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Abstract

Electro-optic (EO) beam deflectors are voltage-controlled devices widely used
for scanning and switching applications. For example, high-speed, low-loss optical
switches aimed at future optical networks can be built on EO deflectors. Novel EO
deflectors distinguish themselves with a much-improved steering performance,
high-speed response and simple fabrication requirements. Patterned ferroelectric
crystals such as LiTaO; are first poled to provide the required prism shaped domain
structures. The application of an electrical field across the entire crystal can then be
used to drive the trajectory of the beam as it travels thrbugh the poled wafer. The
electric field induces an index change of opposite magnitude on the adjacent domain

regions in the EO device, causing the optical beam to refract at the interfaces.

Although rectangular geometry is extensively employed in EO devices,
nonrectangular scanners have demonstrated better deflection performance.v Two new
honrectangular geometries capable of further enhancing the deflection performance of
EO beam scanners, proposed in this dissertation, were constructed. Their parabola and
half-homn geometries provide 2-3 degrees of steen’ng, which is 2 - 3 times greater than

the steering provided by rectangular deflectors.

EO deflectors based on the parabola and the half-hom geometries, which can
provide larger deflection angles, were built. These devices demonstrated a deflection
angle of 3.1° less than 5 dB of insertion loss from fiber to fiber, and -40 dB of

crosstalk.

Two packaged optical switches using rectangular EO deflectors were
- demonstrated. By combining these EO deflectors with fiber collimators and high
voltage packaging, high speed optical switches were built and characterized. The
switch design was based on a 500pm z-cut LiTaOs; single crystal wafer fabricated

using the domain inversion method. The 1x2 switch had a maximum deflection angle

12



of 1.22° with an applied voltage of 1.1 kV and the 1x4 switch had a maximum
deviation angle of 2.14°, with an applied voltage of 1 kV. The average insertion loss
and crosstalk figures were 2.36 dB and -36 dB, respectively. The worst case switching

time was 86 ns.
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Résumé

Les déflecteurs de faisceaux électro-optiques (EQ) sont des dispositifs activés
par une tension qui sont largement utilisés dans des applications de balayage optique
et de commutation. Par exemple, des commutateurs optiques a haute-vitesse et faible

pertes, destinés aux futurs réseaux optiques, peuvent €tre construits a partir de
déflecteurs EQ. De nouveaux types de déflecteurs EO se distinguent par des angles de
déviation bien supérieurs, une réponse tres rapide et une grande simplicité de
fabrication. Certains domaines d’un cristal ferro-¢lectrique tel le LiTaO; sont d’abord
inversés sous 'influence d’un champ électrique, pour produire des structures
constituées de prismes. L’application d’un champ électrique sur la totalité du cristal
permet ensuite de modifier la trajectoire d’un rayon lumineux traversant les structures
de prismes. Le champ électrique crée des modification de I’indice de réfraction de
magnitude opposée dans les domaines adjacents du dispositif EO, causant une

réfraction du rayon aux interfaces.

Méme si des géométries rectangulaires ont ét¢ abondamment utilisées dans des
dispositifs électro-optiques, des structures non-rectangulaires ont démontré une
meilleure performance de déflection. Deux géométries non-rectangulaires capables
d’améliorer la performance de déflection de dispositifs EO sont présentées dans cette
theése, et ont été implémentées. Leurs géométries a base de parabole et de demi-cor
leur permettent d’accomplir des déviations de 2 a 3 degrés, ce qui est deux a trois fois

mieux qu’avec des déflecteurs rectangulaires.

Des déflecteurs EO, basés sur des géométries de parabole ou de demi-cor,
ayant un potentiel de déflection important, ont été construits. Ces dispositifs ont
démontré un angle de déflection de 3,1°, 5 dB de pertes d’insertion et —40 dB de

crosstalk.

Deux commutateurs optiques utilisant des déflecteurs rectangulaires ont été

14



assemblés et ont été démontrés. Combinant les déflecteurs EO avec des collimateurs a
fibre et un assemblage haute tension, des commutateurs optiques & haute vitesse ont
été construits et caractérisés. La conception du commutateur était basée sur un cristal
LiTaOs de 500 microns d’épaisseur, taillé selon son axe z, et soumis 4 la méthode
d’inversion de domaines. Le commutateur 1x2 a produit un angle de déflection de
1,22° quand soumis a une tension de 1,1 kV et le commutateur 1x4 un angle de 2,14°
quand soumis a une tension de 1 kV. La perte d’insertion moyenne et le crosstalk
étaient respectivement de 2,36 dB et -36 dB. Le temps de commutation était au

maximum de 86 ns.
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Chapter 1: Introduction

1.1 Motivation for All-photonic Networks

Computer networks and telecommunication networks play an essential role at
work and at home. People communicate in real-time with others, sometimes on
different continents, through telephones or cell phones. Emails and messengers
provide rapid transmission of written messages across great distances. The Internet
has had a major impact on communication, commerce, education and entertainment,
In short, our living environment in the twenty first century is deeply dependent on

networks.

Modern networks have a history of more than 100 years. After the first
manually connected telephone system was established in the mid-1880s, the
telecommunications technology evolved from analog switching to digital switching,
as it exists in the Public Switched Telephone Network (PSTN). Today, telephony
includes not only fixed-line transmission (the residential home phone), but also
wireless systems. In the early 1990s, the first analog cellular system—Advanced
Mobile Phone System (AMPS)—was supplemented by digital systems: Code
Division Multiple Access (CDMA), or Time Division Multiple Access (TDMA) or
Global System for Mobile Communications (GSM), which used wireless bandwidth
more efficiently. The wireless systems are still evolving to provide new services in
what is called third generation wireless technologies. At the same time, computer
networks have expanded to all comers of the world, connecting an ever-increasing

number of computers.

The explosive growth of multimedia interaction, which carries video, voice,
and other data in massive quantities, has tremendously increased the demand for
bandwidth. The total number of Internet users has also risen significantly over the

years. For example, at the end of March 2006, there were more than 1 billion Internet
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users worldwide [1].

In the last few years, the bandwidth of networks has undergone major
increases due to the rapid progress of optical fiber transmission technologies. Optical
networks are based on an optical layer (fiber) and provide high-speed communication
services around the world. Untill now, optical fibers and optical components have
been widely used in long-distance transport networks such as undersea transmission.
But these networks are still built on electronic cross connects and add/drop
multiplexing switching systems. They feature frequent optical/clectrical signal
conversions, which are well-known bottlenecks. The prospect of an all-photonic
network to eliminate signal conversions is a widely recognized and sought after
objective within the global telecommunications industry. The Agile All Photonics

Network (AAPN) is a good example of an all-photonic network.
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1.2 Optical Networks—AAPN

AAPN was launched in 2003 as a research network in Canada. This project
was funded by the Government of Canada's Natural Sciences and Engineering
Research Council (NSERC) and by Canadian companies including Telus, Nortel, and
JDS Uniphase. The main purpose of creating this kind of network was to develop an
all-photonic network core that could potentially stretch very close to the end-user to
reduce optical/electrical signal conversions [2]. Agility, which is the key to the future
network, is defined as:

e “the ability to perform time domain multiplexing, to dynamically allocate
bandwidth to traffic flows as the demand varies;

e control and routing functionality concentrated at the edge switches that surround the
photonic core, and,

» rapidly reconfigurable all-photonic space-switching in the core.”[2].

Fig. 1.2.1 Topology of the AAPN network: 1 and 2 are core photonics switches; 3

represents edge nodes; 4 represents wavelength multiplexers and demultiplexers.

As shown in Fig. 1.2.1, AAPN chooses a composite star network topology due
to device costs, capacity models, and traffic demand [3]. The signal within the

transport network remains in the optical domain, which eliminates the
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optical-to-electrical (O/E) and electrical-to-optical (E/O) signal conversions. To reach
the millisecond reconfiguration times and space-switching requirements, synchronous
optical time division multiplexing (OTDM) techniques are introduced. Dense Wave
Division Multiplexing (DWDM) technology is used in the AAPN combined with a
photonics core switch applied to each wavelength as shown in Fig.1.2.2 [3]. Optical
packets, or blocks of data, are in the form of time slots of 10 microsecond’s duration,
which is a challenge to the photonics core switch considering the short switching

times required.

SrcEdge DemuxiSelector/Mux Demux/Switch/Mux Demux/Selector/Mux DstEdge

Any A

SrcEdge Mux Demux/Switch/Mux Broadcast DstEdge

Fig, 1.2.2 DWDM multiplexing technology in AAPN with selective wavelength (up) or

fixed wavelength (down) structures; different colors indicate different wavelengths [3].

In AAPN, the edge nodes provide the interface to networks of various kinds,
such as Ethemnet, SONET, and ATM as shown in Fig. 1.2.3. The broadband O/E or
E/O signal converters and wavelength allocations are also established at the edge

node.
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Edge Node

AAPN
physical
intarface

ARPN
physical
interfaca

Fig. 1.2.3 Edge node of the network [3]

Although the optical signal remains in the optical domain in the photonic
switch in the AAPN network, the switching mechanism involves non-optical
techniques such as the clectro-optic effect. Fig. 1.2.4 [4] shows the control of the

photonic core switch.

Optical Fibres Optical Flores

! !

- Edge Node #1 | EdgeNodet1

-4 Edge Node #2 .

Edge Node #2

Edge Node #3 17

Control Channel

‘ .
1 .
1
4 :
H
H Scheduler
a i
: H
i H

Fig. 1.2.4 Control of the photonic core switch in the electrical domain [4]
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1.3 Optical Switching Mechanisms

The switching mechanism of a photonic switch uses various technologies,

such as Microelectromechanical Systems (MEMs), waveguide switches, bubble

switches, acoustic switches, and so on. Table 1.3.1 [16] lists the strengths, the

limitations, and the materials used in some of the switching technologies, and Table

1.3.2 compares their performances. Other performance comparisons of the current

technologies for optical switches are provided: switching speed (Fig. 1.3.1 [16]),

insertion loss (Fig. 1.3.2 [16]). A time line shows when the various technologies were

introduced (Fig. 1.3.3 [16]).

Table 1.3.1. The introduction of the different technologies of optical switches

MEMS ™
(Material:  silicon;

silica on silicon)

| Uses small mirrors to redirect light in 2D/3D or to move an optical

waveguide mechanically.
Strength: Large port counts can be achieved.

Limitations: Slow switching speeds due to mechanical motion.

Bubble
(Material: silica on

silicon)

Uses total internal reflection off a thermally or voltage generated
“bubble” of a different index.

Strength: High reliability.

Limitations: Slow switching speeds. Total insertion loss is high for large

port counts.

Electro-optical
(Material: Bulk

LiNbOs)

Uses the electro-optic effect to refract or reflect the beam.
Strength: Fast switching speed.

Limitations: High voltages required to achieve the electro-optic effect.

Electro-optical
&0) "
(Material:

waveguide-LiNbQ;)

Uses voltage to change index of Y-splitter or to control interference in
MZI/MMI (interferometric switch).
Strength: Fast switching speed.

Limitations: Large port count is difficult to achieve.

Thermal-optical ™!

Uses a heater to change index of Y-splitter or to control interference in
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(Material:  polymer,
silica or silica on

silicon)

MZI (interferometric switch).
Strength: Suid well for integration,
Limitations: Heating and cooling is inherently a slow process. Good

performance is difficult to achieve for large port counts.

Acousto-optical

(Material: LiNbO; or

Uses sound waves to deflect light traveling through crystals or through

fused fiber couplers.

fiber) Strength: Fast switching speed.
Limitations: Higher switch speed and high extinction ratio are mutually‘
exclusive in the fiber case.

Liquid-crystal ! Rotates the polarization state of linearly polarized input light to redirect

(Material; Liquid | the beam.

crystals  combined | Strength: High reliability.

with PBS) Limitations: Motion of liquid crystals is slow and very temperature
sensitive.

Holographic ™" Electrically or optically controlled index changes in a material cause

(Material: liquid | diffraction of beam to appropriate output.

crystals or LiNbO,,

Strength: Large port counts are feasible,

KLTN) Limitations: Poor diffraction efficiency leads to high insertion loss.
Optical phased | 1-D array with vatying optical path lengths. Resultant diffraction
arrays redirects the beam.

(Material: Strength: Large port counts can be achieved.

waveguides,  bulk, | Limitations: Diffraction efficiency poor due to “gaps” in the index
liquid crystals) variation because of finite, distinct controlling electrodes.

Magneto-optic "
(Material;
orthoferrites and

PBS)

Based on Faraday Effect, using an orthoferrite crystal to rotate the
polarization state of linearly polarized input (similar to liquid crystal
switches).

Strength; Large port counts can be achieved.

Limitations: Not clear, though very few are researching this technique.
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SOAs " Semiconductor Optical Amplifiers (SOAs) can block or amplify the
(Material: signal.
semiconductor Strength: Good insertion loss and crosstalk.

optical amplifier) Limitations: Noise introduced by SOAs. Large ports are hard to achieve.

Mechanical Uses small optical components (prisms and so on) to redirect light,
(Material: polymer | Strength: Large port counts can be achieved.

or silicon) Limitations: Slow switching speeds due to the mechanical motion.
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Fig. 1.3.1 Switching time vs. port number for different switching technologies
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Fig. 1.3.2 Insertion loss vs. port number for different switching technologies
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Fig. 1.3.3 Time line for different switching technologics
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Table 1.3.2 Comparison of the performances of optical switches

dependence

P— Opticsl :
- Electro- Acousio Liguid . Holograp ; Machanic
MEMS oplic S04 optic crystat Thormal Bubble hic phagad al
array
Port count Very High Low Average High Low Low Average High Average Average
1000x1000 818 16x16 1300 . 116 8x8 32x32 41024 64x64 B4x64
Switeh fims Slow Fast Fast Fast Slow Slow Slow Fast Fast Slow
ms ns us ms ms ms ms ns ms
lnsertien Average Average Low Average | very low Low Low High High Low
loss 03548 1548 0548 2:5dB <1dB 1-3dB 29dB 16-20dB 6dB 0.7-3dB
Crosstalk Excellent Good Good Good Good Good Excellent Bad Bad Excellent
o 50-704B 20-3048 26-60d8 | 25-30dB | 26-300B | 20-404B 7048 16-364B 18-25dB 50-800B
Medium Large Smail
somse are . Medium Small
Physical size small and long sfirn Smail greater Medium around ? smal; less than or less than
some large around than 1 5cm? 10em: around 1 1omd
2em*tcm? 3em® ’ cm®
Povens Medium | Medium | Medium | High | Medium | verylow ? High Medium Medium
consumption 9 R ) 4
PBL #HA; - High/ . . High/ . . .
High, Lov) NA High NA High High NA Medium High High NA
¥ of stages Low High High Low High High Medium Low Low High
Wavelength . . - - . " .
- NA NA/High High High High Medium Low High High NA

As shown in the above figures and tables, EO switches, especially those based

on bulk material, become a good choice considering the AAPN requirements. They

can provide rapid switching speed to perform OTDM at the frame or packet level, are

casy to manufacture and can be economically assembled. They are now the most

commonly used technology in the EO device market.

25




1.4 Thesis Work

1.4.1 Research Focus

My research work consisted in finding the optimum design for the bulk EQ

switches of the AAPN. It focused on the following areas:

e Better designs for EO deflectors, which built on non-rectangular geometries on

bulk EO materials.

e The design, fabrication, and packaging of multi-port EO switches based on these

EO deflectors.

1.4.2 Organization of the Dissertation

Chapter 2 introduces the EO theory and the EO deflectors. The current
equivalence theory is extended in Section 2.3 and serves as the theoretical foundation
for the design and the analysis of new nonrectangular EOQ deflectors. The limitations
on the deflection angle of rectangular shaped devices are analyzed in Section 2.4.
After a brief literature review in Section 2.5, Section 2.6 proposes the deflection

performance indicator as a merit to compare all the devices.

Chapter 3 reviews the fabrication process of the EO devices. Masks are first
sketched according to the different designs. The processes of photolithograph,
metallization, evaporation, and liftoff are introduced in Section 3.2, and section 3.3

describes the domain inversion using the electric field poling.

Chapter 4 proposes two new EO deflectors that are based on the optimal
design discussed in chapter 2. A new parabolic geometry and another new
nonrectangular deflector with half-horn geometry are derived, which exhibit the

best-known steering performance among all EO devices. Simulations using several
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software packages, such as Code V, Beam Propagation Method (BPM), and Matlab
have been conducted to verify the equivalent theory and to examine the deflection
functionality. A comparison of the simulated performance of these devices is also
given. Based on the new geometries, two novel EQ deflectors are proposed. Section
4.4 describes the design and the simulation of the deflectors. The concepts of the
design of the non-blocking 2x2 EO switches built on these deflectors are also
presented. Experimental results of the new geometries and the new deflectors are

given in Section 4.5.

Chapter 5 demonstrates the packaged 1x2 and 1x4 EO switches. The optical
system design and the simulations of the switches are given in section 5.2, Section 5.3
presents the results of the free space test, the package design, and the test of the

packaged devices. In section 5.4, the high-speed test and damping test are presented.

Chapter 6 reviews the research work presented in previous chapters. Some of
the problems that occurred during the design, fabrication, and experiment are

discussed. Future work on the EQ deflectors and EO switches is also outlined.

1.4.3 Original Contributions

EOQ devices have been studied for more than 25 years. Based on the previous
work of other researchers regarding EO materials, prism type devices, and EO
switches, I extended the current equivalent theory of EO deflectors. The optimal
design of the EO deflectors to achieve the largest steering angle is proposed. Also,
several packaged EO switches have been designed, fabricated, packaged, and tested.

The key contributions in my research are as follows:

e Proved that the iterated-prism structure is equivalent to the index

gradient structure when they both share the same external shape.
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» Proved that a parabola deflector provides the best steering performance, |
among all EQ deflectors.

e Proposed an additional type of beam deflector shape (half-hom) used to
obtain better deflection angles.

e Demonstrated packaged ultra-fast 1x2 and 1x4 optical switches with
switching times of 80 ns, 2-4 dB insertion loss, and -30dB crosstalk.

* Demonstrated 2x2 optical deflectors based on the parabola and half-hom
shaped deflectors.

» Proposed the design concept of 2x2 optical switch based on the EO

deflectors.

This research has led to the following publications from the Photonics

Systems Group of McGill University:
Journals:

[1]. Y. Zuo, M. Mony, B. Bahamin, V. Aimez, and D.V. Plant, "Bulk
Electro-Optic Deflector Based Switches," Applied Optics, Accepted, Dec., 2006.

[2]. Y. Zuo, M. Mony, V. Aimez, and D.V. Plant, “Half-hom and Parabolic EO

Deflector-based Switches,” Photonics Technology Letters, Submitted, Dec., 2006.

[3]. Y. Zuo, B. Bahamin, E. J. Tremblay, C. Pulikkaseril, E. Shoukry, M. Mony,
P. Langlois, V. Aimez, and D.V. Plant, “1x2 and 1x4 Electro-optic Switches,”
Photonics Téchnology Letters, Vol.17, No.10, 2080-2082, 2005.

Conferences:

[11. Y. Zuo, M. Mony, V. Aimez, and D. V. Plant, “New Geometrical Shaped
EO Deflectors,” Conference on LEOS, the 19th Annual Meeting of the IEEE,
Montreal, Quebec, Canada, October 29th-November 2“d, 2006.

[2]. Y. Zuo, B. Bahamin, P. Langlois, V. Aimez, and D.V. Plant, “Half-Hom

28



and Parabola Shaped Electro-Optic Beam Deflectors,” AO/COSI/IP/SRS, Charlotte,
North Carolina, June 6-9, 2005.

[3]. Y. Zuo, B. Bahamin, P. Langlois, V. Aimez, and D. V. Plant, “Packaging
and Performance of an Ultra-Fast 1x4 Optical Switch,” Vol. 2, pp. 1031-3, Conference
on Lasers and Electro-Optics (CLEO), 1IEEE, Baltimore, MD, USA, May 22-27,
2005.

[4]. E.J. Tremblay, C. Pulikkaseril, E. Shoukry, B. Bahamin, Y. Zuo, M. Mony,
P. Langlois, V. Aimez, and D.V. Plant, “A 1x2 fast fiber-optic, switch based on
electro-optic beam scanning,” Vol. 1, pp. 2, Conference on Lasers and Electro-Optics

(CLEO), May 16-21, 2004, IEEE, San Francisco, CA, USA,

[5]. EJ. Tremblay, C. Pulikkaserfl, Y. Zuo, and D.V. Plant, “Ferroclectric
domain inversion in LiTaO3; using an external pulsed poling field,” Conference on

Photonics North, 182-006, May 25-29, 2003, SPIE, Montreal, QC, Canada.

[6]. C. Pulikkaseril, E. J. Tremblay, Y. Zuo, and D.V. Plant, “Free-space
switching using multiple electrooptic interfaces,” Conference on Photonics North,

182-671, May 25-29, 2003, SPIE, Montreal, QC, Canada.
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Chapter 2: EO Effect and EO Deflectors

2.1 Introduction

The Electro-Optic (EO) effect or Pockel’s effect is a phenomenon by which
“the index of refraction of certain types of crystals is changed with the application of
an electric field.” [1] Devices obtained in this way, and whose operation relies on this
principle, are referred to as “EQ devices.” The response time of EQ devices is
extremely short because the EO effect relies on minute displacements in the atomic

crystal structure [1].

EO devices have various applications including sensors, scanners, deflectors,
and switches [2]. In this chapter, attention is paid to EO deflectors, which can steer an
optical beam. Electro-optic beam deflectors can be used in optical displays,
photographic recording, switching/routing, printing, ‘data storage, space tracking and
acquisition, as well as laser control. These devices exhibit high bandwidth, fast
response time, moderate deflection, low power consumption, and are generally very
compact when compared to other deflectors. Given these benefits, EO beam
deflectors are currently widely used for applications in optical switching. For example,
high-speed, low-loss optical switches for future optical networks can be built using
EO deflectors [3]-[5]. These novel EO switches are distinguished by a
much-improved steering performance, high-speed response, and simple fabrication

requirements.

The EO effect is briefly presented in Section 2.2 and two methods of analysis
and design, prism analysis and index analysis, are described in Section 2.3. Section
2.4 introduces the limitation of the rectangular shaped devices and a literature review
of existing EO devices is then summarized in Section 2.5. Conclusions and references

are given in Section 2.6 and 2.7.
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2.2 EO Effect and EO Deflectors

2.2.1 EO Effect

In general, the EO effect is a phenomenon where the refractive index is

modified when a steady electric field is applied to a crystal. More specifically, the

nine elements n; of tensor # are changed according to the external E-field E(Ex, Ey,

Ez),

and thus, the index ellipsoid is also changed. If only the linear effect is

considered, the y,, (Pockel’s coefficient) works as:

now:

77,»,(E)=77go +27g‘kEk (D
k

So, the index change would be:

1
A(n_2)1
A(niz)2 o Te i
A 1 Y1 Y Ym E
(7)3 _Pn 7 Tn Ex @)
A(—17)4 Yo Yo Y E;v
nl Vs1 Vs2  Vs3
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1
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n

where 1, 2, 3, etc. is the symbol in the index ellipsoid as follows:

1 1 1 1 1 1
(—2) x2+(—2} y? +(-—2J zz+2(—2) yz+2(—2) Xz + 2(—2j xy=1 ?3)
n- i n-Jj, n /s nj, nJs nJje

So, in trigonal 3m crystals such as LiTaO3 or LiNbO;, the coefficient tensor is
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The refractive index of uniaxial crystals has the following properties:
ny=n, and n;=n,.
When applying an E-field of £ = (0, 0, E),
1 1
7 = ok P S
1 3 1 3
An, = _Enx}/ISEz An, ~ _-Ena733Ez (6)

where the y,, #3y,, and An, > An,

In this case, the E-field has the same direction as the z-axis (optical axis).
When the E-field is opposite to the optical axis, a positive index change can be

achieved.

Larger An, should be realized to achieve better optical performance. Thus, a

linear light source in the TM mode (the E-field is parallel to the z direction) is utilized

as the incident light.

2.2.2 EO Response Time

The potential large bandwidth or high-speed property of light waves, which is
critical in the applications such as communication, medicine, aerospace, and so on, is

one of the most important attributes of EO devices. The EO effect relies on minute
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displacements in the atomic crystal structure, which is ultra-fast. In chapter 5, the
response time of the packaged EO switches will be tested and analyzed. We will also
show how lumped electrodes are deposited to establish an E-field on the EO

deflectors.

To achieve even larger bandwidth such as 40GHz or higher, the normal
lumped electrodes cannot satisfy the requirement anymore because of their physical
constraints. The lumped electrodes act as a capacitor storing charges when a voltage is
applied, and the bandwidth of the EO device is limited by the product of capacitance
and load resistance. The calculation of the capacities of the electrodes is given in
chapter 5. To minimize the problem, RF transmission lines with traveling-wave
electrodes can be introduced. Applications with 40GHz or higher bandwidth have
been produced in EO guided-wave modulators [6], [7]. Although all the devices in my
work still use the lumped electrodes, future research can experiment with

traveling-wave electrodes to achieve wider bandwidth.

2.2.3 Domain Inversion

Although most EO crystals can be utilized in EO devices, they normally are
composed of one single domain with one spontaneous polarization direction and only
the index under the external E-field will change. To achieve larger EO effect, domain
inversion is introduced and is carried out to invert the initial spontaneous polarization

of the material. By creating two domains with opposite polarization directions in the

contiguous crystal, a positive index change +An, and a negative index change

-An,can be established in the two domains respectively when applying an external

field on the special crystal. With the index changes in both domains, EO effect is

doubled and the deflection angle in these devices is doubled too.
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The special EO crystals which are capable of inverting the spontaneous
polarization direction are called ferroelectric crystals. The process of the domain
inversion is called poling. The material properties and the domain inversion will be

introduced in detail in Chapter 3.

Assuming that the domain with spontaneous polarization direction has index

change of - An, when a voltage is applied, the other domain with inverted

polarization direction will have index change +An,. One can design patterns for the

arcas of a crystal where the domain will be inverted, to provide the desired optical

effect in the EO device.
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2.3 EO Deflectors

When an electric field is applied across the two domains in the crystal, the
trajectory of the beam is diverted as it travels through the wafer. The electric field
induces an index change of opposite magnitude in the adjacent domain regions of the
EO device, causing the optical beam to refract at the interfaces. Thus, light beam

deflection is obtained.

EO deflectors are usually built using a pattern with a series of prisms. The
prism areas are first poled to invert the polarization direction, during the manufacture
of the EO device, and an external voltage is applied across the whole crystal to
achieve beam deflection in the operation of the device. The two regions with prism
shapes have different refraction indices as shown in Fig. 2.3.1. By defining the vertex

of each prism, the travel path of light beam can be determined.

Fig. 2.3.1 Two domains in a rectangular shaped 1x2 EO device

The relationship between the change in index of refraction at the interfaces

and the applied electric field is given by the equation:
14
M=nr,— 7
0733 D ( )

In this case, nyis the original index; r;; is the corresponding electro-optic

coefficient of the substrate along the z-axis, V is the applied electric field along the

direction of the dielectric polarization, and D is the thickness of the substrate.

Since the An, is much larger thanAn,, from now on, a prism with index
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n—An, in auniform media of index n+ An, is the focus of study.

2.3.1 Ray Tracing in Prisms

wtAn +An

Fig. 2.3.2 Prism induced beam refraction

Since the pattern is obtained using a series of prisms (as the one shown in
Fig.2.3.2), the analysis begins by examining the behavior of the beam as it crosses
each prism. Given that the outer index is greater than the index inside the prism, the

light beam bends up. Since each prism presents two boundaries, they each provide

two consecutive deflections. The beam passes from a region of index #, =7+ Aninto

a second region of index 7, =»n—An and vice versa.

m sin(g— +0))=n, sin(—'g- +06,) | (®)
" sin(§~92) —n, sin(~'§——03 ) (9)

Given that the actual index difference between the two regions is in the order

of 10, and the incident and output angles are very small, the simplification will be:

. B . p B . B
sm(»z— + 01) ) sm(—2— - 03) _ sm(; + 01 )+ sm(; - 93)

)

B . . B B
sm(;+02) ! sm(;—ﬁz) sm(;+02)+sm(—2——02)

(10)
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”—zl—z—A”-—l—A—gcot(—) 1)
n, n 2

Assuming that the incident and output angles are very small, (10) becomes:

inc? By o ainc®y B
10)~ sm(2)+6?1cos(2)+s1n(2) o, cos(z) _1__00«'3) 12
sin(g) +6, cos(—'g—) + sin(g) -6, cos(ig) 2

where, AO0=0,-6,
The prism deflection angle is governed by the formula:
a6 =241 tan('B) (13)

For the whole prisms series, the total deflection angle is expressed as:

AG = ziA_"t (ﬁ)_j‘:_AﬁZL/z
Wk

(14)

Where Ly is the length of the kth prism, # is the width of the 4th prism.

In rectangular shaped devices, since W (width of the kth prism) are all the

same in each prism, (14) can be simplified to:

A0=4AnZL,,/2:2An_§_ (15)
n ok W, n W

where, L is the total length, and # is the uniform width of the device.

From (15), the total deflection angle in rectangular shaped devices depends
only on the device’s length and width. The number of prisms is no longer important if

there are more than 10 prisms, as per [8].
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2.3.2 Ray Equation in Gradient Index Materials

Another common structure of the EOQ deflectors is based on the gradient index
material as Fig. 2.3.3 shows. In Chapter 4, the equivalence of this structure and the

prism structure under some requirement will be proved.

Fig. 2.3.3 Material with gradient index

In that material, a light ray obeys the following [9]:

d’X _d6 _Vn_ 1 on_26n 1

= = 16
a2 dz n, n,0X n, W(z) (16)

Where W(z) is the total width of the device at z coordinate.

From which the following relationship for the deflection angle is obtained:

9=I2An 1

e W@ dz (17
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2.4 Limitation of Rectangular Deflectors

Rectangular devices are most commonly used in EQ deflectors. But since
rectangular devices require a larger device width to cover the entire bended light path,
their performance is limited. When considering a rectangular deflector as Fig. 2.3.1
shows, the device width is made to be much larger than the spot size of the incident
beam, to accommodate the full bipolar deflection of the beam at the exit. Thus, the
width is unnecessarily large and the deflection angle 8 is limited. In this section, the
limitation of the rectangular shaped deflector will be quantified for the first time as

described below.

According to the shape and the beam bending, the relationships between the

length , width W, beam waist w, and the deflection angle # are as follows:

(18)

W?=wW +L? Kn2r33
D

This implies that # needs to be larger than w.

To better assess these limitations, the upper and lower bounds of the

performance of the rectangular devices should be provided.

In rectangular deflectors, the width of the device needs to be large enough to

accommodate the full deflection of the beam.

W =waist + AL (19)
L 1
Theref <= 20
erefore <~ (20)
n’r.V L
Simult ly, §=—3— 21
imultaneously, D W (21)

41



2
and therefore 6 < |72 22)
D

The number of prisms in EQ devices should be at least 10 [8]. Considering the
ratio of device length and width, which usually is large, the deflection and reflection
loss in the prism interfaces could be a lot while there are only a few interfaces/prisms.
Assume a minimum of 11 prisms is required inside each device, and all prisms are

assumed to have an identical apex angle of 60°,

——é—>ll*2*tan(30°)~13 23)
2
therefore @ > 13n—g§K 24)
i 2 2
and finally 137727 <o < |77V 25)
D D

In conclusion, the deflection angle of rectangular devices has an upper bound.
In the common case of V/D=1/500 kV/um, and where r33 is 30x107"2 m/V, 6 can never
be greater than 17 mrad. Even in a case where V/D=1/150 kV/um, 0 still is smaller
than 31 mrad. These results are very important, since they demonsirate that,
irrespective of the design, the deflection angle obtained using rectangular devices is

always smaller than [n2r33V /D]”2 .
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2.5 Literature Review

A literature review of existing EO devices and their performance is provided

in Table 2.5.1. Until now, the focus of these applications was mainly limited to

rectangular shaped devices.

Table 2.5.1 Literature review of existing EO devices

Electro-Optic Beam deflector '

The demonstrated device was fabricated on
a 0.5 mm thick z-cut single-crystal LiTaOs
substrate with the following dimensions: 10
x 0.75 mm? A He-Ne laser (633 nm) was
employed as the light source. The scanning

angle was about 4 mrad at 600 V.

Rectangular Electro-Optic beam
deflectors 'V

The device is an EO deflector in 1 mm
thick KTP. The deflector (L x d = 10 mm x
100 pum) is located at the center. The
measured 4n is 1.1x10™ /KV, and the

maximum angle is 0.57° using a beam with

a 0.6328 um wavelength.

Rectangular EO beam deflectors ¥

The experimental LiTaO; device has a
width of 1 mm, an effective length of 8.5
mm, a substrate thickness of 0.5 mm, and
exhibits 5.0 mrad/kV deflection sensitivity

when working with a He-Ne laser.
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Trapezoidal EO beam scanners [

The BPM simulation results show that
when the index is 1.85, the 4n 1.76x10”
/kV, the middle point width 600 um, the
device length 10 mm, and Wy/Wk ranges
from 1.0 to 0.15, the scanning sensitivity

will be between 1.0 and 2.6.

y

{7}

ny+AN2

o

B (W

W,

Shape-optimized EO beam scanners [

Here, a linearly polarized He-Ne laser (633
nm) was used. The entrance width of the
horn-shaped scanner is 92 um, and the exit
width is 678 um, The thickness of the z-cut
LiTaO; substrate was 150 um. The external
deflection of the scanner was measured to

be 91 mrad at 1 kV.

Untill now research mainly focused on rectangular shaped devices. Some

researchers [12], [13] started to consider non-rectangular EO deflectors, such as

trapezoidal or horn shaped devices. Their efforts are commendable and very useful.

But since their research and devices are for EQ scanners, which require continuous

voltages and positive and negative voltages, the devices are not optimized for EO

switches.

In chapter 4, an optimized EQO deflector design for the application of EO

switches, which only have on and off status, will be proposed for the first time. In that

chapter, further analysis reveals that among all possible deflector shapes, the

parallel-parabola shaped deflector exhibits the largest deflection angle. In addition,

several new nonrectangular geometry designs, which are capable of further enhancing

the deflection performance, are proposed and compared.
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2.6 Conclusion

~ The EO effect constitutes the basis of all EO devices. In this chapter, the EO
effect is described and equations are given for the refraction index change. Ray
tracing and integral tracing are different ways to analyze the performance of the EO

deflector. The response time of the EO effect is also discussed.

Rectangular shaped EO devices are often used in all kinds of applications. In
this chapter, the original limitation of the rectangular devices is analyzed, simulated,
and quantified. The bounds of the deflection angles that the rectangular device can
provide are identified for the first time. These results can serve as the guide for the

future design of all EO deflectors.

A summary of the literature survey is also given in this chapter. Based on
previous research, the optimal EOQ deflectors and some other new shaped EO

deflectors for the application of EQ switches will be proposed in Chapter 4.

To better understand EO devices, EQ materials and the manufacture of EO
devices will be introduced in the next chapter. The EO materials, the procedure to
invert domains, the patterns, the deposition of electrodes, and more will be described
step by step in chapter 3. With this understanding, new deflectors and packaged EO

switches will be proposed in chapters 4 and 5.
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Chapter 3: Fabrication of EO Devices

3.1 Introduction

Chapter 2 introduced the EO effect and prism based EOQ deflectors. The
concatenated prisms are obtained by domain inversions using electric field poling. As
Chapter 2 presented, by inverting the spontaneous polarization direction in the
concatenated prism area, two domains in a contiguous crystal can be created. When an
external voltage is applied to the crystal, positive and negative index changes are
achieved in the different domains. In this way, the deflection angle is doubled when

compared to unpoled EQ crystals.

In this chapter, EQ ferroelectric materials are first investigated in Section 3.2,
Section 3.3 describes how the optimally designed prism geometries are sketched as
electrode patterns in photomasks that in turn are lithographical defined and metallized
onto the EO substrates to create poling electrodes. The spontaneous domains of the
prism regions are then inverted by electric field poling as Section 3.4 describes.

Conclusions and references are given in Section 3.5 and 3.6, respectively.
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3.2 EO Materials

3.2.1 Ferroelectric Materials

The permanent electric dipole moment of some crystals may, in certain cases,
be reoriented by the application of an electric field. Such crystals are called
ferroelectric, a term first used by analogy with ferromagnetism [1-5]. The EO
deflectors in chapter 2 have different indices in their different domains. The two kinds
of domains, with either a positive or a negative index change in one congruent
substrate, cannot be constructed using natural crystals, and thus are constructed using
ferromagnetic materials in which domain inversion is performed. The polarization
vector of a material is expressed by the density of permanent or induced electric
dipole moments. Usually, a spontaneous polarization follows the z-direction, the
direction parallel to the optical axis of the material. The original (spontaneous)
polarization and the inverted polarization, identified by a positive or negative sign as

shown in Fig. 3.1.1, are parallel to the z-axis.

@—-—‘_-9
+z
O O .
O
& : 5 -z
() (L) (c)

{) Lithivm ¢ Oxygen e Tantalate

Fig. 3.2.1 Three dipole states of LiTaOs: (a) positive, (b) normal, (c) negative

LiNbO, and LiTaOs are the two main ferroelectric materials used in most EQO
deflectors. In these materials, the metal ions Li and Nb can be shifted along the
optical axis (Fig. 3.2.1). Thus, the spontaneous polarization can be reversed or

reoriented by the application of an electric field larger than the coercive field of the
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crystals. This displacement of the metal ions persists even in the absence of an electric
field. Fig. 3.2.2 illustrates the spontancous polarization direction and the reversed

polarization direction after the application of an external E-field.

boddy 1111

Spontaneous Polarization Polarization Direction
Direction after External Field

Fig. 3.2.2 Polarization directions of the crystal. Left: spontaneous polarization

direction; Right: the direction after the application of an E-field

LiNbO; and LiTaOs are uniaxial crystals with #,=n, and n,=n.. As demonstrated
by their index ellipsoids in Fig. 3.2.3, their spontaneous polarization follows the
z-axis with an index n.. The other two indices along the x and y coordinates are no.
The structure of a z-cut single crystal wafer with the surface perpendicular to the

z-axis is also shown in the index ellipsoid.

7, AOptic axig

Fig. 3.2.3 Index ellipsoid of a z-cut LiTaOs crystal
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3.2.2 Parameters of the Wafer

Three-inch LiTaOs/ LiNbO, wafers, z-cut, 0.5 mm thick, purchased from
Foctek Photonics, Inc. served as substrates in our experiments. Table 3.2.1 lists some
of the parameters of these wafers to gain a better understanding of the crystals. The
small value for hardness reveals that the wafers are fragile and the Curie temperature
indicates the temperature during fabrication cannot exceed 1160°C for LiNbO; or 600
°C for LiTaO;. A wavelength of 1310 nm was used in the measurements of the EO
systems since the index is larger at lower wavelength [6], which leads to a larger
deflection angle in the EO devices. Being ferroelectric materials, the spontaneous
polarization direction of LiNbO, and LiTaOj; can be reversed; the theory and the

process of the domain inversion will be presented in detail in section 3.4,

Table 3.2.1 Properties of LiNbO, / LiTaO; crystals (the datasheet is from Eoctek
Photonics, Inc.)

Parameter LiNbO; LiTaO3

Melting Point 1250°C 1650°C

Curie Temperature 1160°C 607 °C

Crystal System Trigonal Trigonal

Point Group 3m 3m

Hardness (Mohs) 5 6

Crystal Density 4.64x10°kg/m’> | 7.465 x10°kg/m>
TE mode index: ng At 1310nm | 2.14 2.176

TM mode index: n, At 1310nm | 2.22 2.18

Dielectric Constant 29 44

EO co-efficient: r33 31x10%mV™" | 30.5x10"?mV™!
EO co-efficient: r13 8.6x102mv?! |84 x10%mV?!
Transmission Range, um 0.35-5.5 0.45-5.0
Coercive fields 21kV/mm 21kV/mm
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3.2.3 The Wafer Process

The z-cut LiTaO3 materials come as 3™ 500um thick wafers, each capable of
producing 10-15 different devices. Patterned masks are sketched for both the poling
electrodes and driving electrodes, which are lithographed, metall evaporated, and lifted
off on the substrates. The design of the patterns of the poling and dﬁving electrodes is
introduced in the next section. A high voltage electric field (10 kV) is applied through
the poling electrodes to invert the spontaneous polarization domains on the wafers.
The Poling process will be described in section 3.3. The driving electrodes are
metallized on the same surface as the poling electrodes, while the back side of the
wafer is all covered by electrodes which serve as ground. After metallization of the
wafer is complete, the EO devices are diced out of the substrate and are polished on
the left and right facets to produce EO deflectors or EO switches. The EO devices are

then ready for testing and later packaging.
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3.3 Mask Design

Two types of electrodes are used to generate the external electric field applied
to the wafers: the poling electrodes for the purpose of domain inversion and the
driving electrodes for the purpose of index change in the substrates. Usually, one
mask contains both of the electrode patterns as two layers. In our experiments, the

masks were sketched in AutoCAD and fabricated by Adtek Photomask Inc.

3.3.1 The two Layers in the Mask

The two-layer masks are confined in a circle of radius 3” that corresponds to
the contour line of the wafer as Fig. 3.3.1 shown. The first layer of the mask contains
the patterns of the poling electrodes, built of concatenated prisms with each prism’s
vertex following a designed geometry. A Matlab program calculates the coordinates of
the points of prisms; defines these prisms in the format of AutoCAD command; and
creates a file with an SCR extension (Appendix A). Through the scr command,

AutoCAD uses this file to create the electrode patterns.

T —
/ e N Fastlayer
’ “\?\ ! {1 Second layer

== Dicing aml
polishing lines

Fig. 3.3.1 Two-layer mask with dicing lines
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The second layer of the mask contains the patterns of the driving electrodes,
which are the electrodes used to generate the external E-field to utilize the EO effect.
The exact outer shape for a domain inverted substrate should follow the contour area
as shown in Fig. 3.3.2 (a). However, rectangular contour lines as shown in Fig. 3.3.2
(b) are also acceptable when the light beam only transmits along the prism region

after the application of E-field.

(®)
Fig. 3.3.2 Outer shape for the parabola shaped device. (a) exact outer shape; (b)

rectangular contour lines.

Several EO device patterns are arranged in one 3” mask to reduce the
manufacturing cost as shown in Fig. 3.3.1. The devices are then diced out according
to the dicing lines also shown in Fig. 3.3.1. Instead of one device, a group of 3-4
devices in one final piece is introduced to reduce the probability of broken devices

during the dicing and polishing process due to the super-slim device shape.
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3.3.2 Photolithography and Metallization

All the procedures described here, such as patterning, photolithography, metal

evaporation, and liftoff, were carried out by the University of Sherbrooke.

The same processes of photolithography and metallization are used for both
types of electrodes. During the photolithography, the cleaned wafer is spread with a
combination of Lift-off resist (LOR) and regular photd-resist, which ensures the best
lithographic results with LiTaO3. The wafer is then exposed to UV light through the
patterned mask, using a mask aligner, and developed by immersion in a special
developer adapted for photo-resist and LOR. After that, the wafer is rinsed with

deionized water, dried with nitrogen, and descumed with oxygen plasma.

Evaporation and metallization are performed in a thermal evaporator.
Chromium and gold with thicknesses of 20 nm and 80 nm, respectively, are deposited
through evaporation. Using the LOR solvent and heat, the LOR is lifted off and the
residues are removed by solvent filtration. The wafer is then cleaned with acetone and
isopropanol and dried with a nitrogen jet. The patterned electrodes are now deposited

on the substrate.
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3.4 Wafer Poling

As described in chapter 2, by applying voltages to the designed areas, the
domains in those areas can be inverted. Thus, different polarization directions in one
contiguous substrate are accomplished. The prism-shaped pattern is chosen according
to the discussion in chapter 2 and is metallized as the poling electrodes on the —z
surface. Fig. 3.4.1 shows one of the rectangular patterns, and the 3D viewing of the

two domains (a head to tail polarization direction) in the crystal after poling.

(b)

Fig. 3.4.1 Rectangular patterns. (a) top view of the pattern; (b) 3D viewing of the poled

crystal

The process used to invert the spontaneous polarization direction of the
ferroelectric material is called poling. Various methods of poling are available, such as
chemical, heating, and application of an electric field [7]. Among them, the electric
field poling offers a practical means, considering the facilities that are available in our

lab.

Steady-state voltage application and pulsed-voltage application are two
methods used to invert domains [8]. In the first poling method, a constant voltage is
applied to the substrate through the entire domain inversion period. In the second

method, a series of high voltage pulses is applied to the substrate and each pulse can
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partially reverse the dipole moment within the poling area. Although the poling by a
steady-state electric field can induce the process of domain inversion faster, it is
difficult to control and handle due to the fast switching time of the domains, which is
usually 200-2300 um/s. Conversely, the switching time of domains in the pulsed
voltage application is slower, but by monitoring the current during the reversal of the
dipole moment, the series of pulses can be controlled more easily and it is the method

that we chose.

3.4.1 Setup for Wafer Poling

Fig. 3.4.2 Lab setup for wafer poling

During the electric field poling process, a voltage of 10 kV is applied between
the -z and +z surfaces. The poling electrodes are deposited on the —z surface because
the spontaneous polarization direction is from +z to -z surfaces. An entire layer of

conductive grease connects the metallized +z surface of the wafer to the brass trunk.

The brass trunk connects the +z surface of the wafer to the negative high
voltage supply of -15 kV. Another high voltage power supply provides up to 1 kV

pulses to the wafer surface with driving electrodes. The total electric field must
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exceed the coercive fields of the material, which is approximately 11 — 12 kV. High
voltage pulses of eight microseconds are applied to the wafers repeatedly until the
dipole moment is completely reversed. The setup of the poling is shown in Fig. 3.4.3,

while the lab setup is shown in Fig. 3.4.2.

High voltage
(+1.5KV)supply
I
Fimction | gote | High voltage

generator pulse generator
Frobe -z surface
with driving
 electrodes
Wafer << T
High voltage +z swtace=

Brass trunk

(-15KV) supply

Oxcilloscope Monitor

Fig. 3.4.3 Schematic of the poling setup

3.4.2 Wafer Mounting

Substrates that are to be poled are mounted on the brass trunk in steps as

follows:

Fig. 3.4.4 Wafer mounted on the poling setup
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Step 1)

Step 2)

Step 3)

Step 4)

Step 5)

Step 6)

Evenly spread a thin coat of conductive grease on the surface of the

mounting trunk,

Rinse the wafer with acetone and dry it with nitrogen gas. Place the wafer

face-up (electrodes up) on the mounting trunk using tweezers.

Cover the wafer with a piece of paper filter, which has been immersed in
mineral oil; punch a small hole in the filter for the spring probe to go
through. Place a Teflon o-ring on top of the filter. Both the filter and the

o-ring prevent arcing.

Slowly push down the spring probe through the hole toward the wafer and

monitor it until it almost reaches the wafer surface.

Use a voltmeter to verify proper contact between the probe and the
electrodes: connect the black lead of the voltmeter to the probe; replace the
red lead with the Nano-clip contact and bring it near the electrodes on the
wafer. The Nano-clip has an extremely soft hook, which can protect the
wafer from compressive stress. Push the spring probe down until it finally

touches the electrodes.

Connect the probe to the positive high voltage cable. The mounted wafer and

the setup are shown in Fig. 3.4.4.

After these steps, the wafer is mounted on the stage and high voltage can be

applied to invert the spontaneous polarization directions.
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3.4.3 Poling Procedures

The connections are established using the setup shown in Fig. 3.3.3. The
output of a 15 kV high voltage power supply is slowly decreased from 0 V to -12 kV
till it reaches coercive field. The +1.5 kV high voltage power supply is set to 800 V,
which provides the voltage for the high voltage pulse generator. The pulse is
generated by a function generator set to 5 V, 8 ms duration, and single manual shot.
The threshold E-field of 500 pm LiTaQ; is 11.5 kV, which is half of the coercive field
(23 kV/mm). Including the 800 V pulses, the starting domain-switching voltage on the
-15 kV high voltage power supply is approximately - (1150 - 800) = -10.7 kV. The
coercive voltage cannot accurately be predetermined as the thickness of the wafer
may not be exactly 0.5mm. Pulses are therefore applied to the substrate while the
supporting voltage decreases step by step. Once the threshold voltage is achieved, the
dipole moment will start to be reversed and a small current, as shown in Fig. 3.4.5,
will occur during the inversion, which can be detected through the current monitor
provided by the -15 kV power supply. More pulses might be needed after the voltage
exceeds the threshold to ensure a complete reversal of the domain. Once the current
pulse stops, the entire voltage application can be terminated and the process of poling

is complete.

Fig. 3.4.5 Current pulse when poling occurs
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After poling, the spring probe, the ring, and the paper are removed; the wafer
is gently pushed aside using the wafer tweezers, and the wafer is immersed and

cleaned in soapy water, rinsed with acetone, and dried with nitrogen gas.

Polarizer—»
Light

Fig. 3.4.6 Microscope setup to check the domains

The poling results can be examined under a microscope with cross polarizers
[9]. Fig. 3.4.6 shows the setup and the equipment used in the lab. Fig. 3.4.7 and Fig.

3.4.8 show successful and unsuccessful poling results.

Fig. 3.4.7 Poled domains under cross-polarizers
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Fig. 3.4.8 Examples of domains which are over poled and under poled

Some problems may occur during the poling process. Sometimes, no poling
occurs if the electrodes are metallized on the +z surface instead of the -z surface.
Another common problem is arcing. Arcing is the flow of electricity through the air
from one conductor to another, which can produce visible flashes and flames along
with a crackling sound. Normally, 10 kV voltages arc over a 3 mm distance of a dry
air gap [10]. In the procedure of poling, arcing can not only damage the spring probe,

but also crack the crystal.

Arcing might happen if the voltage is too high or the pulse setting is too long,
or if the electrodes are designed too close (less than 3 mm) to the contour line of the
wafer. If there are some connections between the ground and the electrodes, as can
happen when conductive grease gets smeared onto the top surface of the wafer, arcing
might happen as well. And once arcing happens, the spring probe should be replaced

immediately to prevent further problems.

After poling, the driving electrodes and ground electrodes are deposited on the
wafer. EO devices are diced out from the substrate and each facet is polished. These
devices will then be used in the non-rectangular shaped EO deflectors as described in

chapter 4 or in the packaged EO switches as described in chapter 5.
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3.5 Conclusion

In this chapter, EO ferroelectric materials are first investigated. The optimally
designed geometries of the prisms are sketched as electrode patterns in photomasks.
The poling electrodes are lithographed and metallized onto the EO substrates from
these photomasks, and the spontaneous domains of the prisms regions are then
inverted by electric field poling. After a second photolithography, metallization and
lift-off, the driving electrodes afe deposited on the substrates. The wafer then is diced

and polished to get the designed EO devices.
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Chapter 4: New Geometrical Shapes for EO
Deflectors

4.1 Introduction

In Chapter 2 the concept of EO deflectors was introduced and in Chapter 3 the
fabrication procedure of the EO devices was described, including domain inversion
and electrodes deposition. In this Chapter, some new geometrical EO deflectors are
proposed. These deflectors are specially designed for the application of EO switches
and are based on non-rectangular shapes. The optimal design that is proposed for EO
switches was fabricated and tested. Some other devices using new shapes are
presented with experimental results. These new deflectors are compared to existing
EQ deflectors using the deflector figure of merit presented in section 4.3. Analysis in
this chapter shows that the new proposed deflectors demonstrate better deflection
capabilities than any other bulk devices. Also, the concept of non-blocking 2x2 EO

switches based on the new deflectors is described in this chapter.

The analysis and theory derivation are presented in section 4.2; the new
deflectors are introduced in Sections 4.4 and 4.6. The deflection performances of
existing EO deflectors are compared and analyzed in Section 4.5. Experimental
results of the new devices, such as deflection angles, output spots, insertion loss,
crosstalk, response time, and other parameters are presented in Section 4.7.

Conclusions are given in Section 4.8, and Section 4.9 lists all the references.
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4.2 Equivalency Theory

Previously in Chapter 2, the two common structures used for EQ deflectors,
the prism and the gradient index are introduced. [1], [2] have proved that for a
deflector with rectangular shape, the performance of the prism and linear gradient
deflector is identical for given device dimensions and maximum index difference as
Fig. 4.2.1 shows. Based on that, a new equivalency theory [3], developed as part of
this thesis work, extends the existing equivalency theory to any deflector shape, not

Jjust rectangular deflectors.

Ry

N

Fig. 4.2.1 Two deflectors with different structures [2]

Fig. 4.2.2 Two deflector types: the first is a gradient index structure and the second is a

prism type structure
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To prove this equivalency theorem, a special prism deflector was built as
shown in Fig. 4.2.2. The deflector has a constant transverse index created by using a
cascade of prisms across its length. These prisms are placed side-by-side and parallel
to one another. The apex and base of all the prisms are aligned with the upper and

bottom edges of the deflector respectively.

Since all prisms have a constant apex angle f, the whole region can be divided
into small regions where each one corresponds to one prism. The total length of the
device is equal to the sum of the lengths of all the prism bases. Given such a structure,
the integration in the z direction can be expressed as a summation of the contribution

of each prism. Equation (17) in Chapter 2 can be rewritten as:

200 1 dz=22Ani=4AnZL‘/2
n, W(z) in W niW

1 t

AG = (D

By comparing (1) and (14) in Chapter 2, it can be concluded that the
deflection performance of prism shaped designs and gradient index based designs are
identical. Furthermore, for any EO device shape, the iterated-prism structure is

entirely equivalent to its corresponding constant transverse index gradient structure.

My new conclusion is very useful in EO device design. Indeed, instead of a
complicated deflector structure analysis, a simple ray tracing analysis can be used to
determine the performance of any EQ device shape. Simulation in Code V and BPM,
as well as the experimental results in later of this chapter and chapter 5 all proved that

the theory does work and is useful in the design and analysis.
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4.3 Deflector Figure of Merit

Equations (1) has reveal that the total deflection performance depends on
several variables such as length, initial width and shape of the device, thickness of the
substrate, and applied electric field. Several EO device designs have been documented
both in the present study and in the literature. In the latter, deflection sensitivity is
defined as “the deflection angle per applied voltage.” However, as mentioned
previously, many other variables also should be considered when defining deflection
sensitivity. In an attempt to compare all devices, the product of the applied E-field and
the electrode length is defined as a figure of merit for the EO deflectors. Although it is
the first time this product is used as a figure of merit with EQ deflectors, it is widely
used with EO modulators [4]. By definition, this product which we call deflector

figure of merit, is given by:
Figure of Merit = VL/D )]

where V is the applied voltage on the device, D is the thickness of the
substrate, L is the device length, and V/D represents the E-field in the device. The
typical applied voltage in bulk material is around 1000 V while this voltage might be

lower in thin-wafer devices.

Also, deflectors can be based on either bulk materials (500 um) or on thin
substrates (100 um). When comparing the deflectors, we also report the incident
diameter of the light beam for more clarity. The detailed values for different kinds of
devices will be given in section 4.5, after proposing more deflectors. The comparison

and analysis will also be given in that section.
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4.4 Optimal Geometry Design

4.4.1 New Geometry with Best Deflection Angle

Non-rectangular shaped deflectors are advantageous because of their better
steering performance, and thus are welcomed in many applications. Previous literature
has mentioned some non-rectangular devices, which are for the application of optical
scanning [2]. Here, more optimal designs are proposed for the application of optical
switching. Instead of applying continuous positive and negative voltages, switching
applies only discrete voltages on the devices and the geometry designs are optimized
differently. Here, the design of a deflector is to determine the best contour or envelope
of the prisms since different contours provide different optical path and thus the
deflection angles are different. Once the contour is determined, a series of equilateral

triangles will fill in with vertices located on the contours.

Specifically, the design with the best deflection performance satisfies the
following requirements. First, the entire light beam needs to be encapsulated by the
prism structures to reduce the exhibited insertion loss. Second, the center of the light
beam should meet the interfaces of each prism at its center as shown in Fig. 4.4.1.
This will ensure that the largest beam spot is obtained and that losses on the output

side are minimized.

z

Fig. 4.4.1 Light trace at each interface

As shown in Fig. 4.4.1, a two prism model has been demonstrated for analysis.

In this model, the dark region has a lower index and the light region has a higher
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index. Two prisms have the same vertex angles £ . The light beam meets the interfaces

of the prisms at the center of A1A2, A2A3, and A3B2, respectively. Assuming the

incidence angle and refraction angle at each interfaces ared,, 6,, and 6,,0;, the

length ¢ is derived and calculated as follows:

ceb sin(f +6;) —q sin(f +6) sin(fS—-6,)
sin( - 6;) sin(f —6;) sin(S+6,)
_  C0S(2B+6; ~ ) — cos(0, + ;) @)
cos(2f +6; —6,) — cos(6, +65)

Since 6; -6, is typically very small, c~a.

Since all prisms have an identical apex angle, which is 605, and a constant half
edge length, all the prisms should be identical. The upper and bottom edges of the
device should be parallel. Considering (1), when using a constant prism width W, the
obtained deflection performance is superior to any variable width device

implementation.

Assuming the initial incidence angle is zero, the total deflection angle after N

prisms is;
2Mn _ L, /2 2An
6 =A9= ! = LM
k n Z;: W, nW% '
2An An “)

= Zmiddle = 7%
nWw T aw

where LM, is the distance between the middle points of each prism, and zpigs. and z

are the z-axis values of the middle point and edge point, respectively.

Furthermore,
Ax
8. ~tan(0,) = — 5
& n( k) Az | )
Ax Ak x= B2 6)
Az nW dz 2nW
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Equation (6) indicates that the beam follows a parabolic trajectory through the
prisms. Since it is required that the beam traverse through the middle of each prism,
the outer shape of the device is also parabolic. Fig. 4.4.2 illustrates the resulting shape
of the EQO deflector. |

Fig. 4.4.2 Parabola shaped design with prisms

The same conclusion can be derived from ray equations too. According to the

device structure, the index changes linearly along the z-axis as follows,

L X@-M@)

0

n=n,

™)

Thus, according to the equations (16) and (17) in Chapter 2, which is based on

the gradient structure analysis, deflection angle 6 and trajectory x can be derived:

z (8)

Equation (8) indicates that longer device length and narrow device width can

provide larger deflection angles.
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Contour Map of Index Profile
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Fig. 4.4.3 Gradient index profile in BPM simulation
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Fig. 4.4.4 Beam trace in BPM simulation

Simulations using commercial software, such as Code V and RSoft BPM
(Beam Propagation Methods) were developed to verify the initial designs. Based on
the results of equation (8), a deflector of parabolic shape with linear gradient index
can be defined in BPM as Fig. 4.4.3 shows. The simulated beam trace is provided in
Fig. 4.4.4. Also, another model was built in Code V. The structure is created by a
series of prisms with different indexes and the interfaces are defined in Fig. 4.4.5. The
simulated beam bending, shown in Fig. 4.4.6, indicates that this prism model gives the

same result as the gradient structure model. Thus, the equivalent theory is proved in
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these simulations. The deflection angles of Matlab, Code V, and BPM simulation are

summarized in Table 4.4.1.

Table 4.4.1 Comparison of Matlab, Code V and BPM results for a device with 400
um width, and 23.67 mm length under 1000 V voltage

Deflection Angle: Deflected Distance:

Voltage
CODEV Matlab CODEV Matlab BPM

1.OkV 2.02° 2.14° 0.190mm 0203mm  0.204 mm
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Fig. 4.4.6 Beam trace in Code V simulation
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4.4.2 Other New Geometry

Another geometry can be derived using ray equations. The nonrectangular
scanners such as the horn shaped devices [5], [6] are modified, and a half-horn shaped

device is proposed.

Fig. 4.4.7 The Half-Horn shaped design with prisms

In this structure, we assume that the bottom line of the device has the same

index of n,—An/2, and that the index changes linearly along the z direction until it

reaches n,+ An/2 atthe top edge, as Fig. 4.4.7 shows. Here the index is,

n=n, -, M _x ©)
2 W@

where W(z) is the width of the device across its length, and W) is the width at
the input end. According to gradient structure analysis, as presented in Equation (16)

and (17) of Chapter 2, the shape of the device is computed as follows,

aw _ An 1 W(z)
s —\/12 7 W(z)d —\/ " In( W, ) (10)
Since at z=L,
W(L)
6’- no In(——~ W, ) (11)

Since no closed form solution for W{(z) can be obtained from expressions (10)
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and (11), numerical solutions, such as Matlab simulations, were developed to analyze
the performance of the devices. Fig. 4.4.8 shows the deflection angles increase as the
length of the device increases. Another curve in this figure indicates that the
deflection angle provided by the half-horn devices is smaller than that of the parabola
shaped devices. Also, when the initial width of the device is determined, the different
device lengths to achieve a given deflection angle or the different deflection angles for

a given device length are given in Fig. 4.4.9.

The largest deflection
angle provided by A
qarabqla shqped (‘ievices/"' !
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L

o
oy
>

:
§

EOC device length
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Fig. 4.4.9 EOD length/deflection angle vs. initial width

Although the upper and bottom edges of the half-horn devices are not parallel

to each other, for a given voltage, beams from various incident positions trace parallel
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trajectories, and follow the half-horn shape as shown in Fig. 4.4.10. We can conclude
that the beam traces within the devices won’t be affected by the outer shape of the

devices.

Fig. 4.4.10 Beam traces at different incident locations

Contour Map of Index Profile
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0 200 400 600 2.1457
X ()

Fig. 4.4.11 Index profile in BPM simulations

Other simulations were developed to verify the initial designs, using a variety
of professional software packages, such as Code V and RSoft BPM. The gradient
index model in BPM is established as Fig. 4.4.11. Instead of operating at one voltage,
continuous voltages can be applied on these EO devices and different deflection

angles can be achieved. Fig. 4.4.12 and Fig. 4.4.13 show the beam tracing of 1000V
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voltage and 500V voltages. These devices usually work in applications that require an
optical beam scanner. The results in Table 4.4.2 are comparisons of Matlab, Code V,

and BPM simulation results and they are similar to each other.

x10*
4
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Fig. 4.4.12 BPM simulations of the half-horn shaped deflectors at 1000V voltage
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Fig. 4.4.13 BPM simulations of the half-horn shaped deflectors at 500V voltage

Table 4.4.2 Comparison of BPM, Code V, and Matlab results

Deflection Angle: Deflected Distance:
Voltage
CODEV Matlab CODEV Matlab BPM
1.0kV 2.0657° 2.164° 0.257mm 0.275mm  0.276 mm
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4.5 Comparisons of Existing EO Deflectors

Two novel geometries are proposed in this section and other geometries
described in the literature were introduced previously. Their performances can be
compared by the deflector figure of merit introduced in Section 4.3. The lower the

product of E-field and device length, the better the device is.

Table 4.5.1 compares several geometries according to their structure, bulk
(500 pm thick) or thin wafer (100 pm thick). From the table, we can conclude that the
parabola shaped device has the smallest product; the half-horn shaped device has the

second smallest value, followed by the horn and the trapezoidal shaped devices.

Table 4.5.1 Comparison of different designs

Type /Source Length(mm) x Width(um) Deflection angle Figures(10%)
Bulk (500 um thick)

Parabola 40x 450 25.8 mrad 31
Rectangular ! 8.5x460 5.37 mrad 32
Trapezoidal @ 10x300 22.2 mrad 36
Half-Horn 40x450 20 mrad 40
Rectangular [ 10x750 2.3 mrad 52
Homn 40x450 11 mrad 73
Thin wafer (100 um thick)

Parabola 10x92 105 mrad 6.4
Rectangular 8 10x100 12 mrad 8.3
Half-Horn 10x92 55 mrad 12
Horn 1 10x92(678) 41.7 mrad 16
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Fig. 4.5.2 Comparison of the deflection performance indicators of different geometry

designs

For a given device length and applied electrical field, a comparison of (21) in
Chapter 2, and (8) in Section 4.4, clearly indicates that the parabolic device will
provide a deflection far greater than that obtained using a traditional rectangular
shaped device. Fig. 4.5.1 is a comparison of the deflection angle obtained using the
rectangular, horn, half-horn, and parabola shaped devices. Here, a device entrance

width of 450 um and an applied voltage of 1000 V on a 500 um z-cut LiTaOj; crystal
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were assumed. It is shown in Fig. 4.5.1 that even if the device length is large, the
deflection angle of the rectangular shaped device will not exceed 15 mrad. Fig. 4.5.2
shows the deflector figure of merit of these devices for different deflection angles. To
obtain 1° of deflection angle, Fig. 4.5.2 shows that figures of 15x10%, 5.4x10% 2.6x10*
and 2.5x10* are required in the rectangular, horn, half-horn, and parabolic geometries,
respectively. Also, since the figure of merit is a non-linear function with respect to the
deflection angle, Fig. 4.5.2 shows that much larger values are needed for the first
three geometries, when larger deflection angles are required. The figures tell us that
under similar difnension conditions, the parabola shaped device has the best deflection

performance.
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4.6 EO Deflectors Based on New Geometries

4.6.1 Deflector Designs

In Section 4.4, new Parabolic and Half-Horn geometries were proposed. Here,
two novel optimally designed deflectors are proposed based on these geometries as
shown in Fig. 4.6.1. The top sub-figure shows a deflector with a half-horn shaped
envelope, the top edge of which can be expressed by (12). The bottom one shows a

deflector with a parabola shaped envelope, which has a contour expressed by (13).

An

*= 2n W z (12
d_W=\/;zé’l L g =\/3Al’-1n(m) (13)
dz ny, W(z) My Ws

According to Section 4.4, in both structures, when applying a constant voltage,
the trajectory of the light beam incident from Input 4 is diverted, as it travels through
the prism shaped regions. Refractive beam deflection occurs at the boundaries of the
prisms and the outgoing beam is detected by the receiving collimator C. When no
voltage is applied, the incoming light beam from collimator 4 travels along a straight

line and is collected by collimator D.

Qutput €

Half-Horn Shape g
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Output D

Input A
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i Parabola Shape

: «@M Yy .
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T

L ¥ P Qutput D

Fig. 4.6.1 Schematic of the deflectors: Top: half-horn shaped deflector; Bottom:

parabola shaped deflector.
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Based on the derivation and calculation of (8) and (11) in Section 4.4, the

deflection angles for these geometries are:

2An /4
Hha,f“ham =2 |—In(—L)
Ry L2
and 6 AnL

parabola =
nW,

(14)

(15)

Here L is the length of the device. W; is the height of each prism of the

parabola shaped device. W, of the half-horn shaped device is the height of the largest

prism, while %, is the height of the smallest prism.

Assume a bulk device model built on LiTaQ; with an index of 2.18 and an

index change An of le-3. Assume the Wy, and Wjare both equal to 450 um. Fig.

4.6.2 shows the deflection angles achieved in these two devices as a function of

device length L. From the plot, we notice that the angles are increasing with longer

device lengths, but the increase in the parabolic shape is greater than in the half-horn

shape.

avee Halthorn Jir--seeeems
|jw Farabol v

Fig. 4.6.2 Deflection angles of parabola and half-horn devices.
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4.6.2 Design of the 2x2 Non-blocking Parabolic Switches

e
4 Output

(a)

Input A Output C
\(v —~, " -

(b)

Fig. 4.6.3 The schematic of the deflectors. (a): half-horn shaped deflector; (b): parabola

shaped deflector,

Non-blocking 2x2 optical switches can be constructed based upon these
deflectors. A second incident collimator B is introduced into the deflectors (Fig. 4.6.3).
The light beam from B travels along a straight line and is detected by collimator C
when there is no outside voltage. If a proper voltage is applied, the light beam
incoming from B will travel alongside the pre-defined half-horn (or parabola)
trajectory and is collected by collimator D at the output. The bar and cross status of

the switches can be obtained, as shown in Fig. 4.6 4.

InputA OutpuL <
TNy - - - - CPOSS Status - g
%% s bt status MM

B L Sl

o A
Pt TS
s, W g (}‘_ggtput [>]

Fig. 4.6.4 The cross and bar status of the non-blocking optical switch based on the EO

deflectors
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In the non-blocking 2x2 switch, two input beams have to travel to the same two
output receivers in both Cross and Bar status. Thus the distance between the upper
and lower channel becomes critical. The amount of distance between the upper and

lower deflectors has to be considered as Fig. 4.6.5 shows.

€

Fig. 4.6.5 Distance, length, and beam waist of the parabola shaped switches

Assume that the device length is L, the device width is W, the distance
between the two 1s diis, the deflection angle of one channel is €,, and the index
change is Anonce an E-field is applied. In the parabola deflectors, the deflection

angle .6, should be equal to the 8, in Fig. 4.6.5.

tan(0) ~ 6, =+ (202 To , disy Al (16)
Lo, 2 2 W,
Thus, dis A (17)

rabola
re nW

Equation (17) indicates that once the width and the length of the device are

determined, the distance between two channels can be calculated.

The distance between the two channels is zero if Equation (18) is satisfied. In
this case, the deflection angle is given by (19). Usually, in a 500um thick bulk
material with index of 2.2 and index change of 107, the angle is around 1.3, which is

the minimum angle when distance between the two channels changes.

An
nWw

IP=Wor L=w 7o » (18)
An
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f=_|— (19)

When distances between the two channels increase, the device length L

increases too, as well as the deflection angle as follows,

L:\/%(Wo*dis-i_%?) > Ly = —Z%*H,O (20)
ﬂ(dzs+W0)>0d_=0___ {An_ 1)
n, W, Ay

These results indicate that first, the length of the device has to be long enough
to obtain a positive distance value as (17) shows. Secondly, the deflection angle and
the device length increase (Fig. 4.6.6) when the distance between the two channels

increases, which benefits the switch design.

. EOD lengih/Deflection angle va. Distance )
G048 T T T T ! T T T T 45
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Distance betwaen the up/down scanner; unit:m x10°

Fig. 4.6.6 EO device length/deflection angle vs. distance
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4.6.3 Design of the 2x2 Non-blocking Half-horn Switches

Similar assumptions can be drawn concerning the half-horn shaped switches.

Due to the difference of the width in the device, W(Z) is defined as the width at device
length L.

dis
X+
tan(8) =———2 =1/2,f” ln(WVf,L)> 22)

Where W(z)=X(z) +Wo/2

dis W, . [26n_W()
W(L)+=-~—r =L+ /’70 1n(~——W0 ) (23)

28 I,

Ay L/2

IS i horm = Z{L * - WLJ +W,,, : (24)

Equation (24) calculates the distance between two channels in half-horn
shaped devices. The initial width is first determined according to the light beam
profile. The minimum 1¢ngth, which ensures a positive distance value, is then decided
according to (24). The dis is decided once the length L is decided. Matlab simulations
plot the distance/deflection angle vs. the EO device length as shown in Fig. 4.6.7. The
changing length (33 mm), which corresponds to the zero distance of the half-horn
design, is longer than the changing length of the parabola design (23.5 mm), proving

once again that parabola devices perform better on the deflections.
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Fig. 4.6.7 Distance/deflection angle vs. EO device length

Although the half-horn shaped devices generally provide smaller deflection
angles than their parabolic counterparts, their shape yields well to the implementation
of 2x2 devices when considering fabrication. When the distance (dis) between the
upper and lower channel is zero, as illustrated in Fig. 4.6.3, the prisms in both
channels can be joined together without any space between them. Thus, only one

poling electrode and one poling procedure are required.
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4.7 Test and Experimental Results

Based on the designs of previous sections, devices are fabricated and tested.
500 pm z-cut LiTaO; single crystal wafers are first poled to obtain the inverted
domains with designed patterns. After the deposition of the driving electrodes, the
substrates are diced into pieces for tests. A linearly polarized, fiber coupled laser
source provides 2 mW of light at 1310 nm wavelength in the testing system. A PM
collimator connected to the laser directs the collimated Gaussian beam to the
fabricated devices. The Gaussian beam has a 400pum beam waist and a 100 mm
working distance; its beam waist is located 40 mm from the collimator. An IR camera
or another collimator is employed to detect the outgoing beams from the EO devices.
When a 1000V voltage is applied, the light beam bends up and when no voltage is
applied, the light beam travels straight. The camera captures the two output spots, or
the receiving collimator detects the output power. The deflection angles of each

channel are then measured.

Two types of devices were fabricated and tested. The first type consists of
devices with new parabolic and half-horn geometries. The second consists of
deflectors based on these new geometries as shown in Section 4.5.1 and Section 4.5.2.
Table 4.7.1 defines the devices tested, indicating their dimensions and theoretical
values of deflection angles. In the table, the width refers to the entrance width in the
half-horn configurations, or the uniform width in the parabola configurations, or the
minimum width in the half-hon deflector, or the uniform width in the parabola
deflector. The distance means the distance between the upper deflector and lower
deflector in the two incident lights deflectors as introduced in Section 4.5.3. The
devices H1 and H2 have the configuration shown in Fig. 4.4.7; devices P1 and P2
have the configuration shown in Fig. 4.4.2; devices DH1, DH2, DH3, and DH4 have
the envelope shown in Fig. 4.6.3 (a); and devices DP1, DP2, DP3, and DP4 have the

envelope shown in Fig. 4.6.3 (b).
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Table 4.7.1 Fabricated and tested devices

Dimension Theoretical
name Description Width Length  Distance deflection

(m)  (mm)  (mm) 28
New Geometries
Half-horn, H1 1x2 deflector 450 40.1 mm NA 2.45
Half-horn, H2 1x2 deflector 500 393 NA 2.3

 Parabola, P1 Ix2deflector 450 386  NA 3.09

Parabola, P2 1x2 deflector 500 41.8 NA 3.01
Deflectors
Half-horn, DH1 2x2 switch 550 66 1.09 1.89
Half-horn, DH2 2x2 switch 500 60 1 1.89
Half-horn, DH3 2x2 switch 500 52 0.66 1.68
Half-horn, DH4 2x2 switch 450 48 0.643 1.72
Parabola, DP1 2x2 switch 500 50 0.72 1.49
Parabola, DP2 2x2 switch 450 56 1.25 1.81
Parabola, DP3 2x2 switch 500 60 1.25 2.17
Parabola, DP4 2x2 switch 550 64 1.26 2.1
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4.7.1 New Geometries Test

The performance of new geometries, half-horn and parabola, are first

measured using the setup illustrated in Fig, 4.7.1.

DERB Laser
L3l

# FC/APC
Dﬁ'ef“stagev, Ioopedfiber | - -’
polarigation controllery

M
Collimator  Electro-Optic Device

e

Camern

Fig. 4.7.1 Setup of the deflection angle of the parabola or half-horn 1x2 deflectors

In this test, the EO devices are placed or aligned parallel to the input
collimator to ensure a horizontal incident light. The three-stage, looped-fiber
polarization controllers are employed here to precisely control the polarization of the
incident beam. The applied high voltage is 1 kV. The camera captures two beam spots.
The deflection angle of the devices can be calculated as follows, and the total distance

is shown in Fig. 4.7.2.

the distance between the two spots in the camera
the distance from the device end to camera

the deflection angle =

fotal distance for
cllgﬂecﬁon angle calcmal‘l;(fln

I~ “

—

Fig. 4.7.2 Total distance for the deflection angle calculation

Camern |

Devices with different dimensions are tested and their deflection angles are

listed in Table 4.7.2. Fig. 4.7.3 illustrates captured spots of device P1.
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Fig. 4.7.3 Two output beams for the Parabola geometry (P1) with 38.6mm long and

Table 4.7.2 Theoretical and Measured deflection angles

450um wide.

Mark Length x Width Theoretical Measured
Shape
(mm) x (um) Deflection angle  Deflection angle
P2 41.8 x 500 2.24° 3.01°
Parabola
P1 38.6x 450 2.74° 3.09°
H1 40.1 x 450 2.45° 2.45°
Half-Horn
H2 39.3x 500 22° 2.3°
Rectangular 40x 612 NA 1.18°

From Table 4.7.2, compared with the deflection performance of the

rectangular (1.18°) deflectors, these two new configurations provide a steering

improvement factor of approximately 2 to 3.
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4.7.2 Deflector Test

Deflectors based on new geometries were also fabricated and tested using a

setup similar to the one used in the previous test and illustrated in Fig. 4.7.4.

DEB Laser
1310 nm High
Voltage
FC/APC left right
’ Thresstage, looped-fber P Ty Camners
polayization controllers ol ol ey At

s
Collimator  Electro-Optic Device

Fig. 4.7.4 Deflection angle and switch test of the devices

The deflectors are fabricated with envelopes shown in Fig. 4.7.5. Two
symmetric deflectors, upper and lower ones, are fabricated in one device with some
distances in between. In this way, two channels can be tested together and the

potential 2x2 EQ switches can be proved.

i Output C
ot

Output D

Output C
o

Fig. 4.7.5 Schematic of the deflectors

According to the design, the input collimators are strictly aligned tangent to
the trajectory curve at the point of the incidence and are thus positioned at fixed
angles with respect to the input facet of the crystal. Suppose that the light is captured
as output spot C, when a 1kV voltage is applied; and that the light is captured as the
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output spot D, when there is no external field. Two output spots, C and D, from
incident beam A or B of the half-horn device can be captured by an IR camera. The
deflection angles are calculated from the distance measurements of these two output

spots when the light beam is launched from A4 or B as follows,

the distance between the two spots in the camera
the distance from the device end to camera + half of the EOD length

deflection angle =

Where, the total distance in the denominator is shown in Fig. 4.7.6.

total distance for
L deflection angle calculation _,
I~ 1
M gi% Caners |

Fig. 4.7.6 Total distance in the deflection angle calculation

Instead of the rotated input collimators, the experiments show that if the light
is aimed horizontally at the center of the devices as Fig. 4.7.7 shows, the output spots
are distorted. Unlike the rectangular shapes, where the incident light is perpendicular
to the interface, the nonrectangular shapes establish an interface which is almost
parallel to the incident horizontal light. At that small angle between the incident light

and the interface, total internal reflection (TIR) occurs, and the output is distorted.

input ’
collimator /——-\

Fig. 4.7.7 Input light beam parallel to the center of the devices

Assuming that the light travels from media with an index n; to media with an
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index ny and n;> ny, the incident angle in the interface is &,, which is equal to 90°
(the angle between the incident light and the interface), as per [3]. The reflection of
the total light is R = [(n,cos6, — 1, cos6,) /(n, cos6, +n, cos,)[ and the transmission
of the total light is 7 =1-R . According to Shell’s law, TIR happens when
n,sing, =n;sinf,, that is at 6, ~89.0°. From these calculatiqns, when the incident
horizontal light is parallel to the interfaces of the devices, more and more light is
reflected and less and less light is transmitted. After reaching the TIR angle, no light

is transmitted in the nonrectangular shaped devices, which explains the experimental

phenomenon.

The incident light is launched into the device with a small rotation angle and
the distances of the two output spots change according to the rotation angle of the
incident light, as Fig. 4.7.8 and Fig. 4.7.9 show. The distance of the two spots
achieves its maximum when the rotation angle of the incident light matches the

deflection angle.

~ 59 ,7%-\.‘
§ 54 b N
$E, // o
% £ 4.9 /,/
)
$8 39 N —e— Input |
g9 ., Py —a— Input I
2 ) .\./
T 29 . : : : :
0 05 1 15 2 25 3

rotation angle of input (degree)

Fig. 4.7.8 Distance between the two output spots vs. rotation angle of the input in the
half-horn

95



5.6

cE ’
éé 5.2 ﬁ\
0 49
23 N\
5 2 4 M
29 a3 _
8" / —e— Upper Channel \
%’ o 4 —m— Lower Channel! \’
= 37 : v :

0.26 0.6

o

0.75 1 1.25
rotation angle of input (degree)
deflector ,

Fig. 4.7.9 Distances between the two output spots vs. rotation angle of the input in the

parabola deflector

The output spots from two channels are captured separately. The locations of
the spots are reported in each channel when the camera is fixed on the same place. By
comparing the locations of spots from different channels, the functionality of the 2x2
switch can be assessed. The captured two spots are shown in Fig. 4.7.10, Fig. 4.7.11,

and Fig. 4.7.12.

Two spots from upper channel, Spot 1 is on the left; Spot 2 is on the right.

Two spots from bottom channel, Spot 1 is on the left; Spot 2 is on the right.

Fig. 4.7.10 Locations of the output spots of the 2x2 half-horn switch (DH1)
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Fig. 4.7.11 Two output spots of the 2x2 parabola switch for the upper channel

Fig. 4.7.12 Two output spots of the 2x2 parabola (DP4) switch for the lower channel

The calculated deflection angles from measurements of different shaped
deflectors are listed in Table 4.7.3. It shows the deflection angle in the upper channel
and the lower channel for parabola shaped and half-horn shaped switches, respectively.
The deflection angles are very large compared to those produced by usual rectangular
devices [10]. The experimentally measured angles are the largest angles of deflector
ever reported on bulk EO deflectors. The difference between the experimental results
and the simulation is due to the undesired change of the material refraction index after
the electric field poling: The poling process, which is essential to the domain
inversion, causes some permanent change of index within the area of polling. These

effects will be discussed in the next chapter.

Table 4.7.3 Theoretical deflection angles and the test results of the 2x2 switch

Half-Horn shaped 2x2 switch Theoretical Value  Test result
The deflection angle of the Half-Horn deflector ; .
(450um for the entrance width; 24mm long) L7z 2

The deflection angle for input I 3.44° 3.2°
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The deflection angle for input II 3.44° 3.0°

Parabola shaped 2x2 switch

The deflection angle of the Parabola deflector

2° 1.6°
(550um wide; 32mm long)
The deflection angle for upper channel 4° 3.1°
The deflection angle for lower channel 4° 2.9°

Table 4.7.4 Insertion Loss and Crosstalk of the EO deflectors; tested by camera

Shape Length x Widthy ocati0ns Insertion Loss (dB) Crosstalk (dB)
(mm x ym)

Half-hom 66 x 550 Upper; Spotl  4.39 10

Half-horn 66 x 550 Upper; Spot2  3.75 21

Half-hom 66 x 550 Lower; Spotl  3.57 12

Half-horn 66 x 550 Lower; Spot2  3.28 28

Parabola 64 x 550 Upper; Spotl  2.87 14

Parabola 64 x 550 Upper; Spot2  2.42 17

Parabola 64 x 550 Lower; Spotl  2.45 19

Parabola 64 x 550 Lower; Spot2  2.57 7

The insertion losses of the devices are first measured using the Sensors
Unlimited InGaAs camera, which has high linearity in the infrared spectrum. The
camera is first calibrated to the apertured optical beam (to represent the aperture of the
receiving collimator) without passing through the EO deflectors. And this power will
serve as the reference for the remaining measurements. Then the different devices are
inserted into the optical set-up, aligned, and the powers of the optical beam with the
same aperture are recorded as the insertion losses. Table 4.7.4 list the insertion loss of

the Half-horn and Parabola devices. Since the facets of the deflector were not
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antireflection coated, the loss thus caused was calculated and removed from the

results.

To measure the crosstalk through the camera, the extrapolated aperture is used
once again. The aperture is first placed to a best-fit location over the beam spot on the
camera, the device is then switched to another state, and the power in the aperture is
measured. To make this measurement, the beam is half blocked with a razor blade,
and the attenuation of the input beam is decreasing until the power within the aperture
is measured the same as previous insertion loss on the same state. The attenuation is

then taken as the crosstalk as shown in Table 4.7.4.

Table 4.7.5 Insertion Loss and Crosstalk of the EO deflector; tested by collimator

Device  Length xWidth [ ocations  Insertion Loss (dB) Crosstalk (dB)
(DH1) (mm x um)

Half-hom 66 x 550 Upper; Spotl 4.42 >41
Half-horn 66 x 550 Upper; Spot2 5.02 >42
Half-horn 66 x 550  Lower; Spotl 498 >41
Half-horn 66 x 550 Lower; Spot2 8.8 >34

These crosstalk tested by camera are not very accurate due to the way of
measurement. Receiving collimators are then introduced at the outputs to detect
powers. The collimator is first aligned to the one output of the each channel, the
device is then switched to another state, and the measured power difference in the
same location of receiving collimator is recorded as the crosstalk. Table 4.7.5 shows
the measured insertion loss and crosstalk from fiber collimator to fiber collimator on
the Half-horn device (DH1). The loss caused by the non-antireflection coated facets of

the deflector was calculated and removed from the results,
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4.8 Conclusion and Future Work

In this chapter, the previous equivalent theory is now expanded from
rectanéular shapes to- all kind of shapes. Simulation in Code V and BPM, as well as
the experimental results in this chapter and Chapter 5 all proved that the theory does
work and is useful in the design and analysis. A novel merit factor, the deflection
performance indicator, is proposed in Section 4.3, to compare different EO deflectors.

Comparison of different shaped devices is given in Section 4.5.

Two new geometries are proposed in this chapter, which are a better fit for
optical switching applications. These geometries follow a parabolic and half-horn
shape. Their performances are compared to existing devices by the deflection

performance indicator in both simulation and experiments.

Based on the new non-rectangular geometries, two novel EO deflectors were
designed and built. The average deflection angles are 3.0 ° and 3.1° for the parabola
and half-horn shaped 2x2 switches, respectively. Based on that, non-blocking 2x2
optical switches were designed and tested for the first time. 2x2 switching
functionality was achieved in free space test in the lab and the switches exhibited

large deflection angles and easy fabrication.

In the future, steps will be taken to improve the deflection angle of the
switches. The EO d¢vices will be optically polished on the left and right edges, which
are the interfaces for the input and output light beams. Research and experimental
work will take into account the poling theories to obtain better domain walls.
High-speed tests will be conducted on the future EO devices to measure their

switching time.

The packaging of the 2x2 optical switches will also be improved in the future.
Using the same inner and outer package, as well as the same PM collimators, and

electrical connectors, the packaged 2x2 optical switches will be demonstrated. The
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performance of the packaged devices, such as insertion loss, crosstalk, and
channel-to-channel speed will be measured. Fig. 4.8.1 shows the 3D model of the
future packaged 2x2 optical switch. There won’t be any additional optical components
iﬁ the package to further separate the beams due to the larger deﬂection angles

provided by the new shaped deflectors.

Fig. 4.8.1 3D model of the packaged 2x2 optical switch
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Chapter 5: Optical Switches: 1x2 and 1x4

5.1 Introduction

EO beam deflectors have been described in Chapter 2 and Chapter 4. Here,
two packaged optical switches, 1x2 and 1x4 electro-optical switches, are introduced
as applications of those EO deflectors. These EO switches feature high-speed and

low-loss and are aimed at future agile all-photonic networks.

These optical switches are built from rectangular shaped EO deflectors. The
LiTaOs crystals have been poled to obtain domain inversions as discussed in Chapter
3. By applying an electrical field through the driving electrodes across the crystal, the
trajectory of the beam is diverted as it travels through the poled wafer. The electric
field induces an index change of an opposite sign in the adjacent domain regions in
the EO device, causing the optical beam to refract at the interfaces. The choice of
whether to apply an E-field or not determines the path on which a light beam travels.
Thus, the optical switch is created. By combining these EO deflectors with fiber
collimators and high voltage packaging, high-speed optical switches are built and

characterized [1].

The remainder of this chapter is organized as follows: Section 5.2 briefly
describes the design of the 1x2 and 1x4 optical switches. Section 5.3 describes the
testing of the EO elements. Section 5.4 provides details regarding the packaging and
section 5.5 focuses on optical and high-speed testing of the 1x2 and 1x4 switches.

And section 5.6 presents the conclusion.
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5.2 Design and Simulation

Previously, Chapter 2 and Chapter 4 described various shapes of EO deflectors.
The present chapter describes how the optical switch is built using rectangular shaped
EO deflectors. By controlling the external electrical field on the EOQ deflector, the

optical beam changes its path, and thus optical switches are made.

Fig. 5.2.1 Two domains in the rectangular shaped 1x2 EO switch

The 1x2 EO switch has two domains as shown in Fig. 5.2.1. According to
Chapter 2, the index change is given by equation (1) and the deflection angle inside

the substrate is given by equation (2):

nw v
ni=n0+7°r335 (1)
V L
=nir, —— 2
0 33DW ( )

Here, n, is the index of refraction (=2.18), r; is the electro-optic
coefficient of the substrate along the z-axis (=30.5 pm/V), V'is the external voltage, D

is the thickness of the substrate, L is the device length, and W is the device width.

By choosing the appropriate L and W, optical switching can be obtained. The
dimensions of individual prisms and the number of prisms do not affect the deflection
performance, since only the overall dimensions of the deflector are relevant, as per

[2].
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Fig. 5.2.2 Three-D model of the 1x2 optical switch

Using these concepts, the 1x2 optical switch is designed as shown in Fig. 5.2.2,

The conceived deflector has an effective length of 18.5 mm and a width of 0.57 mm.

Subsequently, a 1x4 optical switch also can be created using a cascade of two
1x2 switches on a contiguous substrate as shown in Fig. 5.2.3. The first stage operates
in a manner similar to that of the 1x2 switch, whereas the second stage is designed to
be wide enough to deflect both the original and deflected beams fed by the first stage.
Using this approach, four states can be obtained depending on the configuration of the
electric field applied to the EO device. The four output spots or the four channels are
labeled as follows: 00, 01, 10, and 11. Using this notation, 00 indicates that no voltage
is applied to ecither sfage; 01 indicates that a voltage is applied only to the second
stage; 10 indicates that a voltage is applied only to the first stage; and 11 indicates that
a voltage is applied to both stages simultaneously. Accordingly, the four receivers are

labeled as 00, 01, 10 and 11 collimators.

Fig. 5.2.3 Cascaded structure of 1x2 optical switch

To achieve the I1x4 switch, the length and width of the first and second stages
have to be optimized to get the largest and yet similar separation between the four

outgoing beams. Also, the total length of the device is confined by the wafer diameter
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(6 inches). Assuming that the length and width of the first and second stages are L/
and L2, W1 and W2, respectively, they satisfy:

6 =ndruE L
1= 10733 W,
L
10, =nlrpE=2 3
2 =113 W, 3)
L
0y =nir B+ 2
3 =ngrs3 (W1 Wz)
62 z2¢91
6: ~ 36
And {73 ! )]
L1+L2 <76.2
Wyz2W +D

where D is the deflected distance at the first stage (unit: mm).

Matlab programs were written to find the optimal L/, L2, Wi, and W2. A
graphical user interface was created for the designer convenience to modify the
wavelength, index, and property of the EO material, or the PM collimators. After
programmed calculation, the LI, L2, Wi, and W2 were chosen; and the final
dimensions of the two active regions were determined to be 21.9 mmx0.6 mm and
15.5 mmx0.8 mm, respectively. The fabricated 1x4 switch is shown in Fig. 5.2.4. The

simulated beam transmission and outgoing beam spots are shown in Fig. 5.2.5.

Fig. 5.2.4 1x4 EO deflector with wires
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Fig. 5.2.5 Matlab simulation results. (a) beam deviation of the 1x4 switch; (b)

deviation of the four beams (note: the scale of the x and y axes are different).
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5.3 Free Space Test

This section describes the tests that were performed to verify the switching

designs. Other features of the EO switches are also demonstrated.

5.3.1 Testing the Deflection Angle

In Fig. 5.2.4 of last section, the two stages of the 1x4 switch device are shown.
Wires are soldered to each stage to connect to the external voltage (which in turn will
generate the necessary E-field). When only considering the first stage, a 1x2 switch is

obtained.

The first test focuses on the deflection performance of the 1x2 and 1x4
switches. Fig. 5.3.1 shows the sétup for the free space test, and Fig. 5.3.2 is a photo of
the main setup. PM fiber collimators are used to launch the TM linear polarized light
‘into the device. The voltage is applied through a spring probe that touches the surface

of the devices. On the receiving end, a sensitive IR camera serves as the receiver to

capture the output spots.
DFB Laser
1310 nm High
Voltuge
ﬁ FC/APC
'Il\l‘ee.—st:!ge, looped-fiber I lectro-Optic Device, E Camera
polarization controflers PM W

Collimator

Fig. 5.3.1 Schematic setup for the free space test
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Fig. 5.3.2 Test setup in lab

The distances between the output spots on the camera are recorded and used to

calculate the deflection angle as follows:

_ Beam distance between the stage 0 to the target stage
total distance from the end of the device to the camera

&)

Since 0 is usually smaller than 5°, @ ~ tan@

The two spots captured under 1200 V of the 1x2 optical switch are shown in
Fig. 5.3.3. Fig. 5.3.4 plots the deflection angle vs. voltage and also the theoretical
values (dots in the figures) of the angle. All these experimental results verified the

original design parameters shown in Section 5.2.

Fig. 5.3.3 Two spots of the 1x2 optical switch captured at 1200 V
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Fig. 5.3.4 Deflection angle vs. voltage in the 1x2 optical switch. Solid line:

experimental results; Dots: theoretical value.

The same setup as the 1x2 switch is used to test the deflection performance of
the 1x4 EO switch. When testing stage 11, the two wires shown in Fig. 5.2.4 connect
together and apply voltage. The four output spots are illustrated in Fig. 5.3.5. Fig.
5.3.6 and Fig. 5.3.7 plot the four spots locations on the camera vs. voltage and the
angle vs. voltage. The experimental and theoretical values for stage 01 and 10 match

better than stage 11 because the latter has a more complicated structure.

Fig. 5.3.5 Four spots of the 1x4 optical switch
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Fig. 5.3.6 Spots locations on camera vs. voltage for all channels in the 1x4 switch

111



25 '1 # experiment 01 fg é
S w  experiment 10 3 «%
:%2'0 1 4 experiment 11 ‘%
K e« theory 01 R 1
§1-5 7 s theary 10 R

«»« - theory 11

‘5 *&«« "” *:
&
508
Qo

00 T

a4 05 0.8 1.0 12 14
Voltage {(kV)

Fig. 5.3.7 Theoretical and experimental results for the deflection angle vs. voltage

5.3.2 Polarization Test Results

These EO switches are polarization dependent due to the property of the EO
material and the misalignment of the polarization angle which dramatically affects the
performance of the optical switches. In this section, the effect of polarization
misalignment is quantified by the insertion loss and crosstalk. By analyzing these
results, which we do in the next section, we acquire a better understanding of the

mechanism of the polarization dependence of the EO switches.

To obtain a larger deflection angle, a larger index change is required.
According to chapter 2, the index change in the z-axis is much larger than those in the
x and y coordinates sinée ry3 is three times n3,. Thus, a linear light source with an
electrical field parallel to the z-axis should be utilized and the polarization angle is set
at zero in this situation. Any divergence of the incident light with the polarization
angle will cause a portion of the light power to propagate in the x-axis and decrease
the power in the z-axis. Due to the different index changes in the x and z axis, the
light power is deflected differently, which in the end, introduces a loss in the

corresponding receivers.
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To better describe this dependency, the insertion loss and crosstalk was tested

for the 1x4 optical switches under 1.1 kV driving voltage when the polarization is

rotated away from the z-direction (vertical polarization) of the crystal. The

polarization test setup was as follows:

DFB Laser
1310 nm

FCAPC
Three-stage, looped-fiber

polarization controllers

High
Voltage

[Electro-Optic Device|

Va

PM
Collimater mirror

[ ——
[——-0

Power
Meter

Fixed Location
Colimators

Fig. 5.3.8 Schematic setup for the polarization test

First, the four output collimators are aligned to the exact receiving locations

with minimum loss, and are fixed there. The three-stage looped-fiber polarization

controller is connected between the light source and the incident fiber to modify the

‘polarization angle. A removable mirror is placed in front of the EO switches to reflect

the incident light to the polarimeter, which is the equipment used to test the properties

of the polarizations. Once a polarization angle is set, the mirror is removed, and high

voltages are applied to the EO device. All the readings from the power meters of the

four collimators are recorded. By controlling the voltages applied to the two stages,

the readings represent the insertion loss or crosstalk for each channel. For example,

when no E-field is applied to either of the stages, the readings describe the insertion

loss for channel 00, and crosstalk for channels 01, 10, and 11. Table 5.3.1 and 5.3.2

demonstrate the polarization extinction ratios when the polarization angle is 0° and 5°.

Similar data are obtained for other angles as 10°, 15°, 20°, 30°, 45°, 60°, and 90°.
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Table 5.3.1 Power meter reading of all channels and all voltage settings with 0°
polarization angle (the values in blue represent the insertion loss)

Polarization Angle is 0°

PER (dB) |"00" |"01" |"10"  |"11"
"00" 38 |27 32 38.7
"01" 421 |4.1 328  |396
"10" 428 |394 |42 34.1
"1 424 |424 413 |45

Table 5.3.2 Power meter reading of all channels and all voltage settings with 5°
polarization angle (the values in blue represent the insertion loss)

Polarization Angle is 5°

PER dB) ["00"  |"o1" |"10" |"11"
"00" 3.8 175 253|356
"01" 417 |46 |318  [341
"0" 022|414 |44 33.9
" 24 |44 |83 a6

Considering the total insertion loss and crosstalk for different polarization
angles, plots of the polarization performance can be drawn in relation to the different

channels from these testing results. These results will be described in the next section.

114



5.3.3 Analysis of Polarization Test

Insertion Loss vs. Polarization Anale

225 | 1] 01" 4 1110"

% ll11" —— uoovl

Insertion Loss(dB)

0.0 100 200 300 400 500 600 700 800 90.0
Polarization Angle (deg)

Fig. 5.3.9 Insertion loss vs. polarization angle of all channels

It is reasonable to assume that the insertion loss increases when the
polarization angle increases. Chapter 3 states that the index on the z-axis is ncand the
other two indices along x and y coordinates are no When the incident light has a
polarization direction parallel to the z-axis, or the polarization angle is 0°, the power
of light propagates on the z-axis, and the EO effect is best utilized. This explains why
in Fig. 5.3.9 the insertion losses for all four channels at 0° have minimum values.
When the polarization is rotated away from the z-axis, the polarization angles increase
and the power of light on the z-axis decreases, while the power on the x-axis increases.
Thus, the insertion losses of channel 01, 10, and 11 increase as shown in Fig, 5.3.9.
Assuming that the polarization angle is 8,, the power of light on the z-axis and x-axis

as shown in Fig, 5.3.10 can be expressed as:

P, =cos’ 6, P, =sin6, ' (6)
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Fig. 5.3.10 Light power in x-axis and z-axis vs. polarization angle

At the extreme case of 6, = 90°, all the light power propagates on the x-axis.
Without any external field, the EOQ device works as a polarizer and only part of the
light can pass (loss would be 7dB as shown in Fig. 5.3.10). With an external E-field,

besides the 7 dB loss, other losses occur.

According to chapter 3, ny (x-axis) is smaller than n, (z-axis); 7;3 is one third

of 33, the index change of 4n, is proportional to r, as A6, «x n?r; ; the index change of

Anyis AG, xn’n,; and A6, ~A6,/3.65. The total power can be divided to P; and P, ,

and the deflection distance can be described as D, and D, where D, or D, are the
deflection distances of the light with power only on the x-axis or the z-axis. When the

E-field is applied to the EQ devices, D, = 0.274.

Due to the fixing of the receiving collimators, the different deflection
distances D, and D, introduce additional losses to the insertion loss and crosstalk. The
schematic of the beam diameter, collimator diameter, and spots location is shown in

Fig. 5.3.11:
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Fig. 5.3.11 Locations and diameters of the output beams and collimators

The distances between all fixed collimators are around 1.1 mm, and the beam
waist 1s 0.5 mm. As Fig. 5.3.11 shows, the beams deflected by dn, overlap. Also the
01, 10, and 11 collimators can detect nothing or very little power of the light deflected
by 4n,, Since the power on the z-axis is weaker when the polarization angle increases,
the insertion losses of these channels increase. At the polarization angle 6,, the valid
power which can be detected by the collimators is cos’d;, as shown in Fig. 5.3.10.
These plots of power match the insertion losses shown in Fig. 5.3.9. In conclusion, the

insertion losses in each channel (except channel 00) decrease dramatically,

The crosstalk on different channels also depends on the polarization. For
example, a reading of the power of the 00 collimator not only includes the power of
the 00 channel but also the light power deflected by 4n, from the 01, 10, and 11
channels as shown in Fig. 5.3.12. Expressed in equations, the power in x-axis and

z-axis are:
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P,=cos’6, P, = sin? 6, ; and D.=0274D, @)

Crosstalk vs. Polarization Angle ;?:,
40 at "00" output position 11

Crosstalk (dB)

Polarization Angle

Fig. 5.3.12 Crosstalk vs. polarization angle at the 00 output position

If the voltage is only applied on the second stage, ideally, the power will be
received by collimator 01. However, since only cos®6, of the whole power remains on

the z-axis, the other sin’0, of the total power will also be deflected and the deviated
length is D,

D,=0274D~0.274% 1.1 =0.30 mm

Considering the beam diameter (1.0 mm) and the collimator diameter (1.4
mm), almost all the light deflected by 4n, is detected by collimator 00 instead of
collimator 01. The larger the polarization angle, the more power is detected by
collimator 00 as crosstalk. When the polarization angle is 90°, the crosstalk in channel

00 reaches its highest level, which is comparable to the insertion loss.

If the voltage is only applied on the first stage, ideally, the power is received

by collimator 10. But actually, sirn°6, of the total power deviates D
D;=0274* 2 * D,=0.60 mm

This deflected light locates at the middle point of the two outputs of 00 and 01.
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At that location, both collimators 00 and 01 detect some of the total power. That
explains the crosstalk curve in both channel 00 shown in Fig. 5.3.14 and channel 01
shown in Fig. 5.3.15. Since the power is split into two parts for two receivers, the

crosstalk of each channel is a little better than the crosstalk caused by the 01 stage.

If the voltage is applied on both stages, ideally, the power is received by

collimator 11. But actually, sin, of the total power deviates D
D;=0.274*3* D;=0.90 mm

This deflected light locates near the center of collimator 01. The power is
detected mainly by collimator 01 and in small part by collimator 00. Thus, the
crosstalk of channel 00 is better than that shown in Fig. 5.3.12. At the same time, the
crosstalk of channel 01 as shown in Fig. 5.3.13 is severe. Since a small part of the
power is detected by collimator 10, some power_exists in channel 10 as shown in Fig.

5.3.14.

All the analyses above indicate that the polarization directions of the incident

light affect the crosstalk, and this influence can be calculated and estimated.

Crosstalk vs. Polarization Angle
at "01" output position
. .

Crosstalk (dB)
)
[4)]
(8]

0 20 40 60 80
Polarization Angle

Fig. 5.3.13 Crosstalk vs. polarization angle at the 01 output position
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A similar analysis can be conducted for the 01 output position. The crosstalk
caused by channel 10 and channel 11 are severe. Channel 00, which is the lower

channel, does not affect the higher receivers as Fig. 5.3.11 demonstrates.

Crosstalk vs. Polarization Angle
at ""10" output position
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Fig. 5.3.14 Crosstalk vs. polarization angle at the 10 output position

Similar plots and analyses can be derived for the crosstalk at collimator 10 as

shown in Fig. 5.3.14.
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Fig. 5.3.15 Crosstalk vs. polarization angle at the 11 output position
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In the 11 output position, none of the channels affect the receiver. All crosstalk
are around —42 dB with little change (less than 2 dB) as shown in Fig. 5.3.15. The

dropping of the crosstalk in this plot is the result of inaccuracy in the experiment.

The analysis shows that all the polarization extinction ratio values from
experiments are reasonable and can be predicted. Also, according to these results, the
incident polarization angle should keep within 10° - 15° to maintain a better switching
performance with respect to the insertion loss and crosstalk. Thus linearly polarized
laser source and polarization maintaining (PM) fiber are required, which have been

widely applied in commercial products.

3.3.4 Misalignment Test

In the last two sections, the power meter of the collimators measures the
insertion losses and crosstalk. Since any misalignment of the collimator pair affects

all the measurements, the tests on the alignment of the collimator pairs are produced

- in this section. From the experimental results shown later, a strict coupling of the light

beam from incident collimator to the receiving collimators is required.

DFB Laser Power
1310nm  [TeS oo = Meter
FC/APC o llimator Collimator

Fig. 5.3.16 Schematic setup for the misalignment test

A test was designed to plot the insertion loss vs. misalignment and the setup is
shown in Fig. 5.3.16. To achieve better measurement, an EO device is not present
between the pair of collimators. The collimators are at a 100 mm distance from each
other, and they are adjusted on the 6 axes stages to achieve minimum insertion loss.
By moving the receiizing collimatbr away from its accurate positions along the x-axis,

different insertion losses are obtained. The plot of the insertion loss vs. the
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translational misalignment is shown in Fig. 5.3.17. Similarly, by rotating the receiving
collimator through different angles and reading the insertion loss, the plot of the
insertion loss vs: the pitch misalignment is obtained as shown in Fig, 5.3.18. Typically,
a translational or pitch misalignment of the collimators of 50 um and 0.04°,

respectively, results in an additional loss of approximately 1 dB.

IL vs. Translational Misalignment
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Misalignment (mm)

Fig. 5.3.17 Insertion loss vs. translational misalignment
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Fig. 5.3.18 Insertion Loss vs. pitch misalignment

Compared to other measurements, the insertion loss caused by misalignment of
the collimator pairs is most significant, and so the initial alignment of the collimators

must be perfect before producing any other measurements.
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5.4 Packaging

Packaging plays a critical role when building a switch. Good packaging not
only supports all the optical and electrical components, but also assures the reliability
of the optical path and electrical control. The reliability, functionality, and ease of

operation are the main considerations of the package.

The design of the mechanical part is first described in section 5.4.1, which
includes the consideration of the base, the outer package, and the accessories of the
optical and electrical components. The performances of the packaged switches are
demonstrated in section 5.4.2, showing the deflection angle, the insertion loss, and

crosstalk figures of the 1x2 and 1x4 EQO switches.

5.4.1 Design of the package

Acrylic plastic, a commonly used material, was chosen for the package.
Acrylic plastics are transparent and can transmit and control light; have superior
dimensional stability; and have an excellent combination of structural and thermal
properties [3]. In short, most of the properties of acrylic plastics apply to the

application of EO switching package.

The whole package is divided into two parts: the inner part (or the base) and
the outer part. The base is secured on the outer package using 4 screws. All the optical
components, such as the pair of collimators, the EO devices, and the optical prism or

mirror sets are all arranged on the base.

The polarization maintaining (PM) fiber collimators, which were purchased
from Koncent, are aligned at the input and output of the package and glued to the base
by using UV epoxy. The working distance of the PM collimators is 100 mm in air; the

extinction ratio is 25 dB; the beam divergence is 0.3 degrees; the beam waist is 0.4
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mm, the housing diameter of the metal tube is 1.3 mm; and the housing length is 8
mm. Factoring in the greater refraction index within the EO device and the prism, the

required distance between the input and output collimators is 133 mm, as given by:
D=(100-L)+L*n=100+(n-1)*L=133 mm

Here, L is the length of the device, which is about 70 mm, D is the moderated

distance.

Assuming that the metal tube of the collimators is glued to the base, an extra
length should be included in the base. Also, a tolerance in the base length should be
considered due to the different lengths of different devices. Thus a base length of 141
mm is determined. By moving the pair of collimators towards the center or away from
the center, a shorter or longer EO device can be fitted. The width of the base is 30 mm

to fit thinner and wider devices.

A rectangular pit for holding additional optical components is hollowed out 5
mm from the right edge of the base. The pit is 17 mm long, 9 mm wide, and 3 mm
deep, a depth which is sufficient for the thickness of the glue (0.5 mm) and the

thickness of the optical component.

For safety reasons, a pillar opening is designed on the base to guide the
electrical wires, which are connected to the high voltage connectors. This pillar
opening has a 3.8 mm radius, a 2 mm depth, and is located 37 mm from the left edge.

The high voltage wire from Surplus Sales Inc. can support 5 kV voltages.

Another acrylic container was designed as an outer package to support the
base, the connector for the electrical cables, and the fiber pigtail of the collimators.
The outer package has a rectangular opening for the base to sit in. This opening is
12.7 mm deep, which is the same depth as the base. Also, it has a total length of 18
cm and a width of 10 cﬁl. Four screws are used to join the outer package and the base

together. The fiber pigtail of the collimators is glued on the right and left edges of the
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outer package. Two SHV cable connectors are fixed on the outer package at the same
location as the pillar opening. The electrical power is delivered from the high voltage
supplies through these connectors and the electrical wires to the EO devices. The

schematic of the package with 1x2 switch on the base is presented in Fig. 5.4.1.

Input Collimator

Electrical
. Connection : Dutput

Collimators

Fig. 5.4.1 Schematic of the 1x2 package

5.4.2 Packaging of 1x2 and 1x4 EO switches

In the 1x2 switching package, the EO crystals, which are 18.5 mm long and
0.57 mm wide, are mounted on the acrylic base. A 0.5 mm thick glass plate is used to
help the mounting and ensure the glue thickness. A PM fiber collimator is then
aligned and mounted at the left end of the base to serve as the input. Another fiber
collimator is mounted at the right end of the base as one receiver, after it is aligned to

receive the maximum power without any external E-field.

A knife-edge right-angle prism is incorporated in the 1x2 optical switch
package to further separate the two beams at the output. The EO device provides an
initial beam separation of 1.9 mm. The beams are directed towards a right-angle prism

~and then deviated towards the collimator, which is glued on the side of the base. The
right angle prism with edge dimensions of 5 mm and a drawing of this right-angle

prism is shown in Fig. 5.4.2. The second fiber collimator is mounted at the side edge
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of the base, after it is aligned to receive maximum power with a proper external

E-ficld. A photo of the packaged 1x2 switch is shown in Fig. 5.4.3.

polish face

mirror
polish face

Fig. 5.4.3 Packaged 1x2 EO switch

The packaging of the 1x2 switches is reused in the 1x4 switch. A similar
fabrication process was reproduced. A schematic of the 1x4 packaged switch is shown

in Fig. 5.4.4 and the photo of the assembled package is shown in Fig. 5.4.5.
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Fig. 5.4.4 Schematic of the 1x4 optical switch

Fig. 5.4.5 Packaged 1x4 Electro-optical switch

Similarly, a special mirror set can provide a greater separation between the
four beams in the 1x4 optical switches. By using this special mirror, the 1* spot and
the 4™ spot can be separated by enough distance (2.8 mm) so that the two parallel
collimators can be glued side by side. The optical path of the two center beams are
bent 90° to the side edges, which is similar to the bending in the 1x2 packaged optical

switches.
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This custom mirror set has a “V” shaped groove that is obtained by using two
1.1 mm wide reflective surfaces tilted at 45°. The mirrors work similarly to the
right-angle prism and deflect the two center light beams by +90° toward the
collimators glued to the side of the base. The edge beams are unaffected by the prism
and pass through to the edge collimators (Fig. 5.4.6). Before entering the prism, the
distances Between each light beam are measured to be 1.0 mm, 0.9 mm, and 0.9 mm.
Given a beam waist of around 0.4 mm, these distances are sufficient. These V shaped

mirror sets were produced by JDS Uniphase as custom made products.

Light Beams

Fig. 5.4.6 Top view and 3D view of the mirror set

5.4.3 Performances of the Packaged 1x2 and 1x4 EQ switches

A 1310 nm linearly polarized fiber coupled laser source is used to test the
performance of the 1x2 EO switch. The aligned PM fiber input collimator was
measured and found to produce a maximum polarization angle misalignment of 2.2°
and a polarization extinction ratio of 26 dB. Deflection and power measurements for
the packaged switch are shown in table 5.4.1. Since the facets of the deflector are not
AR (Anti Reflective) coated, the loss thus caused was calculated and removed from
the results. All measurements of the packaged switches were obtained using driving

voltages of 1200 V.
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Table 5.4.1 Insertion loss and crosstalk of the packaged 1x2 switch

Voltage  Deflection (deg) Insertion Loss (dB) Crosstalk (dB)

0 0.00 2.37 -39.24

1200 1.22 3.61 -37.31

Again, this laser source and the PM fiber input collimator are used in the

testing of the 1x4 EO switch. Tables 5.4.2 present the insertion loss, crosstalk

performance, and deflection angles. Since the facets of the deflector are not AR

coated, the loss thus caused is calculated and removed from the results. All

méasurements are obtained using driving voltages of 1100V for the 1x4 switch.

Table 5.4.2 Insertion loss, crosstalk, and deflection angle of the 1x4 packaged switch

Loss (dB) in. Collimator Positions (IL in Blue; CT in
Deflection
Switch Stage [Black)
(deg)
"00" NOl" Ill()" "11"
"00" 2.9 -24.7 -32.9 -37.8 0
"01" -40.2 3.7 -37.0 -35.1 0.77
"10" -39.9 -40.2 2.8 -21.4 1.43
"11" -40.5 -40.6 -30.4 3.4 2.13

In summary, the 1x2 switch exhibits a best-case insertion loss of 2.4 dB and

crosstalk of -39.2 dB. For the 1x4 switch, the obtained values are 2.8 dB and -40.6 dB,

respectively.
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5.5 High Speed and Damping Test

EO devices provide ultra-fast response time, as discussed in Chapter 2. EO
switches based on EO effect demonstrate fast switching times, which is essential in
the future all agile photonics networks. EO devices are widely used in digital
communications since they can provide 40Gb/s or higher bandwidth. Thus, the
bandwidth performances are fundamental in our EO deflectors. In this section, the
switching time between different channels of the packaged switches is tested and
analyzed, providing the equivalent bandwidth for the application. At the end of this
section, a damping test is performed to show how the piezoelectric phenomenon has

been overcome.

5.5.1 High Speed Test

Several models as (a), (b), and (c) as shown in Fig. 5.5.1 [4] can be established
to simulate the electrical performance of the wafer and the electrodes. To simplify the
case, model (a) is chosen. In the model, Cl is low-frequency capacitance, C2 is
high-frequency capacitance, and R1 is the wafer resistance related to the temperature
parameters, which is large (assuming 1.5 kQ here). The capacity of the whole wafer

can be calculated [5] as:

C:f_‘c's_A (8)

where £=45; €, =8.85x10 2 C?/N -m?; A is the areca of the

electrodes; and d is the thickness of the wafer.
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Fig. 5.5.1 Three RC models for the LiTaO; wafer

The capacities of the two stages can be calculated by measuring the dimension

of the driving electrodes:

g6,A  8.85x107% x45x16.5x 2x10°°
d 0.5x107?

Stage 01: C,, = =26pF

g6,4  8.85x107 x45x22.9x1.6x10°°

Stage 10;: C,, =
B g 0.5x107°

=29pF

The time constants or effective RC in the circuit of different states are as

follows:

ty = RC = (R,,.. + R)xCy =41.4ns
ty =RC=(R,,. +R)xC,, =462ns
Rl
iy = RC = (Rypey + 7% (Cro +Coy) = 46.4ns

From the calculation results, the effective RC time constant of all three states

is similar. Therefore, the response time for the channels is almost the same. The
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experimental value confirms the conclusion as discussed later.

The schematic setup for the high speed test is shown in Fig. 5.5.2. A
GigaBERT (Giga Bit Error Rate Tester) generator from Hewlett-Packard is utilized to
create 32 MHz 50% duty’s rectangular pulses as signal references to both the receiver
and the high voltage pulse generator (The signal Generator as shown in Fig. 5.5.2).
The receiver is a Communication Signal Analyzer (CSA8000) with two optical
models, which can detect optical signals through fiber collimator and transfer them to

electrical signals.

DFB Laser | FC/APC

1310 mn fEle‘ctro-Optic Deﬁce{ Ll CSASM0
PM FC/APC
Collimator
connector external
rigger
Signal extemil GigaBERT]

Generator] trigger |Generator

Fig. 5.5.2 Schematic setup for the high speed test

Since the measured switching speed of these devices is limited by the
electrical capacitive effects of the LiTaO; substrate and by the speed of the voltage
supply [6], actual speed performance was obtained by measuring the deflection time,
which is defined in this context as the time it takes for 90% of the light power
emerging from one output collimator to be deflected, and subsequently detected, at
the 90% level at a second output collimator. Using this definition, the measured
maximum rise time between any two channels is measured to be 86 ns, which
corresponds to a maximum switching frequency of 12 MHz. A representative
measurement of the switching time obtained as the device is switched between

channels 11 and 00 is shown in Fig. 5.5.3 and Fig.-5.5.4.
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Fig. 5.5.4 Rise and fall time when switching from channel 00 to 11

The deflection time is a little slower when switched between 11 and 00
because the 11 case has a larger equivalent capacitance and resistance than 10 and 01.
Also, the distances between the output collimators affect the deflection time. This
figure (as well as Fig. 5.5.4, Fig. 5.5.8, and Fig. 5.5.9) is captured from the screen of
CSA8000 to demonstrate the response time only; the optical powers of the two input

channels haven’t been calibrated.

The fall time is much faster than the rise time because of the threshold of the
working voltage of the EO device as shown in Fig. 5.5.5. From experiments, the
channels expect 00 of the EO devices start to work after the voltage increase over 800
V; and channel 00 stops working after the voltage increase over 200V. Assuming the

voltages from the voltage supplier increase and decrease linearly, the voltage changes
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on the substrates follow the curves shown in Fig. 5.5.6. From the figure, the fall time
is much shorter than the rise time. Also, the rising edge will take place after the falling
edge, which matches the experimental results shown from Fig. 5.5.3 and Fig. 5.5.4.

All the rise time and the fall time are shown in Table 5.5.1.

Table 5.5.1 Measured rise/fall times between channels in the 1x4 packaged switch

Rise/Fall time (ns) to the target channel

Original Channel
"OO" "01" "10" "11"

"00" ~ 46/8 42/7.5 50/7.6
"o1" 5/11 ~ ~ ~
"10" 40/14 ~ ~ ~
"11" 40/8.4 ~ ~ ~
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Fig. 5.5.5 Fall time of the 1x4 switch
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Fig. 5.5.6 RC time constant, risc and fall time

In conclusion, the fastest switching time we obtained was 86 ns, which
corresponds to 12 MHz switching frequency. This is limited mainly by the capacity
and the electrode structure of the EO device. Instead of the lump electrodes we used
here, applying transmission lines with capacity and impedance matching the RF

source [7] can provide ever faster switching times or wider bandwidth up to 40 GHz.

5.5.2 Damping Test

The observed ringing phenomenon illustrated in Fig. 5.5.3 and Fig. 5.5.4
occurs due to piczoelectric vibrations of the package. When an electrical signal with
high frequency is applied, the device may demonstrate some mechanical vibration due
to the soft glues used on the base. The piezoelectric vibration is insignificant when the

EO device is tested on the stage without packaging.
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The same setup (Fig. 5.5.7) used for the high-speed test is utilized for the

damping test. Several damping materials, such as acoustic-absorbing rubber foam and

mineral oil, are fastened on the top of the original electro-optic device to absorb part

of the vibration. Fig. 5.5.8 shows the rising edge before and after the attachment of

damping material. Results of the ringing at the falling edges are shown in Fig. 5.5.9.
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Fig. 5.5.8 Ringing at the rising edges. (a) before damping, with 32.32% vibration; (b)

after the mineral oil damping, with 12.12% vibration.
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Fig. 5.5.9 Ringing at the falling edges. Left: before damping; Right: after the mineral

oil damping.

The power is slightly reduced after damping. The weight of the attached
damping material moderately changes the height position of the EO device, affects the

optical path, and diminishes the receiving light power.
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5;6 Conclusion

To date, the emphasis of existing pﬁblications on the EO deflectors has been
on scanning applications which do not require fiber-to-fiber packaging. In this chapter,
two packaged optical switches that use EOQ deflectors are reported. By combining
these EO deflectors with fiber collimators and high voltage packaging, several
multiport packaged high speed optical switches are built and characterized. These
switches are 14 cm long and 3 cm wide. The packaged 1x2 optical switches require a
driving voltage of 1200 V and exhibits insertion loss of 2.4 dB and crosstalk of -39.2
dB; the 1x4 switch exhibits insertion loss and crosstalk of 2.8 dB and -40.6 dB
respectively and operates using a 1100 V voltage source. The maximum deflection

time between the channels is 86 ns.

The design of the EO devices and alignment are two essential aspects to
produce the packaging of EO switches. The dimensions and positions of the two
stages of the 1x4 Electro-optic switches determine the final deflection angles, the
additional optical components. And the positions of the receiving collimators. The
alignment of the packaging, including the EO deflectors, the input/output collimators,

and the optical componénts, can affect the results greatly.

Some improvements are foresecable for these packaged optical switches.
Several methods applied to the EO devices will reduce the driving voltages. By
reducing the voltage to 600 V, mass production or CMOS technology can be used.
Also, improvements in the packaging, especially in the alignment, can further reduce
the insertion loss and increase the crosstalk in the system. Packaging of 2x2 EO
switches which is based on the deflectors introduced in Chapter 4 will also provide

improvements.
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Chapter 6: Discussion, Conclusion, and
Future Work

6.1 Introduction

In the bulk EO deflectors, two main concerns arise. The first is the driving
voltage. To assist the beam bending, an E-field is applied. All the voltages and the
E-field in the previous chapters are above 1000 V, which is high for normal circuit

design.

Several methods are introduced in this chapter to reduce the control voltages.
In the end, 600 V’s control is possible, which is within the range of CMOS circuit

design.

Our second concern is that, during the experiments, the experimental results
did not perfectly coincide with the expected theoretical values, especially in the EO
deflectors with new geometries. As explained before, this mismatch may be a result of
the poling. Therefore, in this chapter, details are provided as to how the electric field

poling affects the EO materials.
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6.2 Methods for Reducing the Voltage

The high driving voltages are always a problem with EO devices. In our
devices, 1200 V and 1100 V driving voltages are required. To industrially
manufacture packaged switches, lower driving voltages are needed. In this section,

several methods for reducing the driving voltage are proposed.

6.2.1 Changing the Device Shape

The optimal designs in chapter 4 can be used to reduce the driving voltages.
EQ devices using the parabola shape can achicve a given deflection angle with less
voltage than rectangular devices of the same length The following equations explain

in detail the voltage requirements of the parabola shaped device:

Since p2r L and An=ngr33K (D
n WH D
LV

0—”3"33%—5 (2)

Thus, V=2 " g 3)
nohy L

where, WH is the width of the device, L is the length of the device, D is the

thickness of the device, and € is the deflection angle of the device.

For example, when comparing the parabola shaped device to the rectangular
shaped device (both having the same dimensions and total deflection angle), WH is

much smaller in the parabola deflectors, which results in the smaller V.

A similar effect can be achieved with the half-horn shaped device, and the

control voltage in that device can be reduced as well.
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6.2.2 Thinner Wafer
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Both (3) and (6) have a factor of D, which is the thickness of the wafer. By

choosing a thinner wafer, such as a 300 um thick instead of a 500 um thick wafer, the

control voltage can be reduced to 0.6 of the original value.

However, according to the properties of the wafers described in chapter 3,

thinner wafers are more fragile, which introduces more difficulties in the fabrication

and poling procedures.

The 300 pm wafers were acquired, photolithographed, and metallized

successfully at Sherbrooke University. Successful poling also was accomplished in

the lab after initially cracking some substrates. Several recommendations should be

followed when poling and handling thin wafers.

On the wafers, do not press the spring probe against the electrodes. Connect

the black lead of a Volt Ohm Meter to the probe. Replace the red lead with the

Nano-clip contact and lead out to touch the electrodes on the wafer. This

Nano-Clip has an extremely soft hook and can protect the wafer from pressure

as Fig. 6.2.1 shows. Push the spring probe down more slowly until it finally
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touches the electrodes. Monitor the whole procedure on the screen of the

monitor using a CCD camera.

o Always leave a layer of foam above and below the wafer when storing it.

Avoid violent movements when handling it.

 Increase the first high voltage supply in very small steps to avoid cracking the

wafer when poling.

Fig. 6.2.1 Photo of the nano-clip

Our tests have shown that it is possible to develop EO switches on thin wafers

and thus reduce the control voltage to 600 V.

EO devices based on waveguide have lower driving voltages because they
have only a 10-50 pm layer of LiNbO; or LiTaO;. With that thickness, the driving

voltages can be reduced to 20-100 V or even lower.
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6.3 Poling Theory

Although Poling, especially electric field poling, has been widely used in the
production of the EO devices, the mechanisms of electric field poling are still under

study.

Fig. 6.3.1 The interfaces of the two domains

Studies in [1] — [4] show that the inversed domains grow from small triangular
domains within the domain walls perpendicular to the surface as shown iﬁ Fig. 6.3.2.
By merging these small triangular domains, the whole designed area of the inversed
domains can be created. Due to the basic triangular structure, prisms in rectangular
shaped deflectors can be created more accurately. Thus, the nonrectangular shaped
deflectors might produce an imperfect domain inversion, and the deflection

performance may be affected.
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Fig. 6.3.2 Small triangular domains and their merger [2].
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6.4 Conclusions

Optical switches are important devices for future agile all-photonic networks
that reconfigure on nanosecond time scales and that are based on electronic control.
Continually evolving Internet and telecommunication networks require not only larger
communication bandwidth, but also faster switching times. For this reason, optical
switching technology has become one of the hottest research topics over the past
decade. A subset of the current optical switches is a device built from bulk
electro-optic (EO) materials, which can provide both high speed and moderate

deflection.

Although optical switches such as MEMS have been widely applied to
commercial networks, they cannot satisfy the requirement for dynamic provision.
Electro-optical switching promises higher speed and a wider flexibility, both of which
are essential to the next generation of optical networks. This present study has
proposed new designs for packaged optical core switches, which are based on
electro-optic deflectors. In addition to having large bandwidth capabilitics, low
insertion losses, and a fast response time, the devices are generally compact and can

be easily fabricated and readily integrated.

Optical switches based on the EO effect are some of the fastest switches
demonstrated to date. Two packaged EO switches, ultra-fast 1x2 and 1x4 optical
switches, have been successfully fabricated in the lab. The obtained devices are fully
characterized. The implementation of a low insertion loss, moderate crosstalk switch
capable of sub-nanosecond switching times has been demonstrated. The packaging of
these switches is 14 cm long and 3 ecm wide. The ultra-fast packaged 1x2 optical
switch has a deflection angle of 1.22° with an applied voltage of 1.1 kV. The insertion
loss and crosstalk figures are 2.36 dB and -36 dB, respectively. With an applied
voltage of 1 kV, the ultra-fast packaged 1x4 optical switch has deflection angles of
0.77°, 1.43°, and 2.13° for the 01, 10, and 11 channels, respectively. The insertion
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losses are around 3 dB, and the crosstalk is approximately —27 dB. The maximum

deflection switching time between the channels is 86 nsec.

In this dissertation, existing theories pertaining to the EO effect are extended,
and new EQ deflectors are designed. The equivalence of the prism and gradient index
analysis is given for nonrectangular shaped devices. The limitations or boundaries of
the deflection angles achieved by the rectangular devices are calculated for the first
time. Among the two new EO deflectors proposed in chapter 2, the parabola shaped
device demonstrated the optimal deflection angle and best sensitivity, When compared
to the rectangular shaped devices, the half-horn shaped device achieved better
performance in the deflection angle. The parabola shaped and half-horn shaped
deflectors provide 2-3 degrees of steering, which is 2-3 times better than the

rectangular devices.

Based on the parabolic and the half-horn geometries, novel optical deflectors
were successfully designed, built, and tested. These deflectors have the potential to
build non-blocking 2x2 opticai switches as described in the dissertation. Due to the
requirement of precision alignment, different free space tests of different parts of the
2x2 switches were developed. The results of these tests show that 2x2 optical

switching is accomplished.

Finally, efforts have been made to reduce the driving voltage requirements of

current EO devices. The poling theories are briefly discussed.
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6.5 Future Work

Based on the existing parabola shaped and half-horn geometry optical
deflectors, non-blocking 2x2 optical switches will be manufactured and packaged
soon. The same inner and outer package described in chapter 5 will be reused. With
enough deflection angles ensured by the design of the new shapes, additional optical
components are not needed. Two PM collimators will be aligned and glued as the
inputs, and an additional two will serve as the outputs at the other end. Insertion loss,

crosstalk, and the switching time from channel to channel will be tested.

Since procedures such as photolithography, metallization, and poling already
have been tested on the thin wafers, EO devices will be fabricated on thin wafers in
the next step to reduce the driving voltage. With a wafer thickness of 300 pum, driving

voltage can be reduced to 600 V or even lower.

The new geometries of the parabola and half-horn shape will later be tested in
waveguide devices. With a thin layer of LiNbO, or LiTaO; material, which is around
10 - 50 pm in thickness, the steering performance will be achieved under 30 V.
Applications of these waveguide devices that incorporate the new shapes will be

developed.

At the same time, more wafers will be poled to compare the effect of the
electric field poling in the deflection performance. A combined study and research
project on the poling theories is ongoing with the Physics Department at McGill

University.
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Appendix: Matlab program depicting
AutoCAD masks

“fid= fopen('horn_mask.scr','w’); //open a new file.
Jprintf(fid, 'pline\n’); /"pline is a AutoCAD command”
Jprintf(fid,'%f,%f\n' x(1)*1e6,y1(1) *1e6); Hdraw the first point in AutoCAD
while 1

I = find(yl(i0 : end) - y(i0 : end) > ) +i0- 1;
if length(l) > 0
cnt =cnt + I,
i=Il);
yi(i:end) =2 *yl(i)-yl(i: end); /Calculate the next point
Jorintf{fid,'%f, %f\n' x(i) ¥1e6,y1 (i) *1e6);
//draw the line to the next point in AutoCAD
d=2%i-i0;
ifd>length(x)
break
end
yl(d: end) = -yl(d : end);
Jorintf(fid,'%f, %f\n' x(d)*1e6,y1(d)*1e6);
/draw the line to the next point in AutoCAD
i0=d;
else
break
end

end
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Jorintf(fid,'%f,%f\n' x(end) *16,-75);

Jorintf(fid,'%f,%f\n’,0,-75);
Jprintftfid,'%f, %f\n’,0,0);
Jprinyf(fid,'C\n’);
Jelose(fid)

/draw the last point in AutoCAD

//end of the Pline command

Velose the AutoCAD file.”
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