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The optical properties of different
materials used for thermo-optical switches
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With growing demands of internet protocol services for transmission capacity and speed, the solution for future high
speed optical networks is optical burst switching that is a technology for transmitting large amounts of data bursts through

a transparent optical switching network the optical switches in optical burst switching networks play important role in the
resource reservation and are very important to ensure reliability and flexibility of the network. This paper is focused on the

very important components of Optical Burst Switching networks, ie, ptical switches, specifically thermo-optical switches. In
this paper are presented the simulation analysis of performance evaluation of thermo-optical switches executed in the model

of Optical Burst Switching network and simulation study of investigation of influence of roughness and layer thickness on
the optical properties (spectral reflectance, transmittance) of selected materials (SiO2, Ta205, AlaO3z) for thermooptical

switches.
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1 Introduction

At the present there is an increasing demand for trans-
mission capacity of optical transmission systems and net-
works due to a very rapid data traffic growth over the In-
ternet, and it is predicted that this growing trend will con-
tinue. With growing demands of IP services for transmis-
sion capacity and speed, Optical Burst Switching (OBS)
networks present the solution for future high-speed WDM
optical networks. The optical switches are very impor-
tant components of OBS networks and currently, several
switching technologies are available. Very attractive can-
didates to realize high-speed optical switching are optical
switches based on thermo-optic effect. Regarding mate-
rials for thermo-optical switches, it is well known that
a large number of materials have been investigated. The
properties of materials, ie . mechanical, thermal and op-
tical, directly influence the performance switches. From
the mentioned properties of materials for thermo-optical
switches, optical properties are very important, due to
their significant influence on transmitted signal power [1-
6].

In order to investigate the optical properties of the ma-
terials for thermo-optical switches, were performed sim-
ulations that aim to point out the sensitivity of individ-
ual materials to parameters such as thickness and surface
roughness. For this purpose, SiOs, TasOs, and AlyOg
were selected. In the first step of optical properties simu-

lations, were mainly focused on investigating the effect of
increasing the thickness of the thin layer of material on
its transmittance. In the second step, were investigated
the effect of surface roughness on the transmittance of
the presented materials.

2 Optical burst switching

To successfully transmit bursts, resource reservation
schemes have to be implemented to allocate resources and
configure optical switches for that burst at each node.
Therefore, the optical switches play an important role
in resources reservation, provide the optical path and
improve the optical network reliability [1-6].

Currently, several switching technologies are available,
eg switches based on electro-optic effect, acousto-optic ef-
fect, thermo-optic effect, magneto-optic effect, nonlinear
optic effect, micro-electro-mechanical system (MEMS)
principle, semiconductor optical amplifier (SOA) princi-
ple, liquid crystal principle, photonic crystal principle,
holographic principle, quantum well/dots, etc. Optical
switches should meet the following requirements [7-11]:
high switching speed (switching time must be shorter as
required for burst transmission), dimension of switching
structure, low insertion losses or sufficient amplification,
low crosstalk between channels and simplicity and easy
integrability.
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3 Thermo-optical switches

The operation of these optical switches is based on
the thermo-optic effect (the thermo-optic effect is present
in all materials and is described by the thermo-optic
coefficient). Thermo-optical switches are very desirable
due to their small size, large scalability and potential-
ity for integration with waveguide DWDM multiplexers
and demultiplexers. They have an important role in opti-
cal telecommunication applications, such as optical cross-
connection (OXC), protection switching and switch ar-
rays for optical add-drop multiplexing (OADM). A num-
ber of configurations of thermo-optical switch have been
developed. They include interferometric devices such as
a directional coupler and MachZehnder configurations,
digital optical switches based on modal evolution in the
conventional Y-junction branch and based on total inter-
nal reflection (TIR), and thermo-optical switches based
on micro-optoelectro-mechanical system (MOEMS) tech-
nologies [7-11].

In Fig. 1-2 are shown two examples of configurations of
thermo-optical switch, ie . interferometric and digital op-
tical switch. The interferometric switch is usually based
on MachZehnder interferometers. As shown in Fig. 1, the
switch consists of a 3-dB coupler that splits the signal
into two beams, which then travel through two distinct
arms of same length, and of a second 3-dB coupler, which
merges and finally splits the signal again. Heating one
arm of the interferometer causes its refractive index to
change. Consequently, a variation of the optical path of
that arm is experienced. It is thus possible to vary the
phase difference between the light beams, by heating one
of the arms of the interferometer. Hence, as interference

is constructive or destructive, the power on alternate out-
puts is minimized or maximized. The output port is thus
selected [7].

Digital optical switch is integrated optical device gen-
erally made of silica on silicon. As shown in Fig. 2, the
switch is composed of two interacting waveguide arms
through which light propagates. The phase error between
the beams at the two arms determines the output port.
Heating one of the arms changes its refractive index, and
the light is transmitted down one path rather than the
other. An electrode through control electronics provides
the heating [7].

4 Materials of thermo-optical switches
and simulation of their optical properties

Regarding materials, it is well known that a large num-
ber of materials have been investigated. In order to be
selected for thermo-optical switch fabrication, a material
has to satisfy the following set of requirements [10-11]
low optical losses (no more than 0.1 dB/cm) in the com-
munication spectral windows around 850, 1300 or 1550
nm, low wavelength dispersion, low birefringence, low
polarization-dependent losses, thermally stable mechan-
ical properties, resistance to humidity, good mechanical
properties such as flexibility and toughness, low cost and
high thermo-optic coefficient.

In production of thermo-optical switches, the main
materials are Benzocyclobutene (BCB), Bisphenol A-
aldehyde (BPA), Fluoroacrylate (FA), Fluorinated poly
(arylene ether sulphide) (FPAE), Poly (methyl methacry-
late) (PMMA), Polyimide (PI), Polyurethane (PUR),
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Table 1. Coefficients of dispersion model of SiO2 [16]
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0.010
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silica (SiO3), silicon, silicon nanocrystals, III-V semi-
conductors (GaAs, AlGaAs, InP, etc), Lithium niobite
(LiNbO3), Tantalum pentoxide (Taz05) and Aluminium
oxide (Alz0g3) [10-11]. The properties of materials, ie me-
chanical, thermal and optical, directly influence the per-
formances switches. From the above properties, the op-
tical properties of materials used in the thermo-optical
switches are very important. The microstructural proper-
ties of materials have a significant influence on the optical
properties and there is a direct correlation between them.
Even a small change in the microstructure of a material
can have an important influence on its optical properties.
For these reasons, theoretical modelling of optical prop-
erties is very complex. The optical properties determine
how light will propagate when hits the input interface of
material, in the volume of material, and at the output
interface of material. The light propagation depends on
the refractive index of the material. The refractive index
of the material may be in the form of a real number or a
complex number, depending on whether it is an absorb-
ing or non-absorbing material. The imaginary part of the
refractive index of the absorbing material is called the
extinction coefficient.

If materials will be used for applications in optical
communications, such as thermo-optical switches, it is ap-
propriate that they have a minimum light absorption in
the wavelength range for optical communications ( 850
nm, 1310 nm and 1550 nm). Among the most common
materials for the construction of thermo-optical switches
belong SiOy, TasOs and Al;Os. The optical proper-
ties of selected materials are investigated in the wave-
length range around 1550 nm, which is the wavelength
used in optical communication over distances of more
than 60 km. From the optical properties are in this pa-
per researched the reflectance, transmittance and influ-
ence of surface roughness on these parameters. These pa-
rameters are critical in light transmission and determine
the amount of reflected (transmitted) light. Materials for
thermo-optical switches should have minimum value of
spectral reflectance and maximum value of light trans-
mission in the relevant wavelength range. The reflectance
and transmittance including surface roughness were in
this paper simulated using the transfer matrix theory and
modified Fresnel coefficient. Transfer matrix method is a
numerical method that consists of multiplying two types
of matrices. The first matrix is called refractive and the
second matrix is called phase. The most general form of
the refractive matrix and the phase matrix are defined by

equation [12-15]
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i—1,i = Troh h h h h h )
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where k = 27/X, d; is the thickness of ¢ -th layer and
n; is complex refractive index of ¢ -th layer. The modi-
fied Fresnel coefficient r describe light propagation in a
multilayer planar stack with surface and intrastructure
roughness considerations. The final form of transfer ma-
trix of the multilayer structure is defined by equation,
13)

N =Ry [[CiRiisa,

i=1

(2)

where m is number of layers. The modified Fresnel coeffi-
cients with roughness considerations are defined by equa-
tions, [13-15]
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where r and t with index o are standard Fresnel coeffi-
cients, o is interface roughness in nm.

4.1 Silica (SiO,)

The main advantage of SiOgy is the stability of the
refractive index and the possibility of its control. This
material is also widely used in the production of optical
fibers. SiOs-based single-mode waveguides exhibit low
propagation and connection losses. Another advantage of
SiOq is its high transparency. The thermal dependence
of the refractive index of SiO5 predetermines use of the
SiO2-based single-mode waveguides in optical switches
[10]. The refractive index of SiO2 used in simulations
was described using the dispersion model, [16]

BX? D)?
+

N2=A
te—c T e_r

(4)
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Fig. 5. Reflectance of 500 nm SiO2 thin film with different surface
roughness
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Table 2. Parameters of double Tauc-Lorentz oscillators dispersion model of TasOs

Eoo E, Ax Az

El E2 Cl CQ

1.380 4.105 191.567  62.619

4.996 6.350 4.002 0.711

where A, B,C and D are the dispersion coefficients and
coefficient F' represents the effective resonance absorp-
tion wavelengths in UV-IR region. The coefficients of the
dispersion model of SiOs used in presented simulations
are listed in Tab. 1.

In Fig. 3-4 is shown reflectance and transmittance
of SiOs thin film with different thickness. The highest
transmittance (99.96 %) in relevant wavelength for op-
tical communication (1550 nm) is observed for 500 nm
SiO5 thin film, while the 800 nm SiO, thin film shows
the lowest transmittance (84.77 %). As can be seen in
Fig. 5-6, in addition to the layer thickness, also the sur-
face roughness has a significant influence on optical prop-
erties of SiOy thin film, for this reason it is necessary to
choose a suitable production process, which has a major
impact on the quality of the structure. At the wavelength
1550 nm, decrease in transmittance with increase in sur-
face roughness is observed, it means, the roughness in

this case has a negative effect on the optical properties
of the SiOy thin film, but this is not the case with the
lower wavelength range (830 1385 nm), where an increase
in surface roughness causes an increase in transmittance.
The 500 nm SiO2 thin film with a surface roughness of
120 nm showed a decrease in transmittance of 0.64 % (at
a wavelength of 1550 nm) compared to the SiO2 thin film
without surface roughness.

4.2 Tantalum pentoxide (TazOj )

TasO5 has promising potential to be one of the best
optical coating materials because of its high index and
low absorption, for near-UV and near-IR antireflection,
multilayer filter design and optical thermometric sensing
applications. TasOs films can be deposited by various
techniques such as chemical vapor deposition, electron
beam evaporation, ion beam and dual-ion beam sputter-
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ing, reactive RF sputtering, DC sputtering, ion-assisted
deposition and anode oxidation. Values of refractive in-
dex and extinction coefficient may vary depending on the
fabrication technique used [10]. The numerical data of
the refractive index used in simulations shown in Fig. 7-
10 were taken from refractive index database of Mikhail
Polyanskiy, these numerical data being obtained from ex-
perimental results published in [17]. The taken numerical
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surface roughness

data of refractive index of TapOs were optimized using
Tauc-Lorentz dispersion model, [18]

1 <N AECi(E — E,)?
(B) =52 (E? - Eé)Q + CZ)E?)’ ®)
i=1 i i
2 [ gy
er(B) = (o) + =P | %dg, (6)

where indexes r and ¢ represent real and imaginary part
of complex dielectric function ¢, F, is the optical band
gap energy, A;, F;, C; all in (eV) are treated as fitting
parameters and N is the number of oscillators. The op-
timized parameters of the two-oscillator (N = 2) Tauc-
Lorentz dispersion model of TagOp5 are listed in Tab. 2.
Equation (5) is valid only for E > E, and for energies
E < E, the result is zero. Equation (6) represents the
Kramers-Kronig integral and the solution of this integral
is given in [18].

In Fig. 7-8 is shown reflectance and transmittance of
Taz05 thin film with different thickness. The highest
value of transmittance (99.16%) in relevant wavelength
for optical communication (1550 nm) is observed with
1500 nm TasOs thin film. The lowest value of transmit-
tance (64.09%) at wavelength 1550 nm is observed with
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2000 nm TasOs5 thin film. As can be seen in Fig. 9-10 the
transmittance of TasOs thin film is also influenced by
surface roughness. The 1500 nm TasOs thin film with a
surface roughness of 120 nm showed a decrease in trans-
mittance of 1.69 % (at a wavelength of 1550 nm) com-
pared to the TasOps thin film without surface roughness.
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The surface roughness (120 nm) in the case of the 1500
nm TayOj thin film represented only 8% of the total layer
thickness, however, the decrease in transmittance due to
the surface roughness was most significant compared to
the SiOs and Al>Os thin films.

In Fig. 11 are shown the experimental data of refrac-
tive index obtained from [17] and their optimized two-
oscillator Tauc-Lorentz dispersion model.

4.3 Aluminium oxide (Al5Os)

Very attractive material for thermo-optical switches
is Aluminium oxide (AlyO3) [10, 11, 19]. The numerical
data of the refractive index used in simulations shown in
Fig. 12-15 were taken from refractive index database of
Mikhail Polyanskiy, these numerical data were being ob-
tained from experimental results published in [20]. These
numerical data of refractive index of Al,Os were opti-
mized using single oscillator Lorentz dispersion model [21]

N A
e(E) = €00 + Z —— E2Z——1'EB' : (7)
i=1 ¢ ’

where €4 is the high frequency permittivity, F is the en-
ergy, A;, E;, B; allin (eV) are treated as fitting param-
eters and N is the number of oscillators. The optimized
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parameters of the Lorentz dispersion model of Al,Og3 are
listed in Tab. 3.

Table 3. Parameters of the Lorentz dispersion model of Al2O3s in

(eV)
Eoo E1 Al Bl
1 9.260 149.438 0

Figure 12 and Fig. 13 show the simulations of re-
flectance and transmittance of AlyO3 thin films with dif-
ferent thicknesses. The highest transmittance at 1550 nm
is observed by 500 nm Al,Og3 thin film ( 98.69 %). Signif-
icant decrease in transmittance at 1550 nm was observed
for 1200 and 3000 nm Al;O3 thin film ( 78.99 % and 79.25
%). Fig-14-15 show simulations of the influence of surface
roughness on the reflectance and transmittance of 500 nm
AlyO3 thin film. As can be seen in Fig. 14-15, the in-
fluence of surface roughness on the spectral reflectance
and transmittance of AloOs thin film was observed min-
imally compared to SiO2 and TayOs thin films. The 500
nm AlyOgz thin film with a surface roughness of 120 nm
showed a decrease in transmittance of 0.41 % compared
to the AlsOg thin film without surface roughness.

Figure 16 Shows the experimental data of refractive
index obtained from and their optimized twooscillator
tauclorentz dispersion model.

5 The performance of thermo-optical switches

Thermo-optical switches are very desirable due to their
small size, large scalability and potentiality for short
switching time. Therefore, the cross-connects in model of
OBS network are used as core nodes with thermo-optical
switching technologies. The model of OBS network is
created using OMNeT++ simulation environment. OBS
network model is composed of two compound modules:
edge nodes and core nodes interconnected by optical fi-
bres. Two host modules and two edge nodes were set for
each core node to generate as highest number of pack-
ets as possible and to create the highest amount of the
bursts. The cross-connects are used as OBS core nodes
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with thermo-optical switching technologies. Reservation
schemes JIT and Horizon are implemented in OBS net-
work model. Because the main issue in OBS network is
the random collision and burst loss, the blocking prob-
ability of data burst was expressed as the function of
the number of data channels. As can be seen in Fig. 17,
the blocking probability of data bursts decreases with in-
creasing number of data channels and the performance of
reservation schemes JIT and Horizon is very similar. The
number of data channels in one optical fibre is shown in
the range 1-24 because blocking probability of data bursts
over 24 data channels was decreasing very slowly due to
the heavy load of core node Core2. The switching time
of each thermo-optical switch with SiOs thin film was
5 (s [22]. As core nodes were used only thermo-optical
switches with SiOg thin film, because SiOs is the most
researched material for thermo-optical switches. Al;O3 a
TasO5 are materials with high potential. The results also
show that with shorter switching time of thermo-optical
switches, the blocking probability of data bursts is lower
and improves the throughput of OBS network.

6 Conclusion

In this paper were presented thermo-optical switches,
the performance evaluation of thermo-optical switches ex-
ecuted in the model of OBS network and investigation of
influence of roughness and layer thickness on the opti-
cal properties (spectral reflectance, transmittance) of se-
lected materials for thermo-optical switches. The influ-
ence of parameters such as roughness and layer thickness
on the optical properties of the studied materials was pre-
sented in order to show the importance of maintaining the
accuracy of these parameters in the production process.
Even a small deviation in these parameters can cause the
optical switch to malfunction. Incorporating roughness
into the optical model of selected materials was realized
using the modified Fresnel coefficients. In terms of signal
power transmission, the most important optical property
of materials in thermo-optical switches is transmittance.
Of the materials presented in this work, the 500 nm SiOq
thin film has the best transmittance value (99.96 %), fol-
lowed by 1500 nm TayO5 thin film with a transmittance
of 99.16 % and the 500 nm Al,Osz thin film with a trans-
mittance of 98.69 % at the end. The influence of sur-
face roughness was simulated for film thicknesses with the
best transmittance value (500 nm SiO2, 1500 nm TazOs
and 500 nm AlyOj5 thin film). The most significant ef-
fect of surface roughness on transmittance was observed
for TapOps thin film, where at the surface roughness of
120 nm a decrease in transmittance of 1.69 % was ob-
served. With the same surface roughness, a decrease in
transmittance of 0.64 % was observed for SiOs thin film
and 0.41 % for Al;O3 thin film. All transmittance val-
ues are given for the wavelength of 1550 nm. The results
presented in the part of the work dealing with simulation
of OBS network model show that with shorter switching
time of thermo-optical switches, the blocking probability
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of data bursts is lower and improves the throughput of
OBS network. Therefore, the switching technology plays
important role in the resource reservation and is very
important for future optical networks. Optical switches
based on thermo-optic effect are attractive candidates to
realize high-speed all optical switching.
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