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Abstract: A novel design of a tunable optical switch based on epsilon-near-zero (ENZ)
metasurface is proposed, which can work as an electro-optical or an all-optical switch, and
be tuned by gate-voltages, incident angles, and intensity of pump light. The result shows
that the coupling of the ENZ mode and plasmon resonance lead to an obvious Rabi splitting
which can be observed in the transmission spectrum. Numerical analysis also demonstrates
that the coupling belongs to the ultra-strong coupling regime. The proposed design can
achieve electro-optical switching with a large modulation depth of up to ~ 17 dB, all-optical
switching with an extinction ratio exceeding 5 dB and an ultrafast response time of 650 fs.

Index Terms: ENZ material, intergrated optics devices, indium tin oxide, metasurface,
optoelectronic materials, optical switch.

1. Introduction

Optical switches, as an essential component of optical logic gates and related devices, hold the
key to on-chip ultrafast optical connection networks as well as integrated photonic circuits [1]. The
current state-of-the-art design of optical switches includes photonic crystal nanocavities [2], [3],
surface plasmon polaritons [4], metamaterials [5], [6], microring resonators [7], [8] and etc. Their
outstanding performance include high switching efficiency and speed, low power consumption and
integration size, as compared to traditional electronic switches. However, challenges stem from the
materials of optical switches, including limited carrier densities (i.e., in silicon and indium arsenide),
untunablity (i.e., in metals and dielectric), relatively narrow spectral range (i.e., graphene), low
response speed, and complementary metal oxide semiconductor (CMOS) incompatibility [1], [9].

Recently, a novel class of materials with zero or near-zero permittivity at one or multiple wave-
lengths, known as epsilon-near-zero (ENZ) material, has become a research focus in photonics
[10]-[13]. It has been reported that ENZ materials exhibit many extraordinary optical properties,
including tunneling effects [14], transmission with constant phase [15], field enhancement [16],
strong coupling phenomena [17] and large nonlinear responses [18], [19], etc. The ENZ material
can be obtained in natural semiconductors or artificial metamaterials. Notably, transparent con-
ducting oxides (TCOs) is one of the most widely used ENZ materials, due to its unique application
potential.
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TCOs allow flexible electron densities from 10'° to 102! cm—2, thus offer a wide ENZ response re-
gion from ultraviolet to near-infrared spectral range [20]. Its ENZ wavelength is strongly dependent
on the electron densities, which can be tuned by applying electrostatic field [21] or optical pumping
[18]. Among TCOs, indium tin oxide (ITO) is the most studied ENZ media for integrated photonics.
ITO has revealed its advantages of tunability, CMOS compatibility, low cost, enhanced second-
[22] and third-harmonic generation [23], ultrahigh nonlinear Kerr and ultrafast response [13], [19].
Until now, many potential applications arising from ENZ behavior of ITO have been proposed or
demonstrated including perfect light absorber [17], [24], optical modulator [25], all-optical switch
[26]-[28]. However, the aforementioned devices can only operate in one single function, either by
applying different voltage or by optical pumping, which limits the application and potential of ITO in
integrated optical devices.

In this work, we propose a tunable dual-function optical switch (electro-optical and all-optical)
based on the epsilon-near-zero metasurface in the near-infrared region. The metasurface consists
of a cross-shaped array of gold, to support surface plasmon resonance, enhance the electric field,
and couple the normally incident light into the ENZ ITO material [12]. By incorporating the ENZ
ITO material, an obvious Rabi splitting is present in the transmission spectrum, which denotes
the coupling of the ENZ mode and plasmon resonance, and is crucial to the optical switching
functionality. It is demonstrated that the proposed coupled system belongs to the ultra-strong
coupling regime. Furthermore, this switch can be tuned by voltage bias, incident angles, and
intensity of pump light. When operating as an electro-optical switch, a modulation depth of 8 dB to
~17 dB can be obtained from 1.375 um to 1.545 yum. While as an all-optical switch, the proposed
dual-function switch can provide an extinction ratio (ER) exceeding 5 dB with an ultra-fast response
time of about 650 fs. The performance of our proposed structure is on par with those reported
recently (ER = 20 dB for ENZ electro-absorption modulator [29] and ER = 5.1 dB for ENZ all-optical
modulator [25]). More importantly, the highlight of our proposed design is that it could be used as
either an electro- or all-optical switch, bridging the two classes of optical switches for the first time.

This article is structured as follows. In Section 2, the structural design and the theoretical
methods used are introduced. In Section 3, the physical mechanisms and the structural design
analyses are presented. The performance of the proposed design as an electro-optical and an
all-optical switch is analyzed in Section 4 and Section 5, respectively. The paper is concluded by
Section 6.

2. Structural Design and Theoretical Models

Fig. 1(a) shows the three-dimensional (3D) schematic of the designed metasurface with ENZ ITO
materials. The metasurface consists of a cross-shaped array of 100-nm thick gold (Au) and 23-nm
thick ITO, with length, width, and periodicity of W = 50 nm, L = 450 nm, and P, = B, = 900 nm,
respectively, and placed on a 4-nm thick ITO nanofilm and a substrate of hafnium dioxide (HfO)
with a thickness of 50 nm. Opting for the high-k dielectric HfO, can provide a maximum amount
of charge accumulation under the same bias voltage compared with other dielectrics. The hollow
gold square underneath the substrate and ITO nanofilm functions as electrodes to apply different
voltage V.
The complex relative permittivity of Au and ITO can be described by the Drude model [30]:
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here, ¢ is the permittivity at the infinite frequency, w is the angular frequency of incident light, w,
is the plasma frequency, and I' is the Drude damping rate. It is worth mentioning that the plasma
frequency w,, is a function of the electron density N
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Fig. 1. (a) 3D schematic overview of the proposed structure, with a cross-shaped array of Au and ITO
located on top of an ITO nanofiim on the HfO, substrate. An x-polarized plane wave normally incident
on the metasurface. (b) Cross-sectional view of the structure in the x-z plane. The thickness of Au,
cross-shaped ITO, and ITO nanofilm are Ta, = 100 nm, T; =23 nm, and T, = 4 nm, respectively. The
HfO2 substrate is 50 nm thick. (c) The unit cell structure of the design on the x-y plane. The length,
width, and periodicity are W= 50 nm, L = 450 nm, and P, = P, = 900 nm, respectively.
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Fig. 2. The variation of the real (solid blue line) and imaginary parts (dashed red line) of the complex
permittivity, as a function of the wavelength. Re(¢) vanishes at Apnz = 1240 nm.

with m} the effective mass of the electron, e the charge of an electron, and ¢, the vacuum
permittivity.

We use experimental values for the Drude model parameters of Au and ITO. For Au, e, = 1,
the plasma frequency w, = 2r x 2060 x 10'2 rad/s, the Drude damping rate I' = 27 x 10.9 x
10'2 rad/s [31]. For ITO, es = 3.8055, w, = 2.97 x 10" rad/s, I' = 1.39 x 10'* rad/s [18]. Fig. 2
shows the calculated result of the complex relative permittivity of ITO. The real part Re(e) crosses
zero at 1240 nm, indicating the ENZ wavelength of ITO is Agnz = 1240 nm. The finite-difference
time-domain (FDTD) method (Lumerical FDTD solutions) is used to numerically analyze the optical
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Fig. 3. Transmission spectra for metasurface (a) without and (b) with ITO at different Ta,. The
schematic in each subfigure is the unit cell structure of the corresponding metasurface.

response of the proposed device. In the simulation, the perfectly matched layers (PML) absorbing
boundary conditions are used in the z-direction, while the periodic boundary conditions are used
in the x and y directions.

3. Physical Mechanisms and Structural Design Analyses

To explore the effect of ENZ ITO, we first calculate the optical response of the metasurface without
and with ITO, respectively. Fig. 3(a) shows the transmission spectrum of the simple cross-shaped
Au metasurface without ITO at different thickness Tx,. A clear dip can be observed in the spectrum,
resulting from the plasma resonance of the cross-shaped Au excited by the incident light. It is clear
that the plasma resonance is strongly dependent on the dimensions, increasing the thickness Ta,
from 50 nm to 150 nm leads to a blueshift of the dip over 220 nm corresponding to 24 THz. In
comparison, Fig. 3(b) shows the transmission curves for the device with ITO. The spectrum displays
a Rabi splitting with two dips of different resonance strength at the short and long wavelengths,
respectively, which is markedly different from that of the device without ITO. Furthermore, with the
increase of Ta,, the long-wavelength dip is blue shifted, while the position of the short-wavelength
dip remains almost unchanged within the ENZ zone. The main impact of the short-wavelength dip
is a change in ER (which is defined as —10LogioT), which reduces about 45%. Therefore, the
addition of ENZ ITO components are beneficial in forming the optical switching mechanism. This
is further represented in Fig. 4 which map the evolution of the resonance as the T, changes
over a large range. The black dashed line indicates the resonance wavelength of the simple cross-
shaped Au metasurface without ITO. As seen from Fig. 4 that the position of the long-wavelength
dip has a similar trend with the plasmon resonance of the metasurface without ITO, while the
short-wavelength dip is pinned at ~1.29 um. Such result implies that in the transmission spectra
of the device with ITO, the short-wavelength dip is related to the strong coupling of ENZ ITO, and
the long-wavelength dip is dependent on the plasmon resonance.

Next, we simulate respectively the field distributions of |E| and |H| corresponding to the short-
wavelength dip and the long-wavelength for Th, = 100 nm, to further investigate the physical
mechanism of the observed resonances. For the short-wavelength dip at 1.29 um, the |E| field is
mainly distributed on the edge of Au, strongly enhanced and confined into the ENZ ITO, as shown
in Fig. 5(a). Moreover, the |E| field abruptly ends at the interface of the ITO nanofilm and HfO,
substrate, indicating the excitation of the ENZ mode [32]. For the |H| filed distribution, Fig. 5(d)
shows that it is locally enhanced in the ITO, which is excited by the surface plasmon resonance.
However, from Fig. 5(b), it can be observed that the |E| field distribution of the long-wavelength
dip at 1.83 um leaks to ITO-HfO, and HfO,-Air interfaces, indicating a weak ENZ mode. The |H|
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Fig. 4. Transmission spectra of the metasurface with ITO as a function of Ta,. The black dashed line
indicates the plasmon resonance wavelength of the simple metasurface without ITO.
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Fig. 5. The |E| field distribution for (a) short-wavelength dip at 1.29 um, (b) long-wavelength dip at

1.83 um, and (c) transmission peak at 1.55 um. The |H] field distribution for (d) short-wavelength dip,
(e) long-wavelength dip, and (f) transmission peak.

filed distribution (Fig. 5(e)) at the same wavelength has a more obvious local enhancement than
that of the short-wavelength dip, owing to a stronger plasmon resonance. Figs. 5(c) and 5(d) are
the field distributions of |E| and |H| of the transmission peak between the short-wavelength and
long-wavelength (1.55 um), respectively. The electric and magnetic field strength become weak
compared to the short-wavelength dip and the long-wavelength dip. The light only weakly interacts
with gold and ITO in this case, which indicates the absence of field enhancement and results in the
strong transmission. Moreover, the field distributions of |E| at 1.55 um has leaked to ITO-HfO, and
HfO.-Air interfaces with weak intensity, which is similar to the long-wavelength, meaning that ENZ
mode gradually weakens from the short-wavelength to long-wavelength. The result reveals that
the short-wavelength and long-wavelength dips are efficiently excited by the coupling between the
ENZ mode and the plasmon resonance. It can be concluded that the ENZ mode and the plasmon
resonance play a leading role in the short-wavelength and long-wavelength dips respectively. In
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Fig. 6. Transmission spectra for (a) simple metasurface without ITO (bare cavity resonance) (a) and
(b) metasurface with ITO (the coupled system). (a) and (b) show the transmission spectra for various
L. Each spectrum is vertically shifted by 0.5 for clarity. (c) The evolution of the transmission spectra
of the metasurface with ITO as a function of L. The curves with blue and black circles represent the
short-wavelength and long-wavelength dip of the coupled system, and the blue dashed line represents
the plasma resonance wavelength of the bare cavity resonance.

addition, from the field distributions of |E|, the unchanged position of short-wavelength resonance
is the result of the strong interaction between the ENZ mode and the plasmon resonance [33].

To investigate the impact of the device’s geometry, the case of changing the length L is also
discussed. It is known that the optical response of antennas is strongly dependent on the dimen-
sions under the situation that incident light polarized parallel to the antenna length [34]. Therefore,
the different resonance of the structure can be observed with various L. Figs. 6(a) and 6(b)
illustrate the transmission spectra of the simple metasurface without ITO (bare cavity resonance)
and metasurface with ITO (the coupled system), respectively. Again, the plasma resonance and
the Rabi-splitting are observed in each spectrum. Fig. 6(c) shows the evolution of the coupled
system over a large varying range of L. The curves with blue and black circles represent the
short-wavelength and long-wavelength dip from the coupled system, while the blue dashed line
is the plasma resonance wavelength from the bare cavity resonance. When L is adjusted within the
range of 200 nm to 800 nm, a clear anti-crossing pattern occurs at the blue and black circles lines,
which characterizes the ultra-strong coupling [35]. Besides, the minimal splitting of the anti-crossing
line of the coupled system is 2Qr = 0.52 um for a cross-shaped length L = 440 nm, corresponding
to the bare resonance wavelength oy = 1.60 um. According to the ultra-strong coupling condition
Qr/wy > 0.1, a normalized coupling rate of (Qr/wg) = (0.26 «m/1.60 um) = 0.1625, placing the
proposed ENZ ITO metasurface coupled system into ultra-strong coupling regime [17].

4. Operation as an Eletro-Optical Switch

The electro-optical functionality is realized by tuning the electron density of ITO Niro via applying a
bias voltage. The hollow gold square and the ITO nanofilm shown in Fig. 1 are used as electrodes to
achieve tunable electro-optical switching by introducing additional free electrons in ITO. Additional
free electrons are accumulated in the cross-shaped ITO arrays and the ITO nanofilm to alter the
optical response by shifting the plasma frequency w, in Eq. (2). The state-of-the-art multi-gate
technology [36] in microelectronic industry, which is used to assume better control over the electric
switching operation by increasing the surface area of voltage application, can also be used here
to increase the thickness of the ITO accumulation layer and uniform the additional free electrons
distribution. Fig. 7 shows that, with the decrease of the electron density of ITO, the ER of the
short-wavelength dip becomes larger, and that of the short-wavelength dip becomes smaller. The
electro-optical switch can achieve a modulation depth of 8 dB to ~17 dB from 1.375 umto 1.545 um
by applying a bias voltage. Moreover, the switching between ON/OFF states, the modulation depth,
and the working wavelength of the switch can be tuned by different Niro, as demonstrated in
Fig. 8(a). When Niro = 1.06 x 102" cm~3, light can pass through and have a transmission of
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Fig. 7. The evolution of the transmission spectra of the tunable electro-optical switch as a function of
Nrro. The subfigure in top right corner is the modulation depth from 1.375 um to 1.545 um.
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Fig. 8. The performance in tunable electric-optical switches. At ON state, (a) Nyo = 1.06 x 102! cm=3,
(b) Niro = 9.65 x 102 ¢cm=3, and (c) Niro = 1.34 x10 2! cm=3. At OFF state, (a) Nyto = 1.10 x
1020 cm=3, (b) Mrro = 1.88 x 102° cm—3, and (c) Niro = 6.40 x 1029 cm~3. The modulation depths
are (a) 16.56 dB, (b) 15.33 dB, and (c) 9.4 dB at 1.51 um, 1.49 um, and 1.40 um, respectively.

0.74 (1.29 dB) at 1.51 um, which is the ON state. While when N;rq is tuned to 1.10 x 10%° cm=3
via applying a different bias voltage, the corresponding transmission is 0.016 (17.85 dB), which
corresponds to the OFF state. From Figs. 8(b) and 8(c), the switch exhibits a modulation depth of
15.33 dB and 9.4 dB at 1.49 um and 1.40 um, respectively.

5. Operation as an All-Optical Switch

On the other hand, the proposed device can be used as an all-optical switch. ENZ ITO can exhibit a
large nonlinear response near its ENZ wavelength. The real part of the nonlinear complex refractive
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Fig. 9. The calculated real part (a) and the imaginary part (b) of the complex refractive index of ITO.

index of ITO can be expressed as [18], [37]:
n=ng—+ ng(eﬁ)l, (3)

here ny is the linear refractive index part of ITO before excitation by the pump beam of intensity /,
and ny . is the effective nonlinear refractive index. The effective nonlinear absorption coefficient
is defined as [18]:

Aa
Bletty = - (4)

where A« is the change in attenuation constant induced by the pump beam of intensity /. The
absorption coefficient « is given by [37], [38]:
Ak

*=—, (5)
where « is the imaginary part of the complex refractive index of ITO. Based on the above formulae,
we calculate the real part and the imaginary part of the complex refractive index of ITO at / =5
GW/cm?, as shown in Figs. 9(a) and 9(b). In the calculation, the effective nonlinear refractive index
Ny (ofr) and the effective nonlinear absorption coefficient 85 .«+) are obtained from Ref. [18]. The real
part of the refractive index of ITO rises sharply and the imaginary part decreases near 1240 nm
when the incident angle of the pump light increases from 0° to 60°. And this ultrafast reversible
change in refractive index with a response time of about 650 fs. It can be expected that drastic
changes in the complex refractive index of ITO will cause ultrafast changes in the optical response
of the proposed structure.

Based on the mechanisms mentioned above, the tunable ultrafast all-optical switching of the
proposed structure is demonstrated. As shown in Fig. 10(a), a pump light of intensity /is incident
at an angle 0, to stimulate the nonlinear response near the ENZ wavelength of ITO. A probe light
is normally incident on the structure, and the switching operation is controlled by the pump beam.
With a pump light of / = 5 GW/cm?, the transmission of the all-optical switch in Fig. 10(b) becomes
larger when 6 increases. The transmission spectra vary from 0.16 to 0.52, which corresponds to an
ER exceeding 5 dB at 1240 nm. In addition, Fig. 10(c) reveals that increasing / results in a larger
transmission. Thus, the all-optical switch can be controlled by the pump light incident angle and
intensity. It is worth noting that the ER of the all-optical switch can be enhanced through applying a
different bias voltage, making it a hybrid switch. For performance verification, the linear response of
the metasurface can be measured by using a thermal light source and a custom-built transmittance
measurement system, and the nonlinear response of the metasurface can be measured by using
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Fig. 10. (a) Schematic of the all-optical switch based on the proposed structure. A pump light of intensity
lis incident at an angle 6, and a probe light is normally incident on the structure. The periodicity of the
unit cell is set as P, = P, = 750 nm. (b) The transmission of the all-optical switch under different pump
light incident angles 6, with an intensity / = 5 GW/cm?. (c) Transmission at a different intensity / when
6 = 30°.

a single-beam z-scan technique and a regeneratively amplified femtosecond laser pumped optical
parametric amplifier as the source laser [39].

6. Conclusions

We propose a tunable dual-function optical switch based on the ENZ metasurface. An obvious
Rabi splitting with two dips is observed in the transmission spectrum by introducing the ENZ ITO
material. It is found that the coupling between the ENZ mode and plasmon resonance gives rise
to the Rabi splitting, by means of analyzing the field distributions of |E| and |H| of the short- and
long-wavelength dips. The ENZ mode and the plasmon resonance play a leading role in the short-
and long-wavelength dips, respectively. The numerical results also demonstrate that the coupled
system in the proposed structure belongs to the ultra-strong coupling regime.

Additionally, the functionalities of tunable electro-optical switching and ultrafast all-optical switch-
ing are investigated based on the proposed optical design. The optical switch can be tuned by a bias
voltage, the incident angle, and intensity of the pump light. When operating as an electro-optical
switch, a modulation depth of 8 dB to ~17 dB from 1.375 um to 1.545 um can be achieved by
applying a bias voltage. When functioning as an all-optical switch, an ER exceeding 5 dB with
a response time of ~650 fs under the control of the pump light. Owing to these three flexible
controlling dimensions, the proposed optical switch shows great application potential in ultrafast
optical communication networks and integrated logical photonic circuits.
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