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In this work, a detailed performance analysis for a Mach—Zehnder interferometer (MZI) optical
switch with a channel profile of titanium-indiffused lithium niobate (Ti:LiNbO3) is presented.
The concept of diffusion process controlled modeling has been used to design and optimize its
performance. Impacts of Ti-strip thickness on the power imbalance of first 3-dB coupler and
crosstalk (CT) levels at the end of the interferometric arms are defined and calculated. Transition
losses in the curved waveguides of the structure are maintained at low levels by selecting low less
bend structures to increase overall performance of the switch. The best CT levels of —41.73 dB
for cross state and —32.69 dB for bar state at 1.3 um wavelength have been achieved. While
at 1.55 um wavelength, a CT of —41.73 dB for cross state and —33.99 dB for bar state have
been observed. The switch designed was found to operate best at 7.25 V and 8.25 V for test
wavelengths of 1.3 um and 1.55 um, respectively. The computed results for its performance are
better as compared to the present published data.

Keywords: MZI-structure, Ti:LiNbOj3, process control parameters, switch losses, crosstalk levels.

1. Introduction

Among all available topologies, MZI structures are most efficient to convert a phase
modulation into an intensity modulation. These structures are often used to build
optical modulators, splitters, switches [1-9], logic gates and Boolean function
generators [10—14] with the use of electro-optic (EO) or thermo-optic (TO) effects.
Utilizing the EO-effects, the symmetric MZI structure has been preferred to design
flexible and high-speed optical switches with low driving power requirements for
the shortest switching window. This structure has been preferred to realize optical
switches with polymers [2, 3], LiNbO; [6, 7] and III-V semiconductors and their
composites [8, 9], silica [15], photonic crystals [16], etc. MZI structure can easily be
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extended to perform various optical logical and Boolean operations with use of single
or parallel semiconductor optical amplifiers (SOAs) in its arms or using multiple and
sort waveguides at the interferometric arms [17-20]. Due to large EO coefficients,
lithium niobate (LN) is a suitable back plane for MZI-based modulators/switches and
possesses stable performance parameters (optical loss, crosstalk, efc.), even for inputs
with different optical power levels [21].

Lithium niobate waveguides have been fabricated using titanium-indiffusion,
which increases refraction indices of the selected diffused area of the waveguides and
allows both polarized modes (TE and TM) to propagate [22]. This paper reviews
the design and performance of a compact 2x2 symmetric MZI switch, based on
a channel profile of Ti:LiNbOj; (Ti-LN). The effect of Ti-strip thickness on the indif-
fusion process has been used to calculate the power imbalance in the structure and its
subsequent impact on the CT levels at end facet of the interferometric arms. The effect
of various indiffusion process parameters, e.g., dopant strip thickness, lateral and
vertical diffusion length on the insertion loss has been taken care of, to reduce
the switch losses. The switch performance has been evaluated for its operations for
low attenuation optical windows with least possible driving voltage and minimum
losses during switching action.

2. Switching phenomena in MZI-structures

The MZI switch, as shown in Fig. 1, cycles between the bar state, where most of
the light appears in the waveguide on the same side as the input, and the cross state,
where most of the light moves to the waveguide on the other side [1].

Electrodes
Interferometric arms
IN1 “OUT1
=L ~L L
Pin é‘ ﬁ Pout
IN2 T Toim
—3dB coupler —3dB coupler

Fig. 1. Electro-optic MZI switch with equal interferometric arm lengths [1].

A conventional EO-effect based 2x2 MZI switch consists of two interferometric
arms of equal length connected between two 3dB-couplers. These arms are placed far
enough from each other to avoid evanescent coupling between them. The first coupler
is used to split the light evenly into two beams, which when passed through
the interferometric arms experiences a net phase change of 2A¢. This phase difference
is due to a push—pull effect caused by the field applied in opposite directions through
the waveguides under the electrodes [23]. This causes the light to constructively
or destructively interfere at the output depending on the field (phase) applied.
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Accumulation of a phase difference between the two arms causes the recombined light
to interfere according to the following equation [24]

Pt _ Ll +cos(Ag)
P. 2

in

(1

Various materials have been used with their EO properties to design and implement
MZI-based optical switches for two most popular optical windows, i.e., 1.3 um and
1.55 um. Table 1 gives a comparison of some EO-switches based on MZI structure,
reported in the last decade.

3. Lithium niobate: a perfect crystal for photonic switching

Lithium niobate is a colorless, ferroelectric, water insoluble and an extremely versatile
nonlinear crystal material suitable for a variety of applications. It exhibits a large
electro-optic (EO), acousto-optic (AO), thermo-optic (TO) effects [25, 26], which
makes it suitable in modern optics as an integrated optical element. With unique EO
properties of LN, it has been used to grow large wafer substrates that can exhibit small
dielectric constant and can be used for fast device responses with low power
consumption. In this crystal, EO-effect takes place linearly, i.e., the size of perturbation
to the refractive index is directly proportional to the strength of the local electrostatic
field [22]. Also it is anisotropic in nature; therefore its physical properties such as
absorbance, refractive index, density, efc., are directionally dependent, i.e., having
difference in their values when measured along different axis. Distribution of refractive
index in LN along the three axes (X, Y, Z) can be represented in indicatrix or ellipsoid
form as follows [22]

2 2 2

X Y ,Z )
2 2 2

nO n() ne

where n,, n, are the ordinary and extraordinary refractive indices, respectively. In our
work, the waveguides, which have been designed with Ti-LN, are employed with
metallic electrodes to serve the purpose of applying the electric field. The calculation
of an electric field of the coplanar electrodes is based on [27]. Under the influence
of electric field the index ellipsoid is deformed in space and in different cases of
the crystal cut, propagation directions, polarization, and the electric field direction,
refractive index change can be calculated with the help of different EO-coefficients
r;yaccordingly. If voltage is then applied along the z-axis of the crystal, the new index
ellipsoid can be expressed as follows [22, 28]

Lz +rzE, X+ Lz +rzE, y2 + % + sk, =1 3)

n, n, n,



Modeling of a high performance... 617

The change in the corresponding refractive index can be approximated as [18]

3
n.
n; = nl.+——21—(rHEH+rVEV) “4)

where i denotes either ordinary or extraordinary refractive index and Ey, Ey, 7y,
and r, are the electric fields and corresponding electro-optic coefficients in horizontal
and vertical directions. In our case, LN crystal coordinate system is different from
the device layout coordinate system. The crystal cut direction is conventionally
assumed as perpendicular to the crystal wafer surface. The optical fields, being
the principal electrical component of the electromagnetic field, can oscillate horizon-
tally (TE polarization) or vertically (TM polarization) to the surface. With the help of
appropriate electro-optic or Pockels coefficient matrix [29] values, calculation of
refractive index difference has been done.

4. Ti-indiffusion in lithium niobate

Titanium indiffusion with LN serves the purpose of perfect electro-optic behavior to
achieve optical switching. The indiffusion process is carried out by placing a Ti-strip
of fixed thickness and width onto LN substrate followed by heating within defined
process environment. After the process, the titanium ions are able to penetrate the host
substrate and form a graded index waveguide of defined pattern. The following
concepts of Ti-indiffusion process within LN substrate are mainly taken from
Technical Background and Tutorials, ver. 8, Optiwave Inc. 2006 [22]. The bell-shaped
refractive index distribution of the graded waveguide in the lateral and in-depth
directions can be characterized by diffusion lengths or, as an alternative, by diffusion
constants, diffusion temperature and a diffusion temperature coefficient. This graded
refractive index profile can be characterized by the following equation

n(Ax,y) = 0" () +An(Ax,y), i=oe (5)

where nl(.o) is the bulk crystal index, An, is the diffusion induced index change, and
the subscripts o and e are ordinary and extraordinary index distributions. The bell-shaped
dopant concentration profile can be described as follows,

2

w oy w 2x
c(x,y) = co{erf[ 2D, (1 + ” H +erf[ 2D, (1 T )}}exp - ;?/

(6)

The profile parameters include the profile constant c,, the dopant stripe width
before diffusion w, the horizontal (lateral) diffusion length D, and the vertical (in
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depth) diffusion length D,,. The horizontal and vertical diffusion lengths are functions
of the diffusion time # and the diffusion temperature 7 and can be determined as

Dy = ZJtDOHeXp(— ];3) (7)

D, = ZJtDOVexp(— 7;3) ®)

The temperature coefficient 7, and the diffusion constants in horizontal and
vertical directions, Dy, Doy are specific to the Ti-LN. The concentration profile
constant is a function of the dopant (T1) stripe thickness before diffusion ¢, the dopant
constant c,,, and the vertical diffusion length D)

tS cm
Dym

The dopant constant c,, is a material parameter determined by the dopant density p,
atomic weight M, and Avogadro’s number N,.

)

C():

5. Design and analysis of EO-effect based 2x2 MZI switch
5.1. Design steps

For our design, we assume that the MZI structure as shown in Fig. 2 is created on
a z-cut LN substrate with propagation direction along y-axis. The channel waveguides
are created by indiffusion of Tiin LN substrate. The device is designed on an OptiBPM
layout platform and the initial RI profile of the guiding structure (xy-slice) is verified
using 2D and 3D simulators. The dimensions of various sections and other design
specifications are set as in Tab.2. The wafer has the same refractive index as that of
LN along with 3D wafer properties including air as cladding material with a thickness

Electrode region

I-INF

Input 4 Output (bar)

Output (cross)

Fig. 2. Proposed MZI switch with various labeled regions and input and output power definitions of first
coupler (3-dB splitter) and second coupler (3-dB combiner).
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Table 2. Design specifications for MZI switch proposed.

Channel waveguide and diffusion process specifications
Wafer dimension L =33 mm, W=_8.0 um, thickness = 0.1 mm

Substrate material
Cladding material
Channel profile

LiNbOj; (thickness: 0.1 mm)
Air (thickness: 0.02 mm)
Ti-indiffused LN

Substrate (LN) specifications

Refractive index
EO-coefficients (1012 m/V)
Range of Ti-stripe thickness

Dopant constant

n,=2211,n,=2.138
r33=30.8,r3=8.6,r5y =28,7r,, =3.5
0.045-0.095 um

5.67x10%

Sectional dimensions

Length of coupling section L,
Length of Interferometric arms Ly
S-bend S;: trans. length /

S-bend S;: lateral offset &

S-bend S;: trans. length /

S-bend S,: lateral offset &

3.25 mm
10 mm
5.75 mm
12.75 mm
2.5 mm
8.75 mm

Table 3. Specification of the designed device.

Wafer and guiding channel

Device dimensions
Crystal cut direction
Thickness

L=33mm, W=0.01 mm

z-cut; propagation direction: y

Substrate (LN) = 10 um, cladding (air) =2 um

Substrate (LN) specifications

Refractive index”
EO-coefficients (102 m/V)

n,=2211,n,=2.138
r33 =308, ryz = 86, rsq =28, V22=3.5

Ti-indiffusion process specifications

Dopant constant
Diffusion time
Dispersion factor”
Distribution constant”
Distribution factor”
Diffusion constant”
Diffusion temperature

Temperature coefficient 7,

5.67x10%2 per cm?

2.5 hour

d,=0.7701, d, = 0.8968
F,=13x10 ¥ cm3, F,=1.2x10 2 cm 3
%=05,7=05
Doy = Doy =0.023 cm*/s
1050 °C

30300 K

Variable parameters

Dopant (Ti) stripe thickness 7,
Lateral diffusion length Dy,
Diffusion length in depth D),

0.045 um—0.095 um
2.6 um—4.6 um
2.0 um—4.5 um

*Subscript o denotes ordinary and e represents extraordinary values.
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of 2 um and LN as substrate with a thickness of 10 um. The guiding channel with
a width of 8.0 um in the form of MZI structure is created by Ti-indiffusion within
LN substrate.

Using Ti-indiffusion onto LN, a guiding channel with a bell-shaped refractive index
profile is obtained by placing a few um thick #, Ti-strip and then setting the process
temperature and time at 1050 °C and 2.5 hrs, respectively. The initial design param-
eters set for the substrate and Ti-indiffusion process to form Ti-LN channel are
depicted in Tab. 3. Ti doping in the LN substrate changes its refractive indices, which
is a function of parameters like Ti-strip thickness ¢, lateral diffusion length D, vertical
diffusion length Dj, and other process parameters. With controlled indiffusion
process, i.e., by controlling the aforementioned process parameters, various loss levels
of the device have been minimized. Ti-strip thickness ¢, has been varied to determine
the amount of Ti indiffusion in the host and to select the best value to optimize
the device performance.

A controlled modulating electric field within the structure is provided by defining
suitable electrode regions in the subsequent step. To isolate the guiding layers and
electrode regions, a dielectric buffer layer of SiO, (thickness = 0.3 um, refractive
index = 1.47) with equal horizontal and vertical permittivity is placed above the guid-
ing channel layer. On the top of this buffer layer, electrodes of equal length and
thickness (10 mm and 4.0 um, respectively) with a spacing of 6.0 um between each
other are placed as shown in Fig. 3. The width of electrodes 1, 2 and 3 are 50 um,
26 um and 50 pum, respectively. The length is carefully chosen to be 10 mm, so as to
produce equal and maximum overlapping of optical and electrical field by covering
the whole part of interferometric arms.

5.2. Performance analysis and results

The device performance is checked by performing 2D isotropic simulation using
paraxial beam propagation method with finite difference engine scheme parameter

4
x10 : 1.4
a | b
E 44 E
E E
[a)] [a)]
33 2
@ \. 1.55um @
o A o
S 2 AN S
3 3
& &
=l N " =
\‘j 3 um .
Sl e a2
0 : ‘ A : — e e W
0.05 0.06 007 008 0.09 0.05 006 007 008 009

Ti-thickness [um]

Ti-thickness [um]

Fig. 3. Loss variation vs. Ti-thickness ¢, for straight waveguides (a) and curved (s-bend) waveguides (b).
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of 0.5, propagation step of 1.3 and transparent boundary conditions [22]. The global
data is set with refractive index MODAL and TM polarized test signals at wave-
lengths of 1.3 um and 1.55 um are considered. Initially, the transition losses for
straight and curved (s-bends) waveguides were calculated by varying ¢, in the range
of 0.045-0.095 um. It was observed that these losses can be kept at negligible levels
(which are < 0.4x107° dB/mm for straight and < 0.003 dB for curved waveguides), if
the value for 7, is chosen as > 0.050 um for test wavelength of 1.3 um and = 0.065 um
for 1.55 um operation as shown by plotted results of Figs. 3a and 3b.

Further, to observe the imbalance and their impact on the CT levels generated at
the end facet of interferometric arms with respect to variations in z,, the power levels
at the end of the 1st coupler were monitored as shown in Fig. 3. These parameters are
calculated using the following definitions [8].

Imbalance at the output of splitter:

U=101 £P3j (10)
P,

CT at the end of interferometric arms:

(&8

CTy = 10log - (11)

=42
[&j]/Z +(&jl/2
2 2

Further, O, and O, are power levels at the end of interferometric arms and are expressed
as [8]

0, - —L1  and 0,-1-0, (12)

109710 1

Using Equations (10)—(12), it has been found that the CT levels at the end of
the interferometric arms tend to become worse with an increase in power imbalance,
as shown in Fig. 4. These CT levels at the end of the interferometric arms tend to vary
almost irrespective of test wavelengths. The best CT levels at the end of interferometric
arms are obtained for ¢, of 0.054 um, which is —43.75 dB at 1.3 pm test wavelength
and —42.25 dB at 1.55 pm test wavelength, while the ¢, before indiffusion process was
taken as 0.0825 um.

The switch, while in cross state exhibited a minimum insertion loss (IL), excess
loss (EL) and CT of the order of 0.018 dB, 0.017 dB, —41.73 dB, respectively for
operating wavelength of 1.3 um. While for the test wavelength of 1.55 pm with ¢, of
0.0825 um, the values of IL, EL and CT are of the order of 0.006 dB, 0.005 dB and
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Fig. 4. Calculated CT levels due to variation in power imbalance (a) and variations in #; (b); switch

state: cross.

—39.60 dB, respectively. The extinction ratio (ER) is observed higher than 40 dB for
either case of test wavelength with these values of ¢,. Further, indiffusion process
parameters such as lateral and vertical diffusion lengths (D, and D) were varied in
order to find their optimum values for our design case. The switch losses and ER were
found to be more sensitive to variation in the Dy as compared to D;.. We also found
that, with Dy at 3.5 um and D) at 4.5 um, the switch operation proved to be more
stable and possess better performance parameters for the design specifications and
dimensions considered. Finally, the switch was forced to go into its bar state with
EO-effect, by applying voltage across the electrodes in the range 6.0-9.0 V and
corresponding performance parameters were calculated.

Figure 5 shows the CT variation in response to the applied voltages, with the switch
operating in its bar state. From these plots, it is clear that the switching performance

-5
»
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~~ee 155 um ot
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o —15“\\ \‘~ L
aQ - . -
- ~ . »
X ‘\\ ~ /’
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(%2} p ’ .

Q / »
< \ / b /
O 25+ i
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1 i AN e
|‘ e )'g
-35 L L ) L
6.6 7.0 2 8.6

7.‘4 ‘ 7.8 8
Switching voltage [V]

Fig. 5. Calculated CT levels of the switch (in bar state) as a function of switching voltages for A= 1.3 um
(with £, = 0.054 um) and 1.55 um (with ¢, = 0.0825 pum).
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is at its best at 7.25 V and at 8.25 V, for a test wavelength at 1.3 um and 1.55 um
wavelength, respectively. Also, with these test wavelengths, the switch maintains
a CT level better than —30 dB. Meanwhile, for most cases, the ER of more than 38 dB
for cross state and 40 dB for bar state at both test wavelengths has been observed.
In the worst case polarization dependent loss (PDL) was found to be less than 0.3 dB
and 0.4 dB for light inputs at the wavelengths of 1.55 um and 1.3 um, respectively.
In the bar state, the best CT level of —32.69 dB and —33.99 dB at test wavelengths of
1.3 um and 1.55 um has also been achieved.

6. Conclusions

A compact, high performance 2x2 MZI-switching structure is proposed with a channel
profile of Ti-indiffused lithium niobate. The effect of Ti-strip thickness on the power
imbalance of first 3-dB coupler and crosstalk levels at the end of the interferometric
arms are calculated and plotted. The best CT levels of —41.73 dB for cross state and
—32.69 dB for bar state at 1.3 um wavelength have been achieved. While at 1.55 um
wavelength, a CT of —41.73 dB for cross state and —33.99 dB for bar state have been
achieved. With the measured results, we conclude that power imbalance in the structure
and subsequent generation of CT will have a great impact on its working, while using
it as a optical switch, modulator, etc. These parameters can be improved further with
more precise and controlled Ti-indiffusion process within the waveguide material.
With this work, we are able to demonstrate an MZI switch built with Ti-LN guiding
channel with negligible losses; however, the scope lies in reducing the CT levels further
and using this structure in modeling Boolean logical units and multiplexers with
integration of semiconductor optical amplifiers in its interferometric arms [30-32].
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