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Broadband and polarization-selective optical switch in infrared

spectrum based on SMT materials
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Abstract: A new design of optical switch composed of a vanadium dioxide(VO,) thin film and embedded
sub-wavelength metallic gratings was proposed. The numerical calculations of the device performance
were carried out using the Finite Element Method (FEM). This design exhibited broadband and
polarization selective all-optical switching effects in the near-infrared spectrum. The embedded gratings
enhanced the extinction ratio of the VO, film, and achieved high extinction ratio in sub-wavelength
device size. The optical properties of the proposed design depended little on the incident angle. In
addition, the transmittance and absorbance can be tuned by the geometric parameters. The device has
great potential usages as the infrared spectrum is of great important both in optical communication and
computering, and optical imaging in military reconnaissance and industrial non-destructive detecting.
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0 Introduction

Optical information processin g has advantages
over the electronic technology, such as high speed,
large bandwidth, ease of noninterfering parallelism, etc™.
networks, switches are

In future optical optical

essential elements, just as electrical switches in
electrical circuits. A feasible optical switch should
have high extinction ratio, fast switch speed and low
threshold™. Besides, small device size is also expected
for integration. We incident

also expect angle-

insensitive performance, for easy alignment. And

under different usage situations, we may want
polarization-selective or polarization-insensitive devices.
Sometimes we want the device working at single
wavelength, and sometimes we want it to work in a
wide spectrum.

There are many kinds of means to control the on
and off of the optical switches, such as mechanical,
electrical and all-optical. Mechanical optical switches
are the oldest and mostly widely used ones. These
devices achieve switching via moving of the optical
elements by means of step motors or relay arms. They
can achieve excellent reliability and insertion loss, but
with slow reactive time in 10—100 ms range. Thermal,
electrical or all-optical switches usually employs
materials, refractive index of which will change under
excitations of thermal, electrical or optical®>™". These
switches often combine these refractive-change
materials with optical resonant structures, such as
micro cavities. The refactive index change caused by
the excitation results in the shift of the structure’ s
resonant wavelength, as the on and off at certain
wavelength. However, the structure and fabrication
process of these switches are relatively complex, and
most of them work at single working wavelength.

To achieve broad working spectrum, optical
switches based on VO, were introduced. VO, exhibited
first-order Semiconductor-Metal

a fast, reversible

Transition (SMT) via different external excitations,

such as thermal excitation, electrical excitation, or
optical excitation®™". During SMT, VO, experiences a
structural adjustment from the monoclinic phase to the
rutile phase. It’ s transparent in the semiconductive
phase but highly reflective and absorptive in the
metallic phase, in the infrared (IR) spectrum. The
SMT could occur within 500 fs™™!. It’s also reported
that the VO, thin films can survive the stress during
108 cycles of SMT™!. The special characters ensure
the VO, thin films as fast optical switch, at wide IR
spectrum. Much research has been tried to enhance
VO, film extinction ratio, through fabrication method
improvement or doping!?!. However, it has little real
impact.

With the developing of nano-fabrication, metallic
gratings are easy to industrial production and widely
used in kinds of devices. For example in solar cells,
adding an embedded metallic grating can enhance the
absorption in a wide spectrum!l. In this paper, we
combine embedded metallic gratings and VO, films
together, expecting it will have improvement. Via
simulations, we show that our proposed structure
exhibits broadband and polarization-selective optical
switching in infrared. The device is at sub-wavelength
scale, and the optical properties depend little on the
incident angle. Besides, the transmittance can be tuned
by geometric parameters. As VO, can exhibit the
SMT via different kinds of external excitation, our
design is instructive and meaningful in thermal,
electrical and all-optical switches. The device has
great potential usages as the infrared spectrum is of
great important both in optical communication and
computering, and optical imaging in military
reconnaissance and industrial non-destructive detecting.
The polarization-selective property makes our design

useful in infrared polarimetry imaging™~"!.

1 Computational methods

Figure 1 shows the side view of the proposed
structure. Silver gratings were at the bottom of the

VO, film, with the grating slits filled with VO,. The
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period, thickness, and width of the Ag grating are p,
t;, and w, respectively. The thickness of the VO, layer
is t,. The structure is deposited on a K9 glass substrate.

The signal light illuminates from the top side.

Signal light

Glass substrate

Fig.1 Schematic view of the proposed structure

We use commerci ally available 2 —dimensional
(2D) finite element method (FEM) software (Comsol
3.3a) for our simulation. The computational domain
considered is a single unit cell surrounded by periodic
boundary conditions™. For this study, we consider the
spectra from 350 nm to 5 wm, from visible to IR. The
dielectric constant of silver is taken from tabulated
data in Ref.[17]. The dispersion of the K9 glass is
very small, which we neglect. The refractive index of
the KO glass is treated as a constant 1.51. The
dielectric constant of semiconductive phase VO, is
taken from interpolating of the experimental data from
Ref. [18], while the metallic VO, is modeled in a
Drude form Ref.[19].

2 Results and discussions

2.1 The broadband and polarization-selective
all-optical switching effect
Figure 2 shows the transmittance (dotted line,
denoted as “T”) and absorbance (solid line, denoted as
(b) phase
VO,, with p=200nm, #,=100 nm, %,=150 nm, w=100 nm.

‘A”) for semiconductive (a) and metallic
The incidence is assumed to be at normal. We focus
on transmittances first. For the semiconductor phase,
the switch is at the “on” state. It exhibits a broadband
transmission in the broad infrared spectrum (>2 pwm)
for TM waves, and nearly zero transmittance for TE

waves. Using the switch as a polarization-splitter, the

TE waves can be reflected while the TM waves can
be transmitted. For metallic phase, the switch is “off”.
It cuts off for both polarizations in infrared. Thus, our
structure acts as a broadband, polarization-selective

switch in the infrared range.

Semiconductive “* I TE
w TTM 0.8

—ATE

Metallic == T TE
we T'TM
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—AT™M

. -LU n n
1 2 3 4 5 1 2 3 4 5
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Fig.2 Transmittance and absorbance of our structure for

semiconductive (a) and metallic (b) VO,

For absorbance analysis, waves of both
polarizations exhibit high absorbance in the visible and
near-infrared spectrum(<1.5um), with both semiconductor
and metallic phase VO,. This is caused by the high
absorption of VO, in this spectrum. There are absorption
peaks of different shapes in the region <2 pum. These
are the cooperating results of the materials’ dispersion
and the cavity resonance. For switches worked under
optical excitation, we can fix the pump wavelength in
this high absorbing region, as the high absorbance
ensures a fast switching speed and a low threshold.
The pump light can be either homochromatic or
broadband.

The total thickness of our structure is 250 nm,
and the grating period is 200 nm; both are much
smaller than the working wavelength. Sub-wavelength
size is always expected in integrated photonics.

2.2 Explanations of the effective medium theory

The  broadband  and

transmission

polarization - selective
the Effective
Medium Theory(EMT). When un-polarized EM waves

incident on the deeply sub-wavelength metallic grating,

can be explained by

the electromagnetic field oscillating parallel to the
wires (TE waves) generates electron movement along
the wires in response to the oscillating field !>* 2!,
Since the electrons are free to move in this direction

and the wire width is much smaller than the incident
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wavelength, the polarizer behaves in a similar manner
to the surface of a metal when reflecting light, with
losses due to Joule heating (Fig.3 (c)). On the other
hand, EM waves oscillating perpendicularly to the
wires (TM waves) is not in the same way which is
able to induce electron movement. Therefore, the loss
due to Joule heating and reflection is limited, the
grating acts as dielectric film and the wave transmits
through the grating(Fig.3(a)). As we want broadband
working spectrum here, the grating depth and period
should be much smaller than the wavelength. However,
the thickness of the grating must be larger than the
evanescent length in the metal, to block the TE
waves. Extending the grating size comparable with the
signal wavelength can introduce new physical effects
such as longitude Fabry-Perot (FP) resonance in the
grating slit ™! and Surface Plasmon Polaritons(SPPs)
at the interface of the metal and VO,*!.
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Fig.3 Normalized and time-averaged field plots across the structure

These

performance at the resonant peak, but limit the working

resonant effects can enhance the
spectrum. These are left for further discussion.

At shorter wavelength regime, the EMT still
holds, but other effects participate in. Because of the
scattering of the TM waves, the Surface Plasmon
Polaritons (SPPs) enhance the local electromagnetic
field thus the absorption of the TM waves (Fig.3(b)).
For both polarizations, the FP resonance occurs when
is <2 wm in the semiconductive VO, layer (Fig.3(b),
(d)). The FP effect cooperates with the materials’
dispersion, leading to several peaks. The total cut-off
of both polarizations at the visible and near-infrared
spectrum results from the strong absorption of VO..

Under the approximation of EMT, the grating
layer acts as a uniform layer with effective dielectric
constants (Fig.4(e)). The effective complex refractive
index of the deeply sub-wavelength binary grating of
filling-factor f; for medium 1 and filling-factor f, for
medium 2 is:

ne=[fi(m+ik))*+fy(ny+ik,)*1"?
=1 (m+ik) P4 fo(natiky) 2172 (fi+f=1)

The effective n and k of the embedded binary
grating composed of Ag and VO, (only the grating
layer of thickness f#,, without the top VO, layer) are
shown in Fig.4 (a) and (b). The effective index of TM
waves acts similar to that of semiconductive VO,,
These

coincide with aforementioned physical explanations.

while those of TE waves are like Ag’ s.

We also compare the transmission results obtained by
FEM and EMT. The peaks in the EMT are coincident
those in the FEM while the

well  with result,

amplitudes are slightly different. We can design and
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optimize the structure more conveniently in the EMT,

and confirm it in FEM.
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Fig.4 (a) and (b) the effective n and k for both polarizations,
compared with Ag and semiconductive VO2. (c¢) and (d)
transmission results for semiconductive VO2 obtained
by the FEM and EMT, with (c¢) for TM waves and
(d) for TE waves. (e) The effective medium

approximation of the grating structure.

2.3 Dependence on the geometric parameters

Now we will tune the geometric parameters, and
discuss the dependence of the transmission on them. We
study the effects of the thickness of the grating f(Fig.5)
and the thickness of the top VO, layer #,(Fig.6).
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Fig.5 Transmission spectrums with varying grating’s thicknesses #,,

fixing the top layer thickness f, and other structural parameters
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Fig.6 Transmission spectrums versus the VO, layer thickness t,,

with other structural parameters fixed

The transmission peaks of TM waves at about 2 um
red shift with both increasing #, and #,. It corresponds
to the FP resonance peak of TM waves. From EMT,
the grating layer acts as dielectric, and participates in
the FP cavity. So the peak shifts with both #, and #,.

The geometry parameters of the grating, yet the
fill factor and the grating period, also affect the
performance (Fig.7). However, they do not affect the
peak position. The filling factor affects the amplitude,
as it affects the effective dielectric constants. However,
the dependence on the grating period will be complex

with larger periods out of the EMT regime.
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Fig.7 Transmission for TM waves, with varying fill factors of

Ag (a) and grating thicknesses (b).

2.4 Dependence on the incident angle

The alignment problem is always annoying in
photonic devices, and above discussions are for
normal incidence. Finally we consider the dependence
of our device on the incident angle. As shown in Fig.8,
the transmittance and absorbance depend little on
the incident angle (i.e., the horizontal wave vector k).
That" s because it’ s in the air where the light
illuminates. The semiconductor-phase VO, has a
refractive index about 3.5. From Fresnel equations, the
refractive angle in the VO, is 0°-16°, corresponding
to 0°-90°incident angle in air'®!. It means that the
proposed device design is alignment-free, which is

expected for an optical or photonic device.
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Fig.8 Contour plot of transmittance (a) and absorbance (b) in the

w—k, domain, for TM waves, with p=200 nm, £,=100 nm,

w=100nm, =250 nm

3 Conclusion

In conclusion, we num erically demonstrated a

broadband and polarization-selective optical switch in

the infrared spectrum, based on thin films of SMT

material VO, and embedded sub-wavelength metallic

gratings. Its transmission and absorption properties are

investigated. This switch achieves an extinction ratio of

550:1. The size of the structure is in the sub-wavelength

scale

. Besides, the device exhibits little dependence on

the incident angle. The transmittance and absorbance

can be tuned by the geometric parameters.
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