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A novel scheme for the design of an ultra-compact and high-performance optical switch is proposed and inves-
tigated numerically. Based on a standard silicon (Si) photonic stripe waveguide, a section of hyperbolic meta-
materials (HMM) consisting of 20-pair alternating vanadium dioxide �VO2�∕Si thin layers is inserted to realize
the switching of fundamental TE mode propagation. Finite-element-method simulation results show that, with
the help of an HMM with a size of 400 nm × 220 nm × 200 nm (width × height × length), the ON/OFF switch-
ing for fundamental TE mode propagation in an Si waveguide can be characterized by modulation depth (MD) of
5.6 dB and insertion loss (IL) of 1.25 dB. It also allows for a relatively wide operating bandwidth of 215 nm
maintaining MD > 5 dB and IL < 1.25 dB. Furthermore, we discuss that the tungsten-doped VO2 layers could
be useful for reducing metal-insulator-transition temperature and thus improving switching performance. In gen-
eral, our findings may provide some useful ideas for optical switch design and application in an on-chip all-optical
communication system with a demanding integration level. © 2017 Chinese Laser Press

OCIS codes: (130.4815) Optical switching devices; (230.3120) Integrated optics devices; (160.3918) Metamaterials.
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1. INTRODUCTION

Recent years have seen promising development of photonic
devices that are based on a great variety of functional micro-/
nano-structures and conventional or alternative plasmonic mate-
rials, which include optical interconnects, modulators, detectors,
splitters, switches, mode converters, lasers, and so on [1–7].
Among them, it is still a challenge for the full implementation
of all-optical switches because they are always expected to feature
milliwatt power consumption, picosecond switching time, and
tenth-decibel insertion loss (IL). In addition, we also characterize
all-optical switches with high compactness and large modula-
tion depth (MD) in an on-chip optical communication system
[8]. Researchers have performed numerous numerical and exper-
imental work on switch design utilizing the resonance cavity
effect [5], optical interference [9], phase-change property [10],
light saturation absorption [11,12], and so on. As we all know, in
the near-infrared region, conventional metals (e.g., gold, silver,
copper, and aluminum) are extensively used in photonic devices
due to their good plasmonic behavior and low optical loss, de-
spite the fact that they have low melting temperature, relative
softness, and metal contamination to surrounding mediums
in the form of ion diffusion [13]. Nevertheless, the promising
alternative plasmonic materials have greatly surprised us because

of the tunable optical property, CMOS-compatibility, chemical
stability, and high-temperature durability [14]. They could be,
for example, transition metal nitrides (e.g., titanium nitride,
zirconium nitride, hafnium nitride), transparent conducting
oxides (e.g., indium-tin-oxide, aluminum-doped zinc oxide,
germanium-doped zinc oxide), phase-change materials [e.g.,
vanadiumdioxide (VO2)], 2Dmaterials (e.g., graphene, hexago-
nal boron nitride), or high-doping semiconductors (e.g., silicon,
germanium) [14–18]. Furthermore, these plasmonic materials
are widely used in combination with specific dielectrics.
Specifically, we can use gold/silver combined with alumina in
ultraviolent regions, gold/silver combined with titanium oxides
in visible regions, titanium nitride/indium tin oxides combined
with silicon or silicon dioxide in near-infrared regions, and
indium-gallium-arsenide/graphene combined with alumina in
mid-infrared even terahertz regions [19].

The material ofVO2 is essential for applications in all-optical
computing, optical communication, and smart laser shielding for
military use. Among a series of vanadium oxides with variable
valence (e.g., V2O3, V2O5), the distinct feature of VO2 is the
reversible metal-to-insulator transition (MIT) behavior at a criti-
cal temperature of aboutTMIT � 340 K (68°C),which brings in
sharp optical contrast fromhigh transmittance to reflectance with
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greatly varied permittivity for a near-infrared light wave [20].
This is because, with room temperature approaching to TMIT,
the lattice structure of a VO2 film will change from monoclinic
insulating phase to a tetragonal metallic phase, which causes its
electrical conductivity increased by several orders of magnitudes.
The optical property ofVO2 film can be tuned thermally, electri-
cally, magnetically, and by strain [21]. Furthermore, we could
probably promote electrical and optical properties of VO2 by
manipulating its TMIT. The tunability significantly facilitates
the development of room-temperature infrared detection and
optical switching.

In this paper, to remove complex and bulky structures, we
propose that the silicon photonic (Si) waveguide inserted with
a section of hyperbolic material (HMM) can be exploited as an
optical switch. On the one hand, HMM is an artificial structure
with manageable electromagnetic properties that cannot be ob-
tained from conventional structures. Merely the most basic
structure consisting of alternating metal/insulator layers can
induce a strong absorption effect or become transparent to an
incoming light wave [22]. On the other hand, the HMM struc-
ture greatly contributes to complete light–matter interaction.
Therefore, propagation of the dominant TE mode in the Si
stripe waveguide can be controlled by a well-designed HMM.
The designed structure can achieve ON/OFF switching func-
tionality after laser irradiation [23]. Alternatively, theVO2 layers
also can be extended to contact with metal electrodes for active
electric control. To the best of our knowledge, the proposed op-
tical switch has been neither studied nor previously reported.

2. NUMERICAL SIMULATION

A. Design and Modeling
Figure 1 shows a schematic view of the proposed optical switch
without keeping the geometry ratio. With embedded VO2

layers, the Si stripe waveguide (WG) has a standard cross-section
ofW ×H � 400 nm × 220 nm, with length of Lin � LHMM�
Lout. It can be divided into three parts: input WG1 with
Lin � 1 μm, HMM structure with LHMM � �dm � dd � × N ,
and output WG2 with Lout � 1 μm. The parameters of dm,
dd , andN indicate the length of aVO2 layer, length of a Si layer,
and number of VO2∕Si pairs, respectively. Considering device
compactness, we vary the values of dm and dd from 5 to 55 nm,
and set N � 20. Performed in the wave-optics module of
COMSOL Multiphysics software, finite-element-method
boundarymode analysis combinedwith perfectlymatched layers
is used to solve the 2D model, as shown in Fig. 1(b). Numerical
port is set to launch the dominant fundamental TE mode.
For the accuracy and convergence of simulation results, we dis-
cretize the device structure using high-quality mapping mesh
and boundary layer.

The refractive indices of Si, SiO2, and air are set as 3.48, 1.45,
and 1, respectively [24]. Here we use experimental refractive
index (ñ � n� ik) of ñexp�M� � 2.1313� 2.844i for the
metallic VO2 after MIT process and ñexp�D� � 3.1309�
0.3612i for dielectric VO2 in normal state [25]. Based on the
effective medium method [26,27], we can consider the 20-pair
VO2∕Si layers as a section of HMM, with optical property
characterized by the effective tensor parallel {εx � 1∕�ρ∕εm�
�1 − ρ�∕εd �} and perpendicular [εy � ρεm � �1 − ρ�εd ] to the

anisotropy axis (x axis in our model). The metal filling factor
of ρ � dm∕�dm � dd � is set as 0.5 for ease of control. Note that
for a material, the real part n indicates impedance matching,
while the imaginary part k indicates absorption ability.

Next, we use three performance indices to evaluate the
optical switch [2,5]. We first denote the x component of
power flux density as Poavx. Then the optical power input/
output the optical switch is calculated as the integral value
of Poavx along boundary S1/S2, which is labeled as Pin∕Pout

in Fig. 1(b). Accordingly, the TE mode transmittance
is defined as TON�D� � PD

out∕PD
in for “ON” state and

TOFF�M� � PM
out∕PM

in for “OFF” state. Therefore, perfor-
mance indices of MD and IL can be calculated by expressions
of MD � �TON − TOFF�∕TON �dimensionless�∕MD �dB� �
10 log10�TON∕TOFF� and IL�dB��−10log10�TON�, respec-
tively [5]. We also calculate the operating bandwidth (BW) that
is a wavelength range maintaining MD > 5 dB. An optical
switch with MD higher than 5 dB is sufficient and practicable
as validated in Ref. [10].

B. Results and Discussion
We first explore how absorption losses caused by k of ñexp�M�
and ñexp�D� control the switching performance. In Fig. 2(a),
for k of ñexp�D� varying from 0.0 to 0.5, all TON (D) rapidly
decrease as VO2 layer length dm increases. Note that nearly
perfect transmission efficiency can be obtained when k � 0
due to good impedance matching and zero absorption loss.
Furthermore, shorter HMM can cause fewer losses to the TE
mode. In Fig. 2(b), the curve of MD shows a different tendency
with that of TON (D) due to the great impact of ñexp�M � on
TOFF (M ). As a result, we can design a high-performance op-
tical switch by following the MD index (note that the IL is not
considered here).

Fig. 1. (a) 3D and (b) lateral view of the proposed optical switch
inserted with an HMM structure consisting of 20-pair alternating
VO2∕Si layers on a glass substrate.
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Then we make an intuitive presentation of the “ON”/
“OFF” switching by plotting the norm electric field distribu-
tion, as shown in Fig. 3. We base the following simulation on
an ultra-compact HMM with dm � 5 nm (LHMM � 200 nm).
It can be clearly seen that, for the “ON” state, the TE mode can
pass throughWG2 with an undistorted field profile and slightly
weakened field intensity. However, for the “OFF” state, the
field intensity of TE mode is rapidly reduced. Furthermore,
as shown in Fig. 4, we plot the Poavx distribution and total

electromagnetic losses caused by HMM. Figure 4(a) shows
the normal propagation without radiation. In the “OFF” state,
it is indicated that the TE mode is effectively isolated by the
HMM with little radiation power. This means a lot to the in-
tegration with other components because it could cause little
crossing disturbance.

Next, we explore the propagation loss mechanism of the
HMM inserted Si waveguide. The losses of the TE mode can
be caused by HMM-induced absorption, reflection, and radi-
ation. Figure 5 illustrates that HMM will cause zero/little re-
flection to the TE mode when it operates in the “ON”/“OFF”
state. Two points are worth mentioning: first, seeing that the
effect of k on TON (D) has been simulated in Fig. 2(a), here we
use ñexp�D� � 3.1309 in Fig. 5(a), which is helpful in explain-
ing the impedance matching. Regardless of the difference of
refractive index between Si (3.48) and dielectric VO2 (3.1309),
the switch can still perform well with a 2.2 μm long HMM.
Second, the reflection curve obtained from Fig. 5(b) well ex-
plains the standing pattern inWG1 from Fig. 3(b). Furthermore,
Fig. 6 gives an intuitive view of the electric field intensity dis-
tribution, which indicates that the power radiated into surround-
ing mediums is negligible. We therefore conclude that the
propagation loss is mainly resulted from absorption. It can
be explained by the effective relative permittivity of HMM.
Calculation results show that the HMM structure will present
an anisotropic optical property with εx � 4.2823� 6.06i and
εy � 12.818� 16.14i (ny � 2.4191� 1.253i) when VO2

behaves as a metal. As a result, for one thing, the noticed re-
flection in Fig. 5(b) is due to the reduced refractive index from
3.48 to 2.4191 at the WG1∕HMM interface. For another

Fig. 2. (a) Transmittance diagram of TON based on dielectric VO2

layers with varying k of ñexp�D�. (b) Using the same dielectric VO2

layers with constant ñexp�D� � 3.1309� 0.3612i, relationship curve
of MD-dm is calculated based on metallic VO2 layers for different k of
ñexp�M�.

Fig. 3. Electric field distribution of TE mode propagation for
(a) “ON” and (b) “OFF” state with zoom-in views of the HMM
structure.

Fig. 4. Power flux density Poavx distribution of TE mode propaga-
tion for (a) “ON” and (b) “OFF” state with zoom-in views of the
HMM structure.

Fig. 6. Electric field intensity distribution in an optical switch
in“OFF” state with different HMM length of (a) LHMM � 200 nm
(dm � dd � 5 nm) and (b) LHMM � 600 nm (dm � dd � 15 nm).

Fig. 5. Transmission diagram of (a) TON (D) and (b) TOFF (M ) for
an optical switch with dm varying from 5 to 55 nm.
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thing, the significantly increased k values of 6.06 and 16.14 are
responsible for the huge absorption of the TE mode. In other
words, compared with pure metal or insulator, the HMM
structure consisting of alternating metal/insulator layers shows
desirable optical property very dissimilar to that of either metal
or insulator.

Last, as shown in Fig. 7, we discuss the propagation loss
introduced by HMM length and calculate the device operating
BW. On one hand, Fig. 7 indicates that the length of HMM
structure plays a decisive role in device performance. That is, a
too-long HMM structure will cause huge loss to the TE mode
when the device operates either in the “ON” or “OFF” state.
On the other hand, the device can achieve a wide operating BW
of 215 nm with MD > 5 dB while maintaining a constant IL
of 1.25 dB. Therefore, considering the balance betweenMD and
IL, an optical switch characterized by an ultra-compact footprint
of 400 nm × 220 nm × 200 nm (width × height × length),
moderate MD of 5.6 dB, and IL of 1.25 dB is our first choice.

3. SWITCHING FEATURE OF DOPED VO2

Based on the experiments reported in Refs. [28,29], we know
that an undoped VO2 film has MIT temperature of TMIT �
68°C and temperature window of merely 1°C–2°C. However,
the TMIT could be manipulated by chemical doping. For ex-
ample, we could reduce TMIT utilizing doping elements of W,
Mo, Nb, Ta, F, Te, Fe, etc., increase TMIT utilizing doping
elements of Al, Ge, Ga, etc., and simply change TMIT utilizing
doping elements of Cu and Ti. Making continuous optical
modulation a reality, tungsten (W)-doped VO2 thin film works
best. This is because it achieves not only a reduced TMIT, but
also a relatively wide temperature window. We can also expect
to obtain the following advantages. First, the switching time
could be largely improved because of the doping percent influ-
enced electrical conductivity. Second, the W-doped VO2 could
get its absorbing ability promoted during MIT process. Third,
the reduced TMIT could protect the Si waveguide and other
components from laser damage, because the time of MIT proc-
ess is greatly shortend. In general, a relatively low TMIT is ben-
eficial for optical switching performance. To simulate the effect
of doping-induced complex refractive index variation on device
performance, MD is calculated as a function of real part n and
imaginary part k of ñexp�M�. It is worth noting that there is no
accurate relationship between complex refractive index and
chemical doping percent so far. Therefore, Fig. 8 indicates a
possibility of improving the switching performance.

4. EXPERIMENTAL FEASIBILITY

With support from some reported experimental work [28–30],
we discuss the practicable experimental processes despite the
fact that our design is based on numerical simulations.
First, on the silicon-on-insulator (SOI) platform, the WG
and Si layers in HMM can be written using electron beam
lithography (EBL). Second, VO2 layers in HMM can be di-
rectly prepared on Si waveguide using pulsed laser deposition.
Finally, shaping the device with required dimension can be real-
ized using EBL again. In addition, the element of W can be
doped in VO2 film co-sputtering a W wire during the film
deposition process [28].

5. CONCLUSION

In summary, we numerically demonstrate an ultra-compact
silicon waveguide-based optical switch utilizing a multilayer
hyperbolic metamaterial. Under laser irradiation, the Si wave-
guide inserted with an HMM with size of 400 nm × 220 nm ×
200 nm (width × height × length) could offer good ON/OFF
switching performance with MD of 5.6 dB, low IL of 1.25 dB,
and operating BW of 215 nm. Furthermore, the SOI-based
simple and compact device structure makes it easy to cooperate
with other components in an on-chip integrated circuit. We
also can dope the VO2 layer with a variety of elements to realize
continuous modulation of its optical property. In general, our
findings may provide some useful ideas for optical switch design
and application in an on-chip all-optical communication
system with demanding integration level.
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Fig. 8. Based on an optical switch using W-doped VO2

layers (dm � 5 nm), MD varies as a function of both n and k of
ñexp�M �.

Fig. 7. Calculated (a) MD and (b) IL as a function of wavelength
with dm (LHMM) varying from 5 nm (200 nm) to 55 nm (2200 nm).
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