window can be well regulated into the mid-infrared

region through well-chosen size and Fermi energy.
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Fig. 3 (a) The transmission spectra of the patterned graphene metamaterial are investigated for the

only rectangular strip, only double hollow squares and combined structure at 60 K, respectively.
(b-d) The electric field distribution at each resonant position is shown.

Thermal tunable broadband PIT effect is also explored in Fig. 4a. With the
increasing temperature from 60 K to 500 K, there is no shift of PIT transparency
window position, whereas the intensity and bandwidth of transparent window are
decreasing. Namely, owing to the weak interaction of electron and phonon scattering
rate and reduced thermal loss, larger bandwidth of the transmission window at lower
temperature can be obtained. With the Lorentz coupled oscillator theory,* the
validation of our numerically results is carried out. Under the excitation of the

incident light Ee'“*, the bright mode of the strip and squares resonator can be treated



as an oscillator and it can be described as |a) = d@(w)e'®t and |b) = b(w)et. The
amplitude of two bright modes incorporating their mutual interaction can be depicted

as following,

(a)—w1+iy1 K )(@)_
K (U—(l)2+i]/2 b)

(6)
w; ¥; and g; represent the resonant frequency, damping factor and coupling
strength respectively. x is coupling strength between two bright modes. The
transmission spectrum of the proposed PIT structure can be represented as T = 1 —
|ﬁ/ FO|2 . The calculated transmission spectra under different temperature with the
Lorentz coupled oscillator theory is presented in Fig. 4b. It can be clearly observed
that these two results fit well with each other, which fully verifies the correctness of
our numerical results. Moreover, the fitting parameters at different temperatures are
elaborately shown in Table 1. The damping factor y is an important parameter in the
harmonic oscillator equations, which measures the rate of oscillation when the
incident plane wave is removed. The damping factors y; and y, of two bright modes
increase with a higher temperature, indicating that the autologous loss of graphene
affects the damping coefficient of the two bright mode resonators. Another parameter
x denotes the coupling coefficient between these two resonators and it also becomes

larger with a higher temperature. Thus, the PIT transparency window is caused to

happen through the weak coupling between these two resonators.
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Fig. 4 (a) The transmission spectra with different temperature. (b) The fitted transmission spectra
with the Lorentz coupled oscillator theory.
Table 1 Fitting parameters with the Lorentz coupled oscillator theory at different temperature

are listed.

T(K) Y,(THz) Yo(THz) «k(THz) w;(THz) w,(THz)

60 0.108 0.043 0.18 9.15 11.3
100 0.117 0.048 0.19 9.15 11.3
200 0.159 0.079 0.28 9.15 11.3
300 0.210 0.118 0.39 9.15 11.3
400 0.264 0.160 0.52 9.15 11.3
500 0.340 0.215 0.70 9.15 11.3

Moreover, we have also emphatically analyzed the tunable bandwidth of the

transparency window with the temperature ranging from 60 K to 500 K in Fig. 5. The



bandwidth at each temperature is extracted out and plotted in Fig. 5a. It can be clearly
observed that with the higher thermal modulation, the bandwidth gets decreased.
Namely, the band width ranges from 9.87 THz to 10.54 THz at 60 K. It decreases
from 10.54 THz to 10.05 THz at 500 K. As a potential application of the optical filter,
specific wavelength can be achieved with careful chosen thermal initiation. The
resonant peak position of transmission peak also decreases linearly with increasing
temperature in Fig. 5b. The transmittance is as high as 0.99 at 60 K, but it decreases to
0.94 at 500 K. The reduced number of acoustic phonons and optical phonons in
graphene, the increased scattering rate of electron phonons, and enhanced thermal loss

at higher temperature, result in the decreased transmittance intensity.
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Fig. 5 (a) The bandwidth and (b) resonant peak position at different temperature are illustrated.
Two PIT transparency windows can be achieved in our proposed structure with
the applied polarization angle, which is an effective tool to get tunable PIT
phenomena. The transmission spectra at 60 K with different polarization angle are
shown in Fig. 6. 6 is defined as the angle between the polarization direction and the x

direction. 8 = 0° is the polarization of the electric field along the x direction; 8 = 90°



corresponds to the polarization of the electric field along the y direction. When 6
increases to 15°, the second PIT transparency comes to appear. It becomes obvious at
30°. The transmission spectrum transforms from one transparent window to two
transparent windows with a larger polarization angle. Two PIT transparency windows
can be clearly observed with 45" polarization angle. The first PIT window is
generated by the coupling between two bright modes. The second PIT window is
caused by the asymmetric electric field distribution around the resonators. With a
further increasing of the polarization angle, two transparent windows disappear and

only one dip exists.

1.0

05} v
L ——0=90°
1 O 1 M 1 1 I' L L L
05|
9=75°
1.0 W
05|
‘é L ——6=60°
.,—410.l.|.|.|.|.|.|.
%) I
o v—
g o5
é’ 9=45°
lav] 10 I ——] 1 1 1 | I
S
H L
05 |
b ——0=30°
1 O i L i L M L M L M 1 M 1 M 1
f——0=15°
1 O M 1 M 1 L 1 L 1 L 1 L 1 L 1
05|
f——0=0°
OO 1 1 1 1 L L L

6 7 & 9 10 11 12 13 14

Frequency (THz)
Fig. 6 Transmission spectra with different polarization angles is illustrated at 60 K.

Fig. 7 describes the transmittance in our proposed graphene metamaterials with



45" polarization angle at different temperature. It is found that the intensity of two
PIT window can be effectively tuned with thermal modulation. The higher
temperature leads to the lower intensity of the PIT effect. Two transparent windows
diminish with higher temperature due to the enhanced electron-phonon scattering rate

and the thermal loss.
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Fig. 7 Transmission spectrum is calculated with different temperature at 45° polarization angle.
One striking feature of the PIT phenomenon is the slow light effect around
transparent window, which can be reflected with the calculation of the group

index n, = <% and group delay t, =— 99 46 where @ is the phase, w is the angular

9 tidw dw’
frequency of incident light, c is the speed of light, and ¢, is the thickness of substrate.

Fig. 8 illustrates the group index and group delay time as a function of the

temperature. With the higher temperature, the group index at the resonant position



decreases gradually. It varies from 2238 to 584 when the temperature is taken from 60
K to 500 K. Meanwhile, the group delay varies from 1.45 ps to 0.39 ps. It provides us

an effective way in the application of optical memories.
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Fig. 8 Group index and group delay as a function of the temperature are illustrated.
4. Conclusion

In summary, thermal regulation of the PIT effect is realized in our proposed
graphene metamaterial incorporating the electron and phonon scattering with
Boltzmann transport theory. The PIT transparency window is caused to happen
through the weak coupling between two resonators. Our numerical results coincide
well with the Lorentz coupled oscillator theory. The bandwidth and resonant peak
position can be effectively tuned with the initiation of different heat source. Moreover,
the number of the PIT transparency window can be varied with the polarization angle.
As in the application of slow light device, it is found that the maximum group index

of 2338 and group delay of 1.45 ps can be achieved at 60 K. Therefore, our work will



deliver some potential applications in the thermal tunable optical filters, sensors and
slow light equipment.
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