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Graphene-Based Hyperbolic Metamaterial Acting as
Tunable THz Power Limiter

Bartosz Janaszek , Anna Tyszka-Zawadzka , and Paweł Szczepański

Abstract—In this paper, we investigate the possibility of em-
ploying a graphene-based hyperbolic metamaterial as a tunable
optical power limiter and/or controllable laser noise suppressor for
terahertz frequency range. This is the first time that the mentioned
functionalities are obtained with a voltage-controlled nonlinear
hyperbolic metamaterial utilizing graphene. We believe that such
structures, feasible by means of planar deposition techniques, will
find practical applications in THz systems requiring optical power
limiting.

Index Terms—Graphene, hyperbolic metamaterials, nanostr-
uctures, optical properties, terahertz.

I. INTRODUCTION

T ERAHERTZ (THz) radiation is of outstanding interest in
both technology and science, offering unique applications

in a wide range of fields, such as imaging [1], [2], biosensing
[3], filtering [4], absorbing [5], information and communications
technology (ICT) [6], as well as electromagnetic waveguiding
[7], [8]. To expand the applications of terahertz radiation, new
materials and device designs are required. These will open up
new opportunities in further development of compact THz com-
ponents/systems for more efficient operation, detection, modula-
tion, and radiation generation. The development of intense THz
sources and their applications demands optical power limiters
(OPLs), i.e., optical components, that protect their sensitive
components, such as photodetectors and cameras, from damaged
caused by high-power radiation.

Since the first introduction of a parametric subharmonic oscil-
lator working as an OPL in 1962 [9] by Siegman, various mate-
rials, mechanisms, structures and devices have been considered
in this context, including semiconductors, photonic crystals or
structures supporting topological edge states [10], [11], [12],
[13], [14], [15], [16], [17], [18]. However, conventional OPL
solutions often reveal substantial shortcomings, such as a narrow
band of spectral operation, polarization sensitivity, and relatively
small transmission in on-state, which significantly limits their
practical applicability.
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More recently, to address the drawback of conventional THz
photonic devices, optical metamaterial platform has been em-
ployed [19], [20], [21], [22], [23], [24], [25], [26], [27], [28],
[29], [30], [31]. Due to their tailorable electromagnetic response,
optical metamaterials have been perceived as natural candidates
for many practical THz components such as modulators [19],
[20], [21], [22], polarizers [23], absorbers [24], [25], switches
[26], waveguides [27], [28]. In particular, hyperbolic metamate-
rials (HMMs), a special class of metamaterials characterized
with extreme anisotropy resulting in an unusual hyperbolic
dispersion, have been considered in many THz applications,
such as tunable spatial filtering [32], ultrabroad bandpass fil-
tering [33], controllable phase and amplitude modulation [34],
[35] as well as omnidirectional absorption [36]. Among them,
HMMs incorporating graphene, i.e., a two-dimensional lattice of
carbon atoms supporting highly tunable and low loss plasmon
propagation in the THz range [37], have been recognized for
their usability in constructing absorbers [5], [38], [39], difrac-
tionless lenses [40] and antennas [41]. Additionally, it has been
reported that non-linear properties of graphene may be employed
to achieve enhanced third harmonic generation [42], [43] or
coherent generation of THz frequencies [44].

Until now, a great majority of studies concerning optical
metamaterials were focused on achieving optical switching [45],
[46], [47], [48], [49], [50], [51]. Only a limited number of
publications in the field of optical metamaterials has covered
the subject of optical power limiting. So far, intensity-dependent
polarization rotation, which may be employed to obtain OPL,
has been demonstrated in a varactor-based chiral metadevice
[52]. Moreover, microwave metamaterials based on varactor
diodes have been proven to reveal narrowband power-dependent
transmission for frequencies near resonance [53], [54]. For
achieving enhanced optical power limiting a planar negative-
index metamaterial concept have been proposed [55]. At THz
frequencies semiconducting plasmonic metamaterials have been
successfully demonstrated to reveal saturable absorption, that
may be applied to achieve OPL functionality [56]. However,
due to employed physical mechanism, the presented structure
revealed relatively narrowband operation and high insertion loss
(up to 70% of light is transmitted in the on-state) [56].

In our work, we investigate planar hyperbolic metamaterial
with graphene as a plasmonic material as a mean to achieve
a tunable optical power limiter operating within THz spec-
tral range, that is able to cut off the transmission by re-
flecting radiation when optical power reaches and exceeds a
certain threshold level. Within our analysis, we consider a
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Fig. 1. Schematic of the proposed optical system (not in scale).

subwavelength lithography-free multilayer planar stack, which
can be fabricated by means of well-established deposition tech-
niques and reveal broader spectral range of operation than
resonator-based solution [57], while maintaining high trans-
mission in the on-state and complete rejection in the off-state.
Such optical power limiter can be employed to protect sensitive
optoelectronic components/systems, such as photodiodes, sen-
sors, from damage caused by e.g., high power laser radiation.
Moreover, by changing the biasing potential of graphene, the
dynamic control of threshold power is possible, that allows to
actively limit transmitted power for selected or given range
of THz frequencies. With a simple multilayer structure based
on graphene and polydimethylsiloxane (PDMS) polymer, we
show that through appropriate design of nonlinear HMM struc-
ture, new functionalities of hyperbolic metamaterials as tunable
self-limiting terahertz power limiter and/or controllable laser
noise suppressor are possible. We believe that the proposed
HMM-based power limiter could serve as a key component of
contemporary and future THz systems.

Our work is organized in the following manner: the next
section presents the theoretical background for our analysis,
including the description of the linear and nonlinear graphene
conductivity as well as the transfer matrix method (TMM), suit-
able for modelling propagation and transmittance/reflectance
characteristics in multilayered structures. The third section is
dedicated to the analysis and discussion of obtained results,
which includes analysis structural and geometry parameters,
which are important in design process, as well as verification of
spectral and directional properties of postulated optical applica-
tions. Finally, the last section contains summary and highlights
of the performed investigations.

II. THEORY

In our analysis, we consider a nonlinear HMM structure
consisting of subsequent ultrathin graphene-dielectric stacks,
with basic cell is composed of mono- or multi-layer graphene
and PDMS dielectric layer, deposited on a thick transparent
substrate, see Fig. 1

This section contains description of analytical models of con-
sidered materials, namely graphene and polydimethylsiloxane
(PDMS) polymer. Additionally, transfer matrix method, which

has been employed to describe propagation and to calculate
transmittance and reflectance characteristics of the considered
optical system, has been presented in this section.

A. Material Models

In THz spectral range graphene’s permittivity may be de-
scribed with a Drude type analytical expression

εg (ω, μc) = 1− j
σ (ω, μc)

ωεotg
, (1)

whereω is the pulsation of incident radiation, ε0 is the permittiv-
ity of vacuum, tg is the thickness of graphene layer, which equals
0.35 nm for a monolayer, and σ(ω, μc) = σL

intra + σL
inter +

|E0|2 · σNL
intra is the conductivity of graphene sheet, that consists

of three components in total, namely linear intra- σL
intra and

inter-bandσL
inter terms as well as Kerr-like nonlinear conductivity

σNL
intra in the intraband regime, that is proportional to the square

of the amplitude of impinging wave E0 [58], [59], [60].
In the absence of static magnetic field and weak spatial

dispersion, which is true for unshaped graphene sheets, linear
terms of graphene’s conductivity can be approximated as follows
[61]:

σL
intra = −j

e2kBT

π�2 (ω − 2j/τ)

(
μc

kBT
+ 2ln

(
e
− µc

kBT + 1
))

,

(2)

σL
inter =

−je2

4π�
ln

(
2 |μc| − (ω − 2j/τ) �
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)
, (3)

where ω is angular frequency of the incident electromagnetic
wave, μc is the chemical potential of graphene, e is the elemen-
tary charge, T = 300 K is ambient temperature, τ = 5e-13 is
the phenomenological scattering rate, kB is Boltzmann constant
and h̄ is the Planck constant. According to the recent experi-
mental studies [62], [63], two-photon absorption in graphene is
negligible, thus nonlinear conductivity may be presented in the
following form [59], [58]:

σNL
intra = −j

3

32

e2

π�

(evF )
2

μcω3
, (4)

where vF = 106m/s is the Fermi velocity [64]. It is worth to
underline that, since the nonlinear term σNL

intra is purely imagi-
nary and negative, it reveals self-focusing character. Moreover,
due to the fact that, 2nd order nonlinearity in graphene has been
demonstrated to be significant under certain conditions [65],
[66], [67], it can be expected that the overall optical properties
will be strongly affected by it.

In general, the chemical potential of graphene may be con-
trolled via passive factors, such as chemical doping, e.g., ex-
posure to NO2 gas [68], or active stimuli, such as temperature,
magnetic field and static voltage bias [69], [70], which can be
dynamically tuned. In this work, we employ voltage bias as a
factor controlling chemical potential of graphene. The relation-
ship between applied external voltage and chemical potential
may be described via Dirac-cone approximation [71]:

|μc| = �υF

√
π |a0 (Vg − Vdirac)|, (5)
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where Vg is the applied external voltage, Vdirac is the offset
bias voltage reflecting graphene’s doping or impurities, and
a0 = 9 × 1016 m−1V−1 is an empirical constant [72].

The dielectric material constituting the multilayer metama-
terial has been described as a transparent material with purely
real electric permittivity (εPDMS ≈ 1.78), which corresponds to
properties of polydimethylsiloxane (PDMS) within 0.2–4 THz
[73]. Finally, the optical parameters of substrate considered in
this paper has been also based on THz properties of PDMS,
which is highly transparent within considered spectral range.

B. Transfer Matrix Method

In this work, we use approach to transfer matrix method
proposed by Katsidis and Siapkas [74]. According to [74], the
amplitudes of electric field in each layer composing a multilayer
structure are related to each other by product of 2x2 matrices in
sequence. In the considered method, each layer is described with
a propagation matrix P, which connects the field amplitudes at
the left- and right-hand side of the layer, and for the (j-1)-th layer
may be written as follows:

Pj−1 =

[
exp (iδj−1) 0

0 exp (−iδj−1)

]
, (6)

where δj−1 = 2πk0nj−1dj−1cosθj−1 is the phase thickness of
the (j-1)-th layer with k0 being freespace wavevector, nj-1 is
refractive index of the layer, dj-1 is layer physical thickness,
and θj-1 is the angle of incidence. The considered multilayer
optical system also includes multiple interfaces between layers
and/or surrounding media, which are represented with product
of dynamical matrices D−1D, that for (j-1)-th and j-th layers can
be described as follows:

D−1
j−1 Dj =

1

tj−1,j

[
1 rj−1,j

rj−1,j0 1

]
, (7)

where rj-1,j and tj-1,j are the complex Fresnel reflection and
transmission amplitude coefficients, respectively. It is notewor-
thy that the form of the matrix product D−1

j−1Dj is invariant of
light polarization.

Thus, an optical system composed of 2N alternating layers,
that are deposited on a substrate and surrounded with air, may
be described via following transfer matrix

T = D−1
air D1P1D

−1
1 · . . . ·

D2NP2ND−1
2NDsubPsubD

−1
subDair, (8)

where Dair, Dsub, Psub, are dynamical and propagation ma-
trices of substrate and air surrounding the complete structure.
Additionally, under the assumption that substrate is thick enough
for light to not maintain coherence along the layer, it is possi-
ble to formulate intensity transfer matrix, which connects the
intensities of field at the left- and right-side of the structure [74][

E+
int,LHS

E−
int,LHS

]
= T int

[
E+
int,RHS

E−
int,RHS

]

=

[
Tint

11 Tint
12

Tint
21 Tint

22

] [
E+
int,RHS

E−
int,RHS

]
, (9)
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Finally, the transmittance and reflectance of the system are
given by the elements of the intensity transfer matrix

Tcoef =
1

T int
11

, (11)

and

Rcoef =
T int
21

T int
11

. (12)

It is worth noting that, since the input and output medium is air,
the transmittance power coefficient does not require equalization
of impedances.

III. RESULTS

Ideally, an operational power limiter should completely (or
partially) cut off transmission of signal when optical power
reaches and exceeds a certain threshold. Such functionality
is required to avoid damaging (often permanently) sensitive
optoelectronic components, e.g., photodiode. In this paper, we
investigate possibility of employing a metamaterial structure to
act as an efficient optical power limiter. For this purpose, we
analyze a metamaterial structure composed of N basic cells of
mono- or multi-layer graphene (Ng is the number of multilayers)
and PDMS dielectric layer, deposited on 2 mm thick PDMS
substrate, see Fig. 1. It is worth to underline that, since in our
analysis we primarily study influence of laser power over the
transmittance of the proposed system, the considered range of
light intensity (up to 25 MW/cm2) is achievable with a 0.8W THz
laser focused on area of 1 cm2, which is conceivable with
contemporary laser technology [75], [76], [77]. Thus, for better
insight, we use local intensity of electric field in our analysis,
which is an equivalent yet more intuitive representation than
electric field amplitude. For a monochromatic wave travelling
in vacuum, the local intensity may be calculated as follows [78]

I =
c0ε0
2

|E0|2, (13)

where c0 is the light speed in vacuum.
In the following section, we have presented sets of transmit-

tance and reflectance characteristics of the considered optical
system, see Fig. 1, that will allow us to assess the possibility of
employing hyperbolic metamaterial as an optical power limiter.
All demonstrated characteristics have been acquired with the
help models and TMM approach presented in the Section II.

A. Designing System Based on Nonlinear HMM

Firstly, we need to determine whether considered hyperbolic
metamaterial transmits THz signal for low power radiation,
i.e., linear regime I = 0 (on-state). For this purpose, we have
determined a set of spectral characteristics illustrating influence
of different structural and geometrical parameters on transmit-
tance, namely: thickness of dielectric layer tPDMS (Fig. 2(a)) and
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Fig. 2. Transmittance vs. frequency for various values of dielectric thickness
(a), number of graphene monolayers (b), number of basic cells (c) and voltage
biasing (d).

number of graphene monolayers in the unit cell Ng (Fig. 2(b)),
number of unit cells in the structure N (Fig. 2(c)), as well as bias-
ing voltage of graphene sheets Vg (Fig. 2(d)). Unless explicitly
stated otherwise in the plot legend, the characteristics have been
calculated for a set of fixed parameters: tPDMS = 10 nm, Ng = 1,
N = 10 and Vg = 10 mV.

It can be observed that thickness of the dielectric layer in the
basic cell has negligible influence on the overall transmittance
in the considered spectral range, see Fig. 2(a), which is caused
by the fact that the dielectric material is transparent within THz
range [73] and optical path length is too small for interference
effects to occur. Due to that, the fabrication process is less prone
to factors influencing nucleation and growth of the dielectric
layer, which significantly increase feasibility of the proposed
multilayer structure. On the other hand, increasing a number
of graphene monolayers in the basic cell leads not only to
higher complexity of fabrication process, but also significantly
decreases transmittance for whole considered spectrum, see
Fig. 2(b). Hence, to provide high level of transmittance for
low power signal, it is beneficial to limit number of graphene
monolayers in the basic cell. Similarly, reducing number of basic
cells may also lead to lower technological complexity and higher
transmission of low power optical signal, see Fig. 2(c). Finally,
the voltage biasing of graphene may be applied as a dynamically
controlled parameter, which adjusts level of transmittance for
low power signal. Typically, it is preferred to achieve high
transparency, thus maintaining low voltage biasing would be
more suitable, i.e., Vg = 10 mV, see Fig. 2(d).

An elevated level of transparency of considered structure for
low power THz signal can be achieved for a structure consisted
of a one basic cell N = 1 consisted of PDMS layer of arbitrary
thickness and a single graphene monolayer Ng = 1, which is
biased with low value of external voltage, e.g., Vg = 10 mV.

Now, let us investigate influence of those parameters on power
limiter functionality. For this purpose, we have calculated four
sets of characteristics illustrating transmittance as a function of

Fig. 3. Transmittance vs. light intensity for various values of dielectric thick-
ness (a), number of graphene monolayers (b), number of basic cells (c) and
voltage biasing (d).

light intensity for a signal of a sample frequency f = 2.5 THz,
which has been chosen arbitrary from the considered spec-
tral range, see Fig. 3(a)–(d). Again, the characteristics have
been plotted for different thickness of dielectric layer tPDMS

(Fig. 3(a)) and number of graphene monolayers in the unit cell Ng

(Fig. 3(b)), number of unit cells in the structure N (Fig. 3(c)), as
well as biasing voltage of graphene sheets Vg (Fig. 3(d)). For the
comparative purpose, the characteristics have been calculated
for the same set of fixed parameters as in the case of low power
signal: tPDMS = 10 nm, Ng = 1, N = 10 and Vg = 10 mV, unless
explicitly stated otherwise in the plot legend.

It can be observed that power limiter functionality, i.e., sig-
nal transmission inversely proportional to its intensity, may be
achieved in the considered class of structures for any combi-
nation of parameters, see Fig. 3(a)–(d). Additionally, by proper
choice of those parameters, it is possible to shift power threshold,
i.e., a value of power intensity for which transmittance is at
half maximum, and change the slope of transition between
on-state (high transparency for low power signal) and off-state
(Tcoef ≈ 0). Again, it can be noticed that thickness of dielec-
tric layer has negligible impact on overall transmission, see
Fig. 3(a). Thus, there is no need for precise control of its thick-
ness during manufacturing process. By increasing the number
of graphene sheets in the basic cell, it is possible to achieve
lower power threshold with higher slope, but transmission level
in the on-state is strongly suppressed, see Fig. 3(b). Similar
effect may be obtained with increasing the number of the basic
cells in the structure, see Fig. 3(c). It is worth to underline,
however, that both methods may substantially complicate the
manufacturing process. Finally, the power threshold and slope
may be dynamically adjusted by changing the biasing voltage,
see Fig. 3(d). In particular, increasing applied voltage leads to
higher power threshold and less steep slope. In general, it can be
observed that low value of power threshold coincides with high
steepness of the slope, see Fig. 3(a)–(d), which may be benefi-
cial for the considered application. However, for power limiter
functionality, it is also advantageous to avoid unnecessary loss
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Fig. 4. Transmittance vs. frequency of the signal for a standalone structure
suspended in air (a) and deposited on a high-purity Si substrate (b).

of signal in the on-state. Thus, an HMM structure revealing
such functionality should be biased with low external voltage,
e.g., Vg = 10 mV. Again, the choice of PDMS layer thickness
is arbitrary, due to its low impact on the RT characteristics.
On the other hand, the selection of number of basic cells N
and number of graphene monolayers Ng is characterized by a
trade-off between the high level of transparency in the on-state
and high steepness of the slop, see Figs. 2(b), (c) and 3(b),
(c). Thus, the set of parameters, which will be used in the
further analysis and allows the considered optical system to
operate in suboptimal condition, has been chosen as follows:
tPDMS = 10 nm, Ng = 1, N = 10 and Vg = 10 mV.

For considered class of structure, there is a trade-off between
the level of transparency for low-intensity light and the steepness
of the transition between on- and off-states as indicated in
Figs. 2(a)–(d) and 3(a)–(d). Thus, for a chosen frequency, both
of those quantities can be adjusted by selecting appropriate
value of voltage biasing and/or number of basic cells. Due to
optical loss introduced by graphene, this issue is of paramount
importance for light of frequency lower than 2.5 THz. Thus, to
avoid unnecessary attenuation, it may be beneficial to reduce the
number of basic cells at the cost of slope steepness.

Ideally, the presence of an optical limiter in the optical system
should not introduce any insertion loss. In the considered struc-
ture, the amount of signal that is lost is determined by the level
of transmittance in the on-state, which, due to negligibly small
dimensions of the HMM structure in comparison to wavelength
considered, is primarily dependent on the impedance mismatch
between air and substrate medium, see Fig. 4(a)–(b). In partic-
ular, it can be observed that the considered HMM structure,
that is “suspended” in the air, reveals much lower insertion
loss in comparison to a structure deposited on a high-index Si
substrate [79], compare Fig. 4(a) and (b). Thus, employing a
suitable anti-reflective coating would further improve the overall
performance of the device.

In general, the considered class of structure may efficiently
cut-off high power radiation. Moreover, obtaining low power
threshold and/or steep slope transition between on- and off-state
for a given frequency is possible but requires a proper choice
of structural and geometrical parameters of the metamaterial
structure, as indicated in the performed analysis.

B. Optical Power Limiter: Spectral and Directional Properties

Until now, the analysis has been performed for either a single
frequency or low optical power. To confirm whether the optical

Fig. 5. Transmittance vs. frequency of the signal for various light intensities
(a), transmittance vs. light intensity of the signal for different frequencies (b).

Fig. 6. Transmittance (a) and reflectance (b) vs. light intensity of the signal
impinging at different angles. Color plots of transmittance (c) and reflectance
(d) vs. light intensity (x-axis) and angle of incidence (y-axis).

power limiter functionality may be obtained within the whole
considered spectral range, we have calculated transmittance
characteristics for signals of different levels of light intensity and
frequencies, see Fig. 5(a)–(b). It is worth to underline that the
considered optical system is still based on previously determined
set of parameters, i.e., tPDMS = 10 nm, Ng = 1, N = 10
and Vg = 10 mV, that provides a suboptimal power-limiting
performance.

As we can see, increasing light intensity of signal leads to
lower transmission within the considered spectral range, see
Fig. 5(a). It can be observed that, higher frequency signals
reveal higher power threshold, Fig. 5(b). Thus, larger level of
power is required to achieve complete cut-off of the signal
(Tcoef ≈ 0). Nevertheless, the proposed structure reveals optical
power limiter functionality within the considered THz spectral
range.

Thus far, we have investigated only transmission of the pro-
posed device solely at normal incidence. To fully validate ap-
plicability of the structure, we have also investigated reflectance
and transmittance for a 2.5 THz signal impinging at different
angles, see Fig. 6(a)–(d).

It can be observed that the desired power-dependent trans-
mittance and reflectance properties of the structure are perfectly
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Fig. 7. Transmittance (a,c) and reflectance (b,d) vs. light intensity plotted for
different angle of incidence of the signal of various polarization: TE- (a,b) and
TM polarization (c,d).

preserved over large angle of incidence, up to θinc = 45°,
see Fig. 6(a)–(d). Additionally, the structure reveals very low
absorption <1% (Acoef ≈ 1 – Rcoef – Tcoef < 0.01) for light
intensity larger than I > 4.5 MW/cm2. Thus, the proposed
structure efficiently reflects signal of excessive power, instead
of dissipating/absorbing impinging radiation, which allows to
avoid damaging the structure.

Typically, an HMM structure reveals strong anisotropy, which
may deteriorate functionality of the proposed structure in case
of polarized light. To investigate that phenomenon, a set of
characteristics illustrating power-dependent transmittance and
reflectance for TE and TM-polarized waves imping at different
angles have been calculated, see Fig. 7(a)–(d).

Again, substantial alteration of power limiter functionality for
both polarizations occurs only for large angle of incidence, i.e.,
in case of θ0 = 75° power threshold is shifted for TE-polarized
waves, see Fig. 7(a) and (b), while overall level of transmittance
is much lower for light of TM polarization, see Fig. 7(c) and (d).
However, for smaller angles, i.e., θ0<45°, the desired perfor-
mance is still well preserved. Thus, the proposed structure may
be considered as polarization invariant, up to θ0<45° angle of
incidence, which extends applicability of the considered system
to sources of polarized radiation.

C. Two Modes of Operation: Tunable Optical Power Limiter
and Laser Noise Suppresser

Until now, it has been demonstrated that the considered hyper-
bolic metamaterial structure based on graphene reveals power-
dependent transmittance and reflectance within 0.4–4 THz spec-
tral range and wide angle of incidence, up to θ0<45. For the
same set of structural parameters, i.e., tPDMS = 10 nm, Ng = 1
and N = 10, this behavior allows us to employ the considered
structure as an optical power limiter, that transmits signal of
power below certain power threshold and rejects signals of
higher power, see 8(a). What is more, the proposed structure
cuts off the excessive power by reflecting radiation rather than

Fig. 8. Proposed optical setup schemes for operation as a power limiter (a)
and a laser noise suppressor (b).

absorbing it, which limits possible damage of the structure, i.e.,
the proposed structure perfectly (Rcoef ≈ 1) reflects radiation
of higher intensity (I > 10 MW/cm2), see Fig. 7(a)–(d). The
efficient power-dependent reflectance also creates opportunity
to employ that structure as a mirror reflecting only signal of high
power, see Fig. 8(b). In the considered optical setup, the same
HMM structure would “reject” low power signal by transmitting
away from the receiver. On the other hand, optical signal with
power above given threshold will be “accepted” by redirecting
(reflecting) towards the receiver, see Fig. 8(a). Due to that, the
considered structure can be employed in applications requiring
rejection of low power optical signal, such as elimination of
excessive noise that is generated in a laser operating below lasing
(power) threshold.

Additionally, due to the sensitivity of graphene to exter-
nal static bias, it is possible to dynamically adjust the power
threshold of a single structure by changing voltage biasing. To
illustrate that functionality, we have calculated characteristics
of power-dependent transmittance and reflectance for a single
structure operating under different values of applied voltage,
see Fig. 9(a)–(b). In particular, it can be observed that for the
considered structure, it is possible to shift the power threshold
from I ≈ 3 MW/cm2 to I ≈ 8 MW/cm2.

Therefore, the proposed structure may operate in transmission
mode, see Figs. 8(a), 9(a) and (c), as tunable optical power
limiter that reflects signal of power exceeding certain power
threshold or in reflection mode, see Figs. 8(b), 9(b) and (d), as
a laser noise suppressor, that rejects signal below chosen power
(e.g., lasing) threshold. It is worth to reiterate, that the crucial
operational parameters, such as transmission for low-intensity
light, threshold intensity and slope steepness, may be further
optimized for selected frequency or range of frequencies by
choice appropriate number of basic cells, graphene monolayers
or applied voltage.

D. Feasibility Analysis

It is worth to underline, that considered constituent mate-
rials, i.e., graphene and PDMS, are chosen as an example to
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Fig. 9. Transmittance (a) and reflectance (b) vs. light intensity of the signal
for various values of voltage biasing. Output power for the considered structure
working in T- (c) and R-mode (d) plotted vs. input power.

demonstrate more general functionality of nonlinear HMM and,
thus, may be substituted with materials revealing similar optical
properties within chosen spectral range and/or lower optical
absorption. Moreover, both considered materials, as long as
their characteristics dimensions are larger than the considered
wavelength, may be considered local and isotropic. However,
to better realize the potential of the presented device, it is
purposeful to shortly discuss its feasibility. It is worth noting, that
similar multilayer stacks of graphene-based structures have been
successfully fabricated and their tunability have been proven
experimentally [80], [81]. The graphene monolayers can be
deposited on Cu substrate with the help of CVD [81] and then
mechanically transferred onto dielectric layer with the use of
standard or acetic acid method [82]. Subsequent basic cells
may be deposited in a step-by-step manner. It is also worth
noting that, application of graphene as a plasmonic material,
allows us to obtain tunability of the complete HMM structure
by controlling its chemical potential with change of temperature
and static magnetic or electric field [69], [70]. In the considered
case of voltage-dependent tunability, additional layers acting as
transparent electrodes at top and bottom of the HMM structure
are required. Thus, considered HMM structure with electrodes
is electrically equivalent to a double gate plate capacitor. The
speed of tuning is limited by charge accumulation effect in the
capacitor, i.e., the τ = RC time constant of the capacitor, which,
for a structure constructed of N = 10 basic cells with monolayer
graphene and 10 nm dielectric layer and A≈1 cm2 electrode
area, is of the order of several nanoseconds.

IV. CONCLUSION

Over the course of this paper, we have demonstrated the pos-
sibility of employing graphene-based hyperbolic metamaterial
as a tunable optical power limiter (transmission mode) and/or
controllable laser noise suppressor (reflection mode) operating
in THz spectral range, which is of paramount importance in

optical system and components, that are susceptible to excessive
signal power or noise. The proposed class of structures, due
to voltage sensitivity of graphene, also offers a possibility of
dynamic tuning its properties. Another significant advantage
of graphene-based structure is simultaneous existence of plas-
monic and strong nonlinear response within THz spectral range,
which is crucial in the considered application. Due to that, the
power threshold of a single structure may be adjusted to desired
value by applying appropriate voltage. Moreover, we have pre-
sented that nonlinear hyperbolic metamaterials reveal consid-
ered functionalities over 0.2–4 THz band and wide acceptance
cone, up to θ0 = 45° angle of incidence, while maintaining high
power transmission in the on-state, which may be considered
as a significant improvement in comparison with conventional
resonator-based solution [15], [57]. Within our analysis we have
also indicated that, crucial parameters, such as power threshold
and steepness of the slope between on- and off-state, may be
further adjusted by proper choice of structural and geometrical
parameters of considered optical system structure, while main-
taining high transmittance level in the on-state and resilience
to the angle of incidence. We strongly believe that, due to
relatively low sensitivity to precise layer deposition, broadband
spectral operation range and low absorption, the proposed class
of nonlinear metamaterials may be successfully employed in
practical THz applications requiring optical power limiting.
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