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Abstract: A specially designed tunable hyperbolic metamaterial (HMM) based on plasmon
induced transparency (PIT) of fractal in the near-infrared (NIR) regime was proposed. The
HMM:-layer constitutes the top metasurface, which is comprised of fractal-like nanospheres
of silver (Ag) metal. A bilayer of graphene is sandwiched between the top HMM and bottom
silicon (Si) substrate. The permittivity of graphene bilayer was deduced corresponding to
different chemical potentials (of graphene). PIT of the proposed structure was obtained
in the 3000—4000 nm wavelength band by employing the finite difference time domain
simulation under the excitation of a fundamental transverse magnetic (TM) mode. The effects
of incidence angle and graphene chemical potential on the transmission characteristics
were investigated. Furthermore, the PIT windows could be tuned by altering the radii of Ag
nanospheres in the HMM layer and chemical potential of bilayer graphene. Such systems
would be useful in varieties of applications, e.g., switching, energy harvesting, sensing in
environmental, and/or medical diagnostics, particularly in detecting the existing impurities
in human blood and urine.

Index Terms: Plasmon induced transparency, graphene, metamaterials.

1. Introduction

The phenomenon of surface plasmon polariton (SPP) waves propagating along the metal-dielectric
interface can be effectively exploited to devise varieties of optical components, namely sensors,
absorbers, filters, perfect lenses, slow-light memory devices, etc. [1]-[7]. This essentially becomes
possible owing to the surface plasmon resonance (SPR) condition being highly responsive to the
light-matter interaction, which is precisely governed by the shape, size and type of medium along
with the operating conditions. The magnetic response of specially designed metamaterials due to
the occurrence of SPP has also been reported in the literature [8]-[9] with the emphasis on the
effect of tailoring the SPP waves by altering the configuration of metasurface.
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Fig. 1. Schematic of the PIT metamaterial structure; (a) 3D unit cell and (b) 2D representation of
schematic.
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Within the context, plasmon induced transparency (PIT) is the quantum-interference effect of
electromagnetic (EM) induced transparency (EIT) in laser stimulated nuclear architectures [10]. The
phenomenon induces sharp transmittance in a wide range of absorption spectrum [11], and remains
prudent in various slow-light applications [12] and improvements in non-linear effect [13]. Also, PIT
is extensively used in metamaterial-based configurations, because the geometrical parameters of
these can be altered, in order to achieve PIT tuning for on-demand kind of applications. This makes
dynamically tunable PIT to be in practice [14]. Reference [15] demonstrates the use of hybrid
metal-graphene metamaterial structure to attain control over broadband PIT in the THz regime. In
this work, the unit cell is comprised of cut wire, mono-layer graphene sheets and four U-shaped
resonators; the broadband PIT is achieved with near-field coupling via destructive interference.

Graphene mediums, being attractive in photoelectric modulation [16]-[17] owing to their ability
to change the surface conductivity and fast response time (in picoseconds), are greatly useful in
many optical applications, viz. ultra-fast switching, absorbers, slow-light propagation etc. [18]-[21].
Propagation of graphene plasmons can be controlled by modulating the external electrical field, and
also, the environmental temperature. It has been shown that strong coupling between the incident
waves and the graphene plasmons can yield the ways to realize optical switching [22]. Zeng et al.
experimentally demonstrated frequency-tunable ultra-high speed intensity modulation in the mid-
infrared regime exploiting hybrid graphene metasurface [23]. Reference [24] discusses a tunable
transparent position PIT by using nanoengineered graphene-based metamaterial. In refs. [25]-[26],
the authors describe PIT in the THz regime of EM spectrum by using graphene complementary
metamaterials. Also, hybrid metal-graphene metamaterials are used to control the amplitude of
transparency window of narrowband PIT [27].

The previously reported research results determine the observation of PIT from metasurface
structures with broken symmetry [28]-[29] and defects [30]-[31]. This essentially motivates the
need for appropriate photo modulation scheme with extra degrees of freedom, which would be
feasible with the advancements of photonic nanostructure fabrication technology. With this viewpoint
in mind, the present paper aims to investigate PIT exploiting metasurface comprised of fractal-like
structure. More specifically, we consider the silver (Ag) nanosphere-graphene-dielectric kind of
combination as the illustrative case, and analyze the spectral characteristics under finite difference
time domain (FDTD) simulations, assuming various parametric and operational conditions. In this
stream, we take different values of volume fraction element (of Ag nanosphere in the metasurface),
angle of incidence and chemical potential of graphene, and emphasize the characteristic spectral
features of PIT, assuming the incidence excitation to be TM-polarized. The wavelength-dependence
of effective permittivity (of metasurface) is also determined.

2. Model and Theory

Figure 1 shows the schematic of the proposed hyperbolic metamaterial (HMM)-based configuration,
which is composed of three layers — the top metasurafce, bottom silicon (Si) layer, and a graphene
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Fig. 2. Wavelength-dependence of (a) real and (b) imaginary parts of effective permittivity (of the HMM
layer) for the values of f as 0.08 and 0.2.

bilayer as sandwiched between the two. Figure 1a illustrates the schematic of the unit cell of PIT
structure, whereas Fig. 1b depicts the 2D view of the configuration. As becomes clear from Fig. 1a,
the metasurface is comprised of fractal-like Ag nanospheres of two different radii Ry and R, that
correspond to the features of central and surrounding nanospheres, respectively. Also, the unit cell
structure has the dimension as 0.2 x 0.2 um? x(di + da + d3) nm. The transmission characteristics
of this configuration are obtained by simulating the metamaterial in FDTD by employing the periodic
boundary conditions along the xy-plane. However, the perfectly-matched layer (PML) boundary
condition is applied above the excitation source and below the transmission monitor.

We now obtain the effective permittivity of metasurface by exploiting the effective medium the-
ory [32]. As stated before, we consider the top metasurface as a layered medium comprised of
periodically arranged thin Ag nanosphere. The parallel and perpendicular components of effective
permittivity (of metasurface) can be written as

(Ut Nen () + (1 —feg
A= Nem()+(A+eq

€ (1) = (1a)

and
et (W) =fen (W) +(1—1)eq, (1b)

respectively. Here f is the volume fraction element (or fill-factor) of Ag metal in the unit cell of
metasurface, ¢,(1) is the wavelength-dependent permittivity, and ¢, is the dielectric permittivity,
which is free-space (with ¢4 = 1) in the present case.

Now, we deduce the longitudinal and transverse components of effective permittivity by employing
Eq. (1). Since silver is dispersive in nature, its wavelength-dependent permittivity can be obtained
by using the Lorentz-Drude model [33] that provides the best approximation of dielectric constant
with the experimental results; it is given as

2

=1- P 2
ém (@) o (w—JT1) +Xn: w? — o? + joly @

fq a),2, frow

In this equation, fy and f, are oscillator strengths, w, is plasma frequency, I'y is damping constant,
and w,, and T';, are oscillator frequency and bandwidth, respectively. Also, w is the operating angular
frequency. As silver is nonmagnetic in nature at optical frequencies, we take its permeability to be
tes = 1.

We now attempt to observe the wavelength-dependence of effective permittivity considering two
illustrative values of fill-factor f, namely 0.08 and 0.2; Fig. 2 illustrates the respective plots. Here
Fig. 2a shows the plots of the real () part of effective permittivity against wavelength A, whereas
Fig. 2b depicts the A-dependence of the imaginary (3) part of the same. We observe that, for the
chosen values of fill-factor, the real parts of parallel component ¢ of effective permittivity remain
negative, whereas the imaginary parts of ¢, are positive. With the increase in the value of f, the
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Fig. 3. Wavelength-dependence of the (a) real and (b) imaginary parts of bilayer graphene permittivity
corresponding to different chemical potentials.

N(e)) part becomes more negative, and J(¢;) becomes more positive. Further, with the increase
in operating wavelength A, 9i(¢|) attains more negative values, whereas J(¢) tends to be more
positive. Interestingly, for the chosen values of f, both the real and imaginary parts of the perpen-
dicular component ¢, of effective permittivity become vanishing, and also, remain independent of
wavelength. A null-valued imaginary part of effective permittivity essentially makes the medium to
be non-absorptive in nature, and therefore, the choice of f = 0.08 allows the metasurface to be
highly transparent in the 3000—4000 nm span of operating wavelength.

The permittivity of graphene bilayer can be analyzed for different values of chemical potential
in the stated wavelength band of interest, i.e., 3000—4000 nm. In this stream, the conductivity of
graphene can be deduced by Kabou equation [34]-[35]. The complex-valued surface conductivity
aq4(w) of graphene is determined by the well-established and experimentally valid theoretical model,
which makes it to be the algebraic sum of the intra- and inter-band conductivities [22], i.e.,

09 (®) = Gintra (@) + Ointer (@) )

The intra-band conductivity is due to the collective behavior of free electrons, and can be given as
BZKB T Me He

. _ 2| - 1 4

Tintra (@) j]'[z(a)-l—j‘(q) |:KBT+ n{exp( KBT)+ }i| @

Also, the conductivity due to the inter-band transition is approximated, following the conditions
2w KgT, and is finally obtained as

(5)

Tinter (@) :]m 2|el + R (w+jf_1)

& n |:2 | 1tel — h(a)+jr1):|
In Egs. (4) and (5), e and t, respectively, determine the electronic charge and momentum relaxation
time. Apart from these, u¢, K5 and T represent the chemical potential (also called as the Fermi
energy E;), Boltzmann constant and temperature, respectively.

The permittivity of graphene can be stated as [36]

%) 6)

€g(w) =1 Y

where A is the thickness of graphene and ¢ is the free-space permittivity.
Figure 3 depicts the wavelength-dependence of bilayer graphene permittivity corresponding to
four different values of chemical potential 1, namely 0.1 eV, 1 eV and 2 eV, in the 3000—4000 nm
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Fig. 4: Transmission spectra corresponding to different values of 1, with Ry = 400 nm and R = 200 nm
under normal incidence.

wavelength band. We consider the thickness A of graphene as 0.9 nm in the present case. Figure
3a corresponds to the plots of the real part 3i(ey) of permittivity against wavelength, whereas Fig. 3b
illustrates the A-dependence of the imaginary part J(e4). We observe in these figures that, with the
increase in p, the M(ey) part becomes more negative (Fig. 3a), whereas J(e;) remains positive-
valued for all the chosen values of 1. (Fig. 3b). Figure 3a shows that %i(¢,) is positive corresponding
to ue = 0.1, and it remains in the range of ~10—20 as the wavelength is varied from 3000 nm to
4000 nm. For the other values of ., it becomes highly negative. For higher p.-values, the increase
in 1 also causes %(¢,) to be more negative. On the other hand, as Fig. 3b depicts, J(¢,) increases
with the increase in &, which becomes less prominent as the value of . is increased.

3. Results and Discussion

We now investigate the PIT characteristics of the proposed metasurafce configuration exploiting the
FDTD simulation technique in the 3000—4000 nm wavelength band of operation. For this purpose,
we consider the aforementioned three different values of chemical potential 1. (of graphene), and
the TM-polarized incidence radiation impinges the top HMM surface at the angle 6 having values as
0° (i.e., the case of normal incidence), 20° and 40°. We take two different kinds of fractal-like struc-
tures (of metasurface) to simulate, depending on the radii of nanospheres — Case 1: Ry = 400 nm,
R> =200 nm and Case 2: Ry = 500 nm, R> = 250 nm. As such, in these two illustrative cases, we
alter the dimensional features of central and surrounding nanospheres in certain proportion. We
now discuss the transmission characteristics obtained in these two parametric situations individu-
ally, considering the effects of u. and 6, as in the following:

Case 1: Figure 4 exhibits the dependence of transmission on the operating wavelength band,
when the parametric values in forming the metasurface are as R4 = 400 nm, R, =200 nm. To
obtain these plots, we consider three different values of ., namely 0.1 eV, 1 eV and 2 eV, and
the normal incidence (i.e., 6 = 0°) of TM-polarized waves on the top metasurface. We observe
that there exist two transmission peaks corresponding to the values of 1 close to 3300 nm and
3500 nm (on average) with the transmittance nearly 75% and 95%, respectively. However, some
ripples exist in the transmittance patterns, which may be attributed to the partial scattering of waves
by the silver nanospheres in the metasurface. We further observe that, corresponding to both the
stated wavelength values, the increase in . results in red-shifts in transmission peaks. Figure 4
also demonstrates that, near 3300 nm wavelength, low w, shows a little higher transmittance
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Fig. 5. Transmission spectra for different incidence angles, keeping n. as (a) 0.1 eV, (b) 1 eV and
(c) 2 eV, when Ry = 400 nm and R> = 200 nm.
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Fig. 6: Transmission spectra corresponding to different values of . with Ry = 500 nmand R = 250 nm
under normal incidence.
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Fig. 7. Transmission spectra for different incidence angles, keeping n. as (a) 0.1 eV, (b) 1 eV and
(c) 2 eV, when Ry = 500 nm and Ry = 250 nm.

than that observed for the use of high u.-values. However, we notice opposite behaviour near
3500 nm wavelength in terms of transmittance obtained for different u.-values. As such, we find
that graphene Fermi energy has impact on the transmission characteristics, though it is not highly
significant in the used range of A. It is also evident from Fig. 4 that the transmission patterns are too
broad, which justifies weak light-matter coupling in this case, and hence, the absence of PIT results
in.

Figure 4 illustrates the case of normal incidence. In order to observe the effect of incidence angle
on transmittance, we plot in Fig. 5 the wavelength-dependence of transmission, considering the
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Fig. 8. Electric field distributions in the unit cell of metasurface corresponding to the PIT peaks obtained
~3055 nm (a, b), ~3145 nm (c, d), and ~3610 nm (e, f) when . = 1 eV and incidence angle 6 as 20°
(as obtained in Fig. 5b). Figures a, c, e correspond to the bottom-surface E-field patterns; figs. b, d, f
correspond to the top-surface E-field.

oblique incidence (with 6-values as 20° and 40°) of TM-polarized incidence excitation as well, along
with the normal incidence. In this stream, Figs. 5a—c represent the cases of graphene chemical
potentials as 0.1 eV, 1 eV and 2 eV, respectively. We see in Fig. 5 that the oblique incidence
results in PIT, and four different PIT windows exist corresponding to the A-values nearly 3050 nm,
3150 nm, 3600 nm and 3950 nm; the transmission peaks keep increasing for larger wavelengths. As
stated before, the increase of i, causes very small red-shifts in PIT peaks. Interestingly, changes in
obliquity apparently do not introduce shifts in PIT peaks. It only affects the magnitude of transmission
instead, which decreases with the increase in incidence angle. Figures 4 and 5 make it explicit that
a normal incidence results in weak light-matter interaction. In contrast, the obliquity of incidence
contributes to relatively stronger coupling of light with matter. The obtained PIT windows are the
results of bright and dark modes coupling, and the transmittance varies from 45% to 75%. As such,
we notice that the first two PIT windows have relatively high Q -factor owing to the presence of sharp
peaks in spectral patterns. Within the context, the Q-factor is generally defined as Q = f,/FWHM
with f, and FWH M being the resonance frequency and full-width half-maximum (of the transmission
window), respectively. As such, a wider transmission window determines low Q-factor.

Case 2: Seeking the possibilities to increase transmittance, Fig. 6 exhibits the transmission
spectra in the case of Ry = 500 nm and R, = 250 nm in the feature of metasurface, considering the
normal TM-polarized incidence excitation and pu.-values as 0.1 €V, 1 eV and 2 eV. This figure exhibits
that the coupling of light with matter becomes strong in this case, and yields four PIT windows (that
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Fig. 9. Electric field distributions in the unit cell of metasurface corresponding to the PIT peaks obtained
~3065 nm (a, b), ~3145 nm (c, d), and ~3620 nm (e, f) when ., = 2 eV and incidence angle 6 as 20°
(as obtained in Fig. 5¢). Figures a, c, e correspond to the bottom-surface E-field patterns; figs. b, d, f
correspond to the top-surface E-field patterns.

correspond to four bright and dark modes) with the transmittance peaks at wavelengths nearly
3050 nm, 3150 nm, 3600 nm and 3950 nm. The ripples, as observed in Fig. 4, are also almost
eliminated in this case, which must be attributed to the increased fill-factor that results in reduced
scattering of waves in the metasurface. Further, the transmission windows become broader with
the increase in wavelength. However, those (transmission windows) are relatively sharp at low
operating wavelengths, thereby indicating relatively higher Q-factor. As observed in Case 1 before,
the increase in u, causes red-shifts in transmission peaks. Interestingly, the positions of peaks
do not alter significantly (with the changes in the feature of metasurafce) in this case; it is the
transmittance only that becomes more pronounced now (varies from ~62% to 85%). As such,
proportionate alterations in the dimensional features of nanospheres (in the metasurface) do not
alter positions of peaks in transmission spectra.

Figure 7 depicts the wavelength-dependence of transmittance for the normal as well as oblique
incidence of TM-polarized waves, considering the aforementioned chosen values of p, i.e., 0.1 eV,
1 eV and 2 eV; Figs. 7a—d illustrate the respective transmission characteristics. We find the PIT
properties as closely similar to what we observed in Fig. 5 representing the Case 1 for metasurafce
with smaller fill-factor. The only differences with larger fill factor (Fig. 7) are that the magnitudes of
transmission are increased in this case, and also, the situation of normal incidence too contributes
to strong field-matter interaction. Apart from these, the increase of chemical potential results in
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a little larger transmittance without altering the positions of transmission peaks. The reduction in
ripples in PIT spectra also suggests the use of larger fill-factor (in forming the metasurface) to be a
better choice.

Electric field distributions: Figures 8 and 9, respectively, show the two-dimensional (2D) electric
field distribution patterns of the unit cell in metasurafce corresponding to the PIT peaks obtained
in Figs. 5b and 5c for the respective values of chemical potential ;1 as 1 eV and 2 eV. As the
illustrative case, we consider the peaks obtained corresponding to 20° incidence angle. Also, we
plot the top and well as bottom surface E-field patterns. In all these plots, the stated dimensions in
the x- and y-directions determine the size of the unit cell. Within the context, the dimensional range
of simulation has been stated before in Section 2.

As we observe in Fig. 5b (corresponding to ., = 1 eV), the positions of the first, second and third
peaks appear very close to 3055 nm, 3145 nm and 3610 nm, respectively. In this figure, the first
and second peaks are very sharp, whereas the third peak has relatively wider FWHM value. This
becomes obvious in Fig. 8 as well; here Figs. 8a, c, e exhibit the bottom-surface E-field, whereas
Figs. 8b, d, fillustrate the top-surface E-field patterns. In all these plots, we see that the maximum
confinement of power takes place in the central portion of the unit cell.

Corresponding to the PIT related results in Fig. 5¢c obtained for u. = 2 eV, we observe that the
three peaks are positioned at the values of wavelengths close to 3065 nm, 3145 nm and 3620 nm.
Also, the FWHM values of these peaks increase with the increase in wavelength. Figure 9 exhibits
the bottom- (Fig. 9a, ¢, e) and top- (Fig. 9b, d, f) surface E-field patterns in the unit cell corresponding
to the positions of peak wavelengths, which exhibit the confinement characteristics of fields in the
metasurface.

4. Conclusion

The obtained results indicate that the effective permittivity of metasurface essentially depends on
the fill-factor of silver in forming the metasurface. Looking at the permittivity of graphene bilayer in
configuration, the real part of it becomes more negative with the increase in chemical potential (of
graphene); the imaginary part, however, remains positive in all situations. The obtained PIT spectral
characteristics determine that, among the two different dimensional features of silver nanospheres
in forming the metasurface (or the fill-factor), the case of lower dimensional values allows PIT to
occur for oblique incidence of TM polarized waves. This is very much evident from the sharp peaks in
transmission spectrum corresponding to oblique incidence, thereby presenting stronger light matter-
interactions. The doubling of nanosphere dimensions in metasurface makes the PIT phenomenon
to be stronger, along with increase in transparency. Further, the change in chemical potential does
not alter the positions of PIT peaks; it merely contributes to small increase in transparency. As such,
the results reveal on-demand kind of control over PIT of certain metasurface configuration through
altering the obliquity of incidence waves and chemical potential of graphene bilayer — the features
that may be harnessed for varieties of applications that include switching, sensing in environmental
monitoring and medical diagnostics, filtering and absorption of waves.
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