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Abstract: A compact Mach-zehnder interferometer with a novel design of directional couplers and a phase
shifter has been presented as a thermo-optical sensor. With the aim of reducing device size to micro and nano
dimension silicon-on-insulator technology was employed. That allowed miniaturization of device size
through the reduction of its cross sectional area to 0.066 um? and the radius of curvature of both the arms of
the directional coupler and S-bends of the phase shifter to 5 um and C-bends to 3 pm. These nano size device
dimensions made it possible to reduce the coupling gap to 0.2 um, which resulted in a significant reduction in
the coupling length. The device geometry and its performance characteristics were analyzed and optimized
using coupled mode analysis and finite difference time domain simulation tools, respectively. The wavelength
dependent transmission loss of the device was measured at different temperature to verify and validate its
performance characteristics. Tested devices showed a remarkable temperature dependent transmission
characteristic offering significant changes in transmission loss band — with as low as 0.45 °C change in
substrate temperature. The extinction ratio and the free spectral range of the device were 26 dB and 0.26 nm
respectively in the wavelength range of 1549.5 nm — 1550.5 nm. These results imply that the devices presented

here can be used as compact and highly sensitive thermal sensors and optical switches.
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1. Introduction

Silicon based Mach-zehnder interferometers (MZI) are used for optical switching and sensing
applications for the past few decades, as they show large thermo-optic effect, high optical index
difference, low propagation and coupling losses, and the availability of state-of-the-art silicon on

insulator (SOI) technology for their fabrication [1-13].
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Two practical considerations make these MZI attractive as thermo-optical sensors: the
possibility of changing the wavelength dependent refractive index through small change in
temperature and the remarkable sensitivity of their transmission band / spectra to a small change in
externally applied stimuli such as electric field and temperature as silicon possesses high
thermo-optical coefficient of 1.82 x10+ K' and high thermal conductivity of 149 W-m-K?
[2-6,12,14-37].

Most MZI devices based on conventional materials suffer from large bending losses because of
large device size, as it is difficult to make the arms of the directional coupler (DC) and C-bends of the
phase shifter with smaller radius of curvature using conventional technology [5,15,32]. The devices
made using conventional technologies are usually in the range of hundreds of micrometers to
centimeters leading to large gap between coupling waveguides, a significantly long coupling length,
and a large dimension of the phase shifter arm [38,39].

SOI based technology not only offers the possibility of reducing device dimension significantly,
but it also allows a significant reduction of power loss through reduction of bending radius of both
the sigmoidal arm of the DC coupler and C-bends of the phase shifter. For example, Si waveguides
fabricated using SOI technology offers the opportunity of reducing device dimensions by one order
of magnitude and the bending radius of the sigmoidal (S) arm to 5 um and C-bends to 3 pm, as
opposed to devices that are several orders of magnitude larger when fabricated using conventional
semiconductor technology [4,40-42].

Various nanoscale Si based waveguides have been reported in literature earlier [24-29].
However, only a few reports have been published on highly compact optical MZI-based thermal
sensors and switches, with waveguide cross-sectional area of 0.066 um?, radius of curvature of S- and
C-bends with 5 pm and 3 um, respectively, and strong thermo-optic effect at as low as 0.45 °C change
in substrate temperature [5,19,41,43]. Besides reporting optical characteristics of the MZI device,
consisting of DC couplers and phase delay arms, using transfer matrix method, we report optical
signal propagation mode for these devices using finite difference time domain (FDTD) and Matlab
Mode solver. This has been best achieved by dividing the entire device module into 3 parts: DC
splitter, phase delay arms, and DC combiner.

Optimization of geometrical parameters of the device and its optical characteristics were
performed using coupled mode analysis. Finite element method and FDTD tools were employed to
analyze and validate the profile of the electromagnetic properties of the device. Utilizing the
advantage of nano- scale cross sectional area of the Si waveguide and small radius of curvature of its
DC coupler and C-bends of the phase shifter arms, we demonstrate a novel compact thermo-optical

sensor based on MZI configuration using SOI technology. The following aspects of the device are
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also elaborated in detail: mask-layout, verification of design concept, fabrication protocol, device

testing protocol, measurement of optical properties, and verification of test results.

2. Principle and Design

The performance characteristics of a compact MZI-based optical device strongly depends on the
optimization of device configuration, design parameters and device sizes - including on the
dimension of the following components: directional coupler (DC), sigmoidal sensing arms, C-bends,
and heating element. We started with modeling and optimization of geometric parameters of the DC
coupler followed by straight and Sigmoidal arms of the MZI and heating element.

Three important parameters that determine the performance characteristics of the DC are
coupling length, [.(1), gap between two straight arms of the couplers (g), and coupling coefficient
(x). In a DC waveguide configuration reported in this paper, where g is in nanometer range, the
input optical signal to the waveguide couples with the optical signal from a second waveguide, as a
result of overlapping of the evanescent field of each other. The k value in turn depends on
waveguide parameters such as wavelength (i) of the input light and g. The DC is also characterized

in terms of difference in propagation constant (Af), and the interaction length of the waveguide, and

neffz—neffl)

effective refractive index (n.g), where Af is related to ne; and A as, AB = 2.11.( .

where, n.¢r; and ngsp, are the effective refractive indices of wave guide 1 and 2, respectively. The
operation of this type of DC with identical wave-guiding arms can be described by the coupled
mode equations as: P33y = cos®[kr] and P,y = sin®[kr], where, k is an exponentially decaying

function and it varies with g and P3;) and P,(;) are A dependent output powers. The [.(1) can be

U

determined using the relationship as: lo;3) = 5 o
c

The 1.(4) is further related to effective change of

refractive index (An(4).s5) as: ley = where, An(4).sr is the difference in the symmetric

S
4 Mn(A), f f’
and anti-symmetric effective mode indices. Note that this relationship must be satisfied in order to
achieve splitting of input power between the two arms of the couplers in equal amount.

As shown in Figure 1(a), the transfer matrix for the DC splitter is the product of power

transmission co-efficient (ys) and mode coupling factors (p;, q;) as: My =y, (jpé J 'pql), where,
=41 1

p1=+1—-k, q =—j|/K, K is the coupling coefficient of the splitter, y, is the transmission

coefficient of the splitter, and p{ + g7 = 1. Similarly, the transfer matrix for the DC combiner can be

J 92

p ) where, p, =1 —x,, q, = —j\/Z. Note that x, is the coupling
2

. . _ P2
given by: M. =1y, (I 0
coefficient of the combiner, y_is the transmission co-efficient of the combiner, and p7 + g5 = 1. Fora

lossless operation, the values of y, and y_ are equal to one each and x; and «. equal to 1/2 each

provided the power gets split and combined equally in each DC. As shown in Figure 1(b), the device
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is divided into 3 parts so as to accurately calculate its optical properties: splitter, phase delay arm,
and combiner.

The device can also be modeled as a cascade of two 2-ports. The splitter and combiners, which
are DCs, in turn consist of two ports each. P{", Pi"* denote the input powers to the device, whereas

Pout, pPut denote the output powers from the device corresponding to a'™,ay*and a“,ad"t,

respectively, where ai®, al® and af%“, af%are the input and output amplitudes of the optical power
at the input and output ports, respectively. These can also be referred to as and correspond to input
optical power at the input port 1 and 2 of the DC splitter and transmitted power through the parallel
and cross port of the DC combiner.

The outpot power depends on effective refractive index of the waveguide, n.g, difference in
wavelength (AL) between power output at port 1 (P?¥(A)) and port 2 (P{*())), and difference in
length (AL) between the straight and phase delay arms. In an ideal case, it can be given
mathematically as, PP%(A) = cos?(negs m AL/A) andPY¥ (L) = sin%(neg © AL/A), where, the wavelength

}\42
2 Neff AL’

difference (AL) between the output optical powers at port 1 and port 2 is given by: Ak =

The total transfer matrix of the MZI in turn can be represented as [544]:

out in
a a . . .

})ut =(Mg Mps M) | "+ |, where, Mg, Mps,and M, represent the amplitude transfer in the spliter,
a az'

phase delay arm, and combiner, respectively. The transfer matrix for the phase shifter can be given

by the product of transmission factor, yps=e *Ps and the phase factor e ALps
e—JabLo—jBAL

as: Mps= e‘fﬁ’“”(
ps=Vps 0 1

), where o is the optical loss and it is related to the absorption

of radiation in the phase delay arm, Lrs is the total length of the phase shifter arm, and f3 is the wave
propagation constant.

The sum of the transfer matrix can be obtained by combining the transfer matrix of the splitter

phase-shifter, and combiner as: My =ysypse /FLPsy_ (Ip(;l J P(il) (e_jaALOe_jﬁAL (1)> p;z J pzz ),
where, the phase delay is given by: 4¢ = f X AL. In the ideal case, when the input power gets
divided between two ports in equal amount, the values of both the p and q become unity, which
means that the power coming through the output port 1, P, and output port 2, P{*, of the device
can be given as:
pout = %Pl""(A1 — B cos(BAL)) and (1)
Pg“t= ~Pi"(A, — B Sin(AL)),
w Ay = 2757 yps v (srce + (1 — 1) (1 = K)e™274h),
here, Ay = 2¥2yps?y A (ks (1 — ko) + k(1 — kg)e24L), and

B = 4VSZVPSZVCZ\/(KSKC(1 - Ks)(l - KC))e_aAL-
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Equation (1) defines three parameters, namely: Free spectral range (FSR), also referred to as
separation between two adjacent / successive peaks of the transmission loss spectra; Insertion loss
(IL), of the device, which is the absolute loss of transmission power in dB in each port of the MZI;
and the separation between the adjacent maximum and minimum of the transmission spectra for

each ports. For an ideal device IL would approach to 0 dB in each ports.

—p P, DC —>P3
(Combiner)

DC
(Splitter)

in Cut
n a ] Out
P, 7,
' DC Out
L (Splitter) (Combiner) | 4, Out
P, —pL,

(b)

Figure 1 (a) Block diagram of directional couplers (DCs): DC power splitters and combiners. (b) Block
diagram showing Mach-zehnder interferometer in cascade form of DC splitter, phase shifter arm (Ps), and

DC combiner.

3. Materials and Methods

The Silicon used for the fabrication of the device was a material with a refractive index (ng;) of
3.48. The Silicon waveguide was sand-witched between two low-index claddings: air in the upper
part and SiO20f 99.99 % purity in the lower part. A schematic of the Mach-zehnder interferometer is
shown in Figure 2. The device consists of two 3-dB directional couplers (DC) - power combiners /
splitters, and two MZI arms: straight arm of 3 mm length and a phase delay arm of 8.7 mm with
serpentine architecture. The straight arm is separated from the nearest serpentine arm by 20.2 um
gap. The phase delay arm consists of densely packed straight waveguides connected by C-shaped
bends and sigmoidal connecter. These bends were introduced to reduce the coupling loss and to
adjust the extinction ratio.

The radius of curvature of C-shaped bends and S-bend of the phase delay arms are kept at 3 um
and 10 pm, respectively. Various waveguide design parameters are given in Table 1. Various
geometrical parameters and optical properties of MZI, obtained from the simulation, are given in

Table 2.
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Table 1: Geometrical parameters of optical waveguides.

Parameters Material Thickness Refractive index
Upper cladding Air 450 nm 1.00
Core Si 220 nm 3.48
Lower cladding SiO:2 1000 nm 1.45
3-dB Coupler (Spliter) 3-dB Coupler (Combiner)
. _/‘f-4 2' g ' 4 "
T P-in 1 , - ' A /3
j 1
jz i
i B'
b 2980 Laas 20—+
—»—20-+[c —= L.2" »-20+c —+

Figure 2 A schematic of the MZI with two symmetric directional couplers (DCs), straight and phase delay
arms: The DC consists of a Si core surrounded by SiO: cladding layer and air, coupling region with length
of 24.5 um and separation between two inputs (hi) of 20.2 pum. The phase delay arm consists of C-shaped
waveguides with radius of 3 um and S-shaped bends with radius of curvatures of 5 um and 10 pm. The
refractive index (1) of Si and SiO: cladding are 3.48 and 1.45, respectively. Cross section of the DC is
denoted by A'B’.

Table 2: Geometrical and optical parameters at the wavelength (A) of 1550 nm. Core height of 0.3 um, Path
difference between phase delay and straight arms of the MZI (AL) = 5700 pm, L' = 3000 pm, Re =5 pm, R =
10 um, hi = 20.2 pum. Waveguide parameters are denoted as follows: w = waveguide width, g = gap
between parallel wavegudies, dx and dy = mesh sizes along x and y axis, Nefrq and ngrr, = effective

refractive indices of waveguide 1 and 2 of the 3-dB couplers.

Geometrical Parameters Optical Parameters

w (nm) g (nm) dx (nm) | dy (nm) Teffl Neff2 3aB leg) (Lm)

300 200 25 2.5 1.858 | 1.721 02.81



http://dx.doi.org/10.20944/preprints201608.0151.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED

Posted: 15 August 2016

doi:10.20944/

reprints201608.0151.v1

5.0 1.865 | 1.726 02.79
10.0 1.871 | 1.731 02.78
320 200 25 25 1.955 | 1.852 03.79
5.0 1.960 | 1.857 03.74
10.0 1.966 | 1.861 03.70
340 200 2.5 2.5 2.042 | 1.965 05.02
5.0 2.046 | 1.968 04.95
10.0 2.051 | 1971 04.88
360 200 2.5 2.5 2.119 | 2.059 06.52
5.0 2.122 | 2.062 06.42
10.0 2.126 | 2.065 06.33
400 200 2.5 2.5 2.245 | 2.207 20.83
5.0 2247 | 2.209 20.47
10.0 2250 | 2211 20.16
500 200 25 25 2448 | 2434 26.00
5.0 2450 | 2.434 25.49
10.0 2451 | 2.436 25.06
200 220 25 25 1.850 | 1.728 06.37
5.0 1.856 | 1.733 06.31
10.0 1.863 | 1.739 06.26
300 300 25 25 1.827 | 1.752 10.63
5.0 1.833 | 1.758 10.30
10.0 1.889 | 1.764 10.26

Geometrical parameters of the device and its optical characteristics were optimized and

validated using coupled mode theory discussed above and 2D / 3D vectorial mode solver.

3.1. Mask Layout and Design Verification

The mask layout for the device, including test structures, was prepared using DW-2000 design

and verification tool, provided by CMC microsystems, Canada [45]. As shown in Figure 3, the main

device part consists of a series of passive MZI and grating couplers. In this case both the waveguide

height and width are fixed at 0.22 um and 0.30 pum, respectively to ensure single mode operation for

TE polarized light at A = 1550 nm. To make sure that the device would be fabricated error free,

foundry recommended design rules checking (DRC) were adopted with DW 2000 design tool that

involved layout verification system (LVS). In a similar manner, the design of the mask layout was

verified using LVS tool. This design tool was also employed to verify the following:
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a) Waveguide connectivity to minimize optical power losses;
b) Grids naming to make them in-line with version II of graphic database system (gds);
¢) Alignment marking for subsequent lithography, and where applicable to define and

verify coupling probing.

Figure 3 (a) Schematic diagram of the mask-layout designed using DW-2000, (b) enlarged view of 3dB
couplers, (c) fabricated coupler waveguides (d) microscopic top view of the fabricated MZI device
showing 3dB coupler and both the straight and phase delay arms of MZI. (e) mask-layout of the vertical

grating coupler, encircled by white dash lines.

3.3 Simulation Set-up

The grid sizes in the range of 2.5 nm to 10.0 nm were used during FDTD simulation for a
waveguide dimension of 0. 3 pm width and 0.22 pm thickness, and a gap of 0.2 pm between parallel
waveguides. To minimize error, two mesh override regions were used. One region covered both the
waveguides and the region outside them that extend to 100 nm to account for evanescent fields.
Since the coupling of guided modes are very sensitive to the gap between the waveguides, a second
region was set with a mesh grid size of 2 nm, which ensured more accurate resolving of optical

modes both inside waveguides and in evanescent.

3.4 Fabrication Specifications

The device was fabricated at IMEC in Belgium, with different device dimension using a UV
lithography of 193-nm wavelength on a SOI platform [5,40,46]. Two types of mask levels were

employed: 0.220 um deep etch for the waveguides and 0.070 um shallow etch for vertical grating
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couplers. Sidewall roughness was controlled to approximately 0.005 um through hardening plasma

treatment.

3.5 Test Set-Up And Measurement Schematics

Far-field measurement setup was used to measure the optical characteristics of the fabricated
device. A schematic of the experimental set-up for the measurement of transmission loss and FSR is
displayed in Figure 4. As shown, it consisted of a tunable laser (Agilent 8164A) with wavelength
range of 1510 nm - 1640 nm, TE polarizer, charge coupled camera, grating coupler, MZI, heating
arrangement, and a photo detector (Thorlabs PDA30G). Vertical fiber couplers have been used at the input

and output for optical excitation and collection.

V.

tunable laser temperature photo-detector
controller

Figure 4: Schematic of an experimental set-up for transmission loss / spectra measurement

This laser supports a single-mode lensed fiber and broad band polarizer to ensure TE polarized
mode. As shown in this Figure, a laser signal was fed to the grating coupler using a lensed fiber. A
TE polarizer was placed in between the laser source and the lensed fiber so as to TE polarize the
input signal. Since the transmission loss characteristics of MZI based interferometer is strongly
depended on optical polarization, only the output power for TE polarization mode is measured. The
tapper grating has period of 620 nm, 40-nm per 1-dB bandwidth, 5.1-dB coupling losses at 1550 nm,
20 pm by 10 um area, and 10-degree vertical angle tolerance [5,47].

A Charged-coupled Device (CCD) camera was used to assist positioning of both the input
power feeder and output power collector fibers to and from the device, respectively. To ease the
alignment of the lensed fiber with the grating coupler a lamp and a microscope camera were also
utilized. The optical radiation was coupled through the input grating coupler and the signal was
extracted through the output coupler grating and lensed fiber. The transmitted power was measured
using an optical detector (Agilent 81525A and 81533B). The position of the lensed fiber was

controlled by piezoelectric controller that allowed scanning every input and output radiation signal.
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The FSR was obtained from the transmission loss spectrum. The temperature of the MZI device was

controlled using a tunable temperature controller.

3. Results and Discussions

The wavelength (1) dependent optical field profiles and the coupler and phase shifter arm’s
length dependent power characteristics were obtained using 2D / 3D-FDTD simulation tool. Figure 5
shows the optical mode profiles of the waveguide at various widths — ranging from 0.3 um to 0.5
um. As identified by the field profiles shown in Figure 5 (a) through (f), these waveguides support
single mode at A = 1550 nm. Figure 5(g) shows an effective refractive index (n.ss) of the waveguide as
a function of width. As shown in it, the n.; increases almost linearly with the width of the

waveguide.

Figure 5: Simulated mode profiles of Si based waveguide with width (a) 0.5 um, (b) 0.4 pm, (c) 0.36 pm, (d)
0.34 pm, (e) 0.32 pm, and (f) 0.30 um. Mesh size of 5 nm was used in the simulation. (g) Effective refractive

index (ngss) as a function of the waveguide width obtained from (a-f).

Optical field profiles of the straight arms of the test DC device obtained using the Lumerical
mode solver functionality of FDTD simulation tool is given in Figure 6. In this case the optical
radiation was fed to input ports Prand P2 of the MZI (see, Figure 2). The device tested consisted of a
fixed gap(g) of 0.2 pm and the width (w) of 0.3 um with an input light signal launched at A = 1550
nm.

The 3-dB coupling lengths (3-as [.(;) of the DC was found to be highly dependent on the mesh
size used during simulation. These are shown in Table 2. The 3.4 [.(; ranged from 2.81 to 26 for a

waveguide width ranging from 0.3 to 0.5 um and for a device with a constant g of 0.2 pm, indicating
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that these miniature coupled waveguides show a strong optical coupling effect. The 3.4 [.(;) is
remarkably sensitive to the changes in the n.;, of the material. As shown in Table 2, the n.;; of the
waveguide changes significantly with changes in both w and g from 0.3 pm to 0.5 um and 0.2 um to
0.3 um, respectively.

10
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Figure 6: Mode profiles of parallel waveguides of direction couplers (a-i, b-i) for symmetric (a-ii, b-ii) for
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0.0
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asymmetric modes. Cross-sectional area of both the waveguides is 0.3 x 0.22 um? coupling gap (g)
between the parallel waveguides for (a) is 0.22 um and for (b) is 0.20 um. Symmetric mode effective
refractive index, Ngfr(q—i) = 1.56 and asymmetric mode refractive index, Nefrqa—isy = 1.39, (b) g of 0.20,

symmetric mode, Ngfpp—)= 1.571 and asymmetric mode, Ngfrp—iiy=1.378.

Figure 7 (a) demonstrates changes in coupling length, l.; as a function of waveguide width,
as the gap between them is changed from 0.05 pm to 0.3 um. As displayed in this Figure,
l¢(» increases monotonously with increasing both the width and gap of the coupled waveguides.

Electric field profiles of both the symmetric and anti-symmetric super-modes are shown in
Figure 7(b) with the separation of 0.2 pm between the coupled waveguides. Figure 7(c) displays how
the effective refractive index of the waveguide changes with the wavelength of the incident light /
input light signal: The effective refractive index of the waveguide changes significantly with the A of
the incident optical radiation.

Coupling length (Ic) of the two parallel waveguides with a cross-sectional area of 0.3 x 0.22 pm?
for each was calculated using the index difference between the symmetric and anti-symmetric

modes, obtained from both the Lumerical mode solver and FDTD simulation tools. Assuming
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coupling of 50 % of power from waveguide 1 (in this case of the parallel port, P/) to waveguide 2
(cross port, P1), the 3-dB power coupling length is estimated to be 2.28 pm.

Figure 7(d) shows the calculated out-put power of the DC coupler for the coupled waveguide
length that ranged from 0 to 5 pm. As shown in this figure, the output power from DC are

complementary and change sinusoidally with the length of the waveguide.

Figure 7: (a) Waveguide width and gap dependence profile of coupling length. (b-i) Schematics of
waveguides separated by 0.2 um gap. (b-ii) Electric field profiles for symmetric and anti-symmetric
super-modes. Blue loops represent identical field value of 3 dB as represented by step between lines
showing fundamental electric field distribution and E-field intensity: Wavelength (A) = 1550 nm, coupler
gap (g) = 0.2 um, and waveguide cross-section = 0. 66 pm?. (c) Diagram showing the change in effective
refractive index of the waveguide with respect to the A of the incident optical radiation. (d) Plot of
calculated output power versus position of the straight waveguide of the parallel (//) and cross (1) ports of
the directional coupler calculated using (b) and (c) at A = 1550 nm. Red dots denote power in the // and blue

circles denote power in the L ports.

Figure 8 (a) shows transmitted power loss spectra of an ideal MZI device with ¥z =1.0 and in
the wavelength (L) range of 1549.5 nm — 1551.5 nm as obtained from simulation. In the given A range,
it showed 4 transmission loss bands / peaks with free-spectral range (FSR) equal to 0.26 nm (FSR is
the spectral period of the transmission curve). As shown in this Figure, the output powers were
found to be complementary, and they changed sinusoidally as the coupling wavelength is changed.

This indicates that the device can be used as a wavelength selective high speed optical switch. The
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insertion loss, which is estimated from the absolute maximum value of the transmission bands in dB
for each port, is 0 dB in both ports.

Ideally, the isolation of the MZI device, which is the separation between maximal and minimal
magnitude of the transmission loss spectrum, is infinite. Note that the power loss exhibited by the
device in (a) in no circumstances account for the loss due to Sigmoidal and C-bends and the loss

associated with the contact between input and output fiber to the grating coupler.

Figure 8(a) Wavelength dependent simulated transmission loss characteristics of the Mach-zehnder
interferometer at room temperature with optical absorption coefficient (a) of 0 dB and with both the
coupling coefficients, ks = k. each equal to 1/2 and the transmission coefficient yyz; equal to 1. The
isolation between two ports is infinite () and the free spectral range (FSR) is 0.26 nm. (b) Transmission

loss characteristics of the asymmetrical MZI with a = -0.45 dB, ks;= k.each equal to 1/2, and the
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transmission coefficient yyz equal to 0.75. (c) Wavelength dependent experimental and fitted

transmission loss characteristics measured at room temperature.

For a non-ideal case with a phase delay arm loss of 0.45 dB as identified by yyz = 0.75, the
transmitted power loss spectra of the device in the wavelength range of 1549.5 nm — 1551.5 nm is
given in Figure 8(b). In the given A range, it again showed 4 transmission loss peaks with the FSR
equal to 0.26 nm. Note that the insertion loss is non-zero in both ports. The isolation of the device is
non-infinite in this case as identified by minimal transmission of below zero dBm. As depicted in the
figure, a slight variation in transmission coefficient and in the presence of a loss in the phase delay
arm, optical interference is highly affected, leading to a strong optical isolation between the output
ports 1 and 2. The coupling associated with the S-shaped waveguides was estimated by
extrapolation and these corresponded to a coupling length of 2 pm, similarly to those reported by
Yamada et al. [48,49].

Figure 8 (c) shows the measured wavelength dependent transmission loss characteristics of the
MZI device for the Py case. In the given A range, it again showed 4 transmission loss peaks with the
FSR equal to 0.245 nm. The insertion loss is approximately 25 dBm and it increases with increasing
wavelength. The discrepancies between the simulated (a-b) and measured (c) transmission loss
spectra have been large and these differences can be attributed to several sources including
assumption of negligible bending losses during modeling, larger surface roughness, imperfections,
and defects in fabricated device, and contact losses between input and output fiber to the grating

coupler during measurements.

Figure 9(a) Measured wavelength dependent transmission loss characteristics of the MZI at T =24 °C (dark
blue), 25 °C (dark yellow), 26 °C (dark green), and 27 °C (dark red). A large light blue arrow shows the
direction of shift of transmission loss peak with increasing substrate temperature: The changes displayed
here are in reference to the peak positions at 24 °C. The notations P1, P2, Ps and P4 denote four different
peak positions between the 1449.5 nm and 1550 nm wavelength range. (b) Effect of temperature on the

transmission loss spectra at the given wavelength range deduced from (a).
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Temperature dependent transmission loss spectra obtained from the experiment are depicted in
Fig. 9 (a). The results suggest temperature change resulting to profound effects on both the peak
positions and peak amplitude of the transmission loss spectra. These transmission loss spectra were
measured with vertical optical fibers that were coupled to both the input and output ports of the
MZI device. The method employed is similar to the one described by Yamada et al. [50]. For the given
wavelength range, the general trend is that the peak positions are shifted to the longer wavelength
with increasing temperature from 24 °C to 27 °C.

Figure 9 (b) shows the temperature dependent wavelength shift recorded from figure 9(a) for
four different peak positions, P1 through Pis. As shown in the figure, the peak positions
monotonously increase at a rate of approximately 0.1 nm / °C. The measured results clearly show the
highly sensitive temperature dependent shift of transmission loss spectra and the reasonably high
extinction ratio. These characteristics are greatly favorable for development of highly sensitive

nanoscale thermal sensors.

5. Conclusions

A MZI based thermo-optical switch was designed, fabricated and characterized. It consisted of
3dB couplers with straight and phase delay arms. The waveguide was fabricated onto Si waveguides
using SOI technology. Its performance characteristics were evaluated using transmission loss and
temperature dependent phase shift measurements. The coupling strength of the DC is found to be
remarkably sensitive to the gap between the parallel waveguides. The fabricated DC coupler showed
extremely short coupling length, typically ranging from 2 um to 10 pm. It means that in addition to
being useful as thermal sensor, these devices can be used as compact power dividers or combiners
and optical switches at optical communication wavelength. The transmission loss spectra of the MZI
showed a strong sensitivity to the temperature changes, meaning that the device can be used as a
highly sensitive thermal sensor, among many others.
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MZI Mach-zehnder Interferometer
3D there-dimensional
2D two-dimensional
DC directional coupler
FDTD finite-difference time domain
Matlab matrix laboratory
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