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Strong nonlinearity of plasmonic metamaterials can be designed near their effective plasma frequency in the
epsilon-near-zero (ENZ) regime. We explore the realization of an all-optical modulator based on the Au non-
linearity using an ENZ cavity formed by a few Au nanorods inside a Si photonic waveguide. The resulting modu-
lator has robust performance with a modulation depth of about 30 dB/pm and loss less than 0.8 dB for switching
energies below 600 fJ. The modulator provides a double advantage of high mode transmission and strong non-
linearity enhancement in the few-nanorod-based design. ~© 2018 Chinese Laser Press
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1. INTRODUCTION

Photonic integrated circuits (PICs) provide passive and active
functionalities to control the flow of optical signals, such as
spectral filters, optical multiplexers, electro-optical modulators,
photodetectors, and interferometers [1-6]. Silicon photonics
has proven to be an excellent platform for photonic integration
as silicon has a high refractive index (z ~ 3.4) and low optical
losses at telecom wavelengths, while its nanofabrication is
compatible with  CMOS industry standards, allowing for
direct compatibility with electronics [7—10]. Several electro-
optical modulators have been demonstrated on a Si platform
using resonant structures such as Mach—Zehnder interferome-
ters [9,10], waveguide-ring-resonator geometries [7], and a
hybrid Si-plasmonic platform [11,12] based on the application
of an electric field via electrical interconnections, thus limiting
the maximum modulation speed to a few tens of gigahertz.
All-optical modulation overcomes this barrier since it relies
on ultrafast nonlinear optical processes such as two-photon
absorption, free carrier heating, or the Franz—Keldysh effect,
achieving modulation speeds exceeding 100 Gbit/s [3-5,
12-16]. Nevertheless, nonlinear optical processes are generally
weak requiring a high energy per bit to be practically observ-
able. Recently, surface plasmon excitations in metallic struc-
tures have been used to reduce the energy requirement of
nonlinear optical processes, since the electric field is enhanced
in plasmonic nanostructures at sub-wavelength scales, allowing
efficient light—matter interactions [17]. Several approaches have
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already demonstrated the use of such an enhancement to
achieve nonlinear switching in various geometries including
plasmonic waveguides, particles, and nano-antennas, as well
as metamaterials [18—22]. In particular, hyperbolic plasmonic
metamaterials [23] have been shown to provide high-speed and
low-energy all-optical modulation in both free-space and inte-
grated geometries [24-28] owing to strong nonlinearity and
high sensitivity to refractive index changes. The metamaterial
waveguides also provide important opportunities for guided
mode dispersion engineering [28-31].

In hyperbolic metamaterials, the nonlinearity is particularly
enhanced in the so-called e-near-zero (ENZ) regime near the
effective plasma frequency [27], where one component of the
effective permittivity tensor of the metamaterial is vanishingly
small [Re(e) ~ 0]. Not only is the nonlinear optical response of
the metamaterial in this regime strong, but it can also be tuned
through the metamaterial’s geometrical design to the required
operating wavelength [25,32].

In this context, all-optical modulators using the concept of
hyperbolic metamaterials based on plasmonic nanorods
integrated with silicon photonics have been proposed [26].
In order to further reduce losses associated with the use of met-
als and subsequently reduce switching energy requirements and
modulation efficiency, the reduction of the number of metallic
meta-atoms [33] in a metamaterial modulator is desirable. This,
however, needs to be achieved while preserving the conditions
required for efficient modulation.
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In this paper, we explore the realization of an all-optical
modulator using an optically switchable cavity based on the
nonlinearity of Au nanorods embedded in a Si waveguide
and forming a metamaterial operating in the ENZ regime.
Using full-vectorial electromagnetic simulations, it is shown
that the effective medium theory (EMT), used for the descrip-
tion of the average optical properties of the metamaterial, is
still applicable for the description of the optical response of
the ENZ layers made of a metamaterial formed by only a
few nanorods. Metamaterial behavior has indeed been recently
experimentally observed with only a few meta-atoms in the
structure [30]. The designed integrated modulator has strong
nonlinear behavior with a switching energy of about 600 {] for a
modulation contrast of about 30% in a 340 nm x 300 nm x
180 nm device showing an insertion loss of about 0.96 dB.

2. RESULTS AND DISCUSSION

Figure 1(a) shows the schematics of the design of the switchable
ENZ cavity implemented in the Si waveguide. The ENZ layers
provide high reflectivity, resulting in a resonant cavity that al-
lows the resonant transmission of light at a wavelength depen-
dent on the cavity length. The two hyperbolic mirrors are
integrated in a single-mode silicon waveguide with a cross sec-
tion of 340 nm in height and 300 nm in width, and thus sup-
porting a fundamental TM-like polarized mode at a telecom
wavelength of 1.55 pm. The cavity’s length is designed for
the resonant transmission of this mode at the operating wave-
length. For the mode considered in this study, the component
of the permittivity tensor of the metamaterial forming the ENZ
layers can be modeled in a good approximation using the ef-
fective medium theory as e, = Ney, + (1 - N)eg;, where &g;
and ey, represent the permittivity of silicon (~12 at 1.55 pm)
and Au, respectively, and N = 7(a/p)? is the nanorod concen-
tration as calculated in a uniform medium with a nanorod
interdistance p and nanorod diameter 2z [34].
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Fig. 1. (a) Schematic of the modulator composed of two layers of
ENZ metamaterial integrated in a conventional Si waveguide and sep-
arated by a gap. (b) Design based on plasmonic nanorods. The fre-
quency to achieve the ENZ condition can be tuned by varying the
diameter of and separation between nanorods.

The cavity length between the ENZ layers needed to achieve
the resonant transmission of the TM mode is found by
simulating the waveguide transmission for different geometrical
parameters of the cavity at the chosen telecom wavelength. In
the first approximation, the transmission of the TM mode
through the multilayer system shown in Fig. 1(a) is simulated
using the transfer matrix method (TMM) [26]. Since the varia-
tion of either nanorod separation in the x direction or radius is
equivalent to a variation in the nanorod concentration, we fixed
the value p = 90 nm and evaluated the dependence of the
transmission varying the cavity length and the diameter of
the nanorod [Fig. 2(a)]. If the distance between the nanorods
in the direction perpendicular to the waveguide direction and
the gap have different values, the overall metamaterial inclusion
can also be considered as anisotropic in the xy-plane.

The ENZ condition of the homogenized metamaterial for a
diameter of 35 nm [Fig. 2(b)] separates two regimes of trans-
mission [Fig. 2(a)]. The transmission is high for nanorod diam-
eters smaller 35 nm (elliptic dispersion) but significantly
suppressed for nanorods with larger diameters (hyperbolic
dispersion). This can be understood considering the nanorod
concentration V. A relatively low concentration corresponds to
the former regime with an effective permittivity close to that of
silicon, and thus the TM mode propagates as if the metama-
terial was absent.

As the nanorod concentration increases and the effective
permittivity approaches that of the metal, the metamaterial
becomes more reflective, allowing the resonant transmission
of the TM mode at a given gap value, in the considered case
around 80 nm [Fig. 2(a)]. The same is true regarding losses,
which are related to the imaginary part of the effective permit-
tivity. The losses due to the presence of metal will also increase
with increasing concentration, so that only close to the ENZ
regime is it possible to obtain resonant behavior of the cavity
without a substantial drop in the transmission [Fig. 2(a)].
Thus, the best characteristics of the cavity with high reflectivity
and high resonant transmission can be achieved when the meta-
material operates in the ENZ regime.

To reduce absorption and insertion loss, the considered
metamaterial is composed of only a few nanorods [Fig. 1(b)].
Therefore, it is instructive to compare the applicability of the
EMT approach with full-vectorial numerical simulations [35]
taking into account the microscopic structure of the modulator
[Fig. 2(c)]. Interestingly, the EMT and microscopic simulations
have similar parametric dependence despite being applied to
only one layer of nanorods. The transition between the two
regimes of high and low transmissions is dictated by the
ENZ condition. The analysis of the mode intensity distribu-
tions shows that in the high-transmission state, the cavity mode
is built up between two layers of nanorods, and the transmis-
sion is high. In the low-transmission state, the mode is mainly
reflected. Due to the small number of Au nanorods involved,
the dissipative loss is minimal with about 20% of the mode
absorbed, and the cavity Q-factor reaches a value of 3 even
for this low nanorod concentration.

The resonant value of the cavity gap obtained using 3D
numerical analysis is about 180 nm [Fig. 2(c)], measured
between the nanorod axis. (The actual Si thickness measured
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Fig. 2. Transmission of the cavity for different nanorod diameters
and gaps. (a) TMM calculations. In this geometry, schematically
shown in Fig. 1(a), the nanorod metamaterial layers are replaced
by homogenenized layers of thickness corresponding to one unit cell
of the nanostructured metamaterial. (b) Dependence of the effective
permittivity of the metamaterial layer on the nanorod diameter.
(c) Full-vectorial 3D simulation of the transmission of the wave-
guide-integrated modulator for different nanorod diameters and gaps.
(d) Intensity distribution of the guided mode for (left) low- and (right)
high-transmission states occuring for the gaps of ~100 nm and
~180 nm, respectively. The nanorod diameter was set to 35 nm with
the distance between nanorods being 90 nm; the waveguide cross-
sectional dimension is 340 nm x 300 nm. All simulations were
performed at a wavelength of 1.55 pm.
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between effective metamaterial layer edges is 90 nm, which is
close to the value of 80 nm obtained using the effective
medium theory above.) The similarity of both the values found
and the behavior observed allows us to conclude that the effec-
tive medium theory can stll accurately model the optical
behavior of metamaterials composed of only a few nanorods,
which was also confirmed by the experimental measurements
of hyperbolic crystals based on plasmonic nanorods [30].

In order to realize all-optical modulation with the integrated
metamaterial-based cavity in a Si waveguide, we make use of
the dynamic tuneability of the ENZ frequency condition,
which can be achieved using the nonlinear response of Au
[24-27]. The nonlinear optical properties of the metamaterial
are modeled considering the nonlinearity of free electrons in Au
using the random phase approximation together with the two-
temperature model accounting for the dependence of electron
scattering on both electron and lattice temperatures [18,25,36].
In the infrared wavelength range, the predominant contribu-
tion to the Au polarizability comes from intraband transitions,
and, therefore, its permittivity can be reduced to a Drude-like
contribution:

ﬂ{%(TL)

- 5 1
a)[a) + iyintra(a)) TL) Tt)] ( )

e=¢elw T, T, = ey

where @, = 2.168 x 10" 57! is the Au plasma frequency,
Yinua (@, 11, T',) is the electron scattering rate, including both
electron—electron and electron—phonon scattering as a function
of the temperature of electrons (7°,) and lattice (7';), respec-
tively, and &, is the high-frequency limit of the permittivity
[18]. The electron temperature is determined by the equilib-
rium Fermi—Dirac distribution and modified by the absorption
of photons from a control beam, while the lattice temperature is
assumed constant, which represents a satisfactory approxima-
tion for the (sub-)picosecond timescales of interest in this study
[16,25]. Temperature effects in Si were neglected for the con-
trol light energies and timescales considered.

The switching of the modulator is determined by a control
pulse (~100 fs duration), which upon absorption by the meta-
material changes the electron temperature in the nanorods,
resulting in changes of the permittivity of Au [Eq. (1)]. This,
in turn, influences the optical properties of the metamaterial
and the cavity transmission. The latter process was simulated
assuming the ON (low-transmission) and OFF (high-transmis-
sion) state electron temperatures 7°,(ON) = 3000 K and
T,(OFF) = 300 K, which correspond to typical temperature
modifications in nonlinear femtosecond experiments with Au
and Au-based metamaterials [16,24,27]. Strong, up to 30%,
changes in the modulator transmission have been observed
(Fig. 3). In the ON state, the decreased transmission is mainly
due to increased ohmic losses. This is seen in Fig. 3 from the
intensity variations along the waveguide for the ON state. In
the ENZ regime the absolute value of the permittivity is close
to zero and, therefore, is very sensitive to any variation in the
imaginary part of the permittivity, influencing the Q-factor of
the cavity.

The performance of the ENZ cavity as an all-optical modu-
lator can be characterized in terms of both the total absorbed
energy needed to achieve the ON state from the OFF state and
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Fig. 3. Transmission spectra of the modulator in ON and OFF
states and the modulation depth obtained from full-vectorial simula-
tions for the resonance conditions shown in Fig. 2(b): nanorods with
35 nm diameter, 90 nm period, and 180 nm gap. Insets show the
guided mode intensity distributions along the waveguide modulator
at different wavelengths (1.1, 1.3, and 1.55 pm) and transmission
states for the mode propagating from the bottom to the top of the
waveguide.

the modulator’s insertion losses. The first can be calculated
assuming a uniform electron temperature across the nano-

rods [25,27]:
E=(1/2)C,T?Vnyz (2

where C, is the heat capacity of electrons (67.96 ] - m™ - K™2)
and Vgyz is the total volume of the nanorods. For the
modulator considered, a total energy of 600 f] is required to
achieve the increase of the electron temperature needed for
the 30% transmission modulation demonstrated above.
Additionally, the insertion losses evaluated for this geometry
are -10 log(7,,) = 0.8 dB and the extinction of about
-10 log(T',, - Tog) = 5 dB. This high value is a consequence
of the strong field confinement in the cavity, allowing a strong
modulation with a very small modulator size and low switch-
ing energy.

3. CONCLUSION

An all-optical modulator has been proposed, based on ultrathin
metamaterial mirrors made of a few Au nanorods, forming an
ENZ cavity inside a Si waveguide. The strong nonlinear optical
response of the optimized ENZ cavity allows all-optical switch-
ing and enables integrated nanoscale switches and modulators
in Si waveguides. A similar approach can be used for integrated
thermo-optical modulators [37] using the control of the lattice
temperature of metal.
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