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Abstract

Abstract

Ultra-high-speed optical modulators are amongst the most promising and useful
components in optical communications systems. External ultra-high-speed optical
modulators of multi-gigahertz bandwidth with a high optical power handling capacity
are key components in current optical communications systems and valuable for future
optical signal processing technology. In recent years, optical fiber communication
networks have been experiencing a very rapid development, driven by the explosive
growth of internet technology, mobile phones, video phones, video conferencing, video-
on-demand, and e-commerce. Therefore, it is essential to create advanced tools to design
new ultra-high-speed optical modulators which fulfill the requirements of such high

capacity transmission systems.

The recent advances in lightwave technology indicate a crucial need for the accurate
design, characterization and optimization of modem optoelectronic devices such as
electroptical modulators, using rigorous and efficient computational modeling methods.
The finite element method is the most versatile and popular numerical approach for the
solution of various engineering problems. The vector H- field finite element method
provides the most accurate and efficient computational numerical technique for the
analysis of different uniform optical waveguide problems involving isotropic,

anisotropic, and nonlinear waveguide materials.

A numerical approach using quasi-TEM analysis based on the efficient finite element
method is developed to investigate the microwave properties of the electrooptic
modulators, LiNbCL and GaAs, respectively. The combination of the vector //-field
finite element method and the Least Square Boundary Residual (LSBR) has been

employed successfully to investigate the polarization conversion phenomenon in a
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deeply-etched GaAs/AlGaAs semiconductor electrooptic modulator has been

investigated and physically justified.

The potential distribution, capacitance calculation, electric and magnetic field
distribution, microwave index, characteristic impedance, optical field confinement,
conductor loss and the dielectric loss for different regions of the substrate, half-wave
voltage length, bandwidth, driving power and optical loss are investigated thoroughly.
Simultaneous matching between the microwave effective index and the optical and the
characteristic impedance are achieved. The work shows for the first time, that conductor
loss, dielectric loss and the mismatch between optical and microwave carrier and
characteristic impedance for both LN and GaAs electrooptic modulators operating
beyond 40 GHz, will play a significant role in the determination of the overall speed of

these modulators.

The effect of various imperfect fabrication parameters of GaAs electrooptic modulators
has been thoroughly investigated. It is confirmed that the use of full vectorial simulation
techniques such as the FEM (Finite Element Method) and LSBR (Least-Square
Boundary Residual) are very important in order to account for, and to avoid problems
arising as a result of such unexpected and also unwanted polarization conversion effects
in electrooptic semiconductor modulators. It has been confirmed for the first time that
for the new semiconductor electrooptic modulator designs and fabrication methods, it is
essential to take in account these parameters in order to avoid unwanted polarization

conversion, which can negatively impact the performance ofthe device.
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Chapter 1 Introduction

Introduction

1. 1 Historical introduction of lightwave technology

Lightwave technology is not a new science as the use of a visible carrier wave or light
for communications has been common for many years. In the 1790s the French engineer
Claude Chappe invented the optical telegraph. In the military environment sunlight
powered devices (optical telegraph) had been used to send telegraph information from
mountain top to mountain top in the early 1800. Later, in 1880 Alexander Graham Bell
reported the transmission of speech using a light beam in the so-called “photophone”.
The photophone proposed by Bell, after four years of innovation involved a telephone
modulating sunlight with a diaphragm giving speech transmission over a distance of 200
m. Although, some further innovation in optical communications continued in to the
early part of the 20th century, however its use was limited to mobile, low capacity
communications links. This was due to both the lack of suitable light sources and the
fact that light transmission in the atmosphere is restricted to line of sight affected by
disturbances such as, dust, rain, fog, snow and other atmospheric turbulence.
Nevertheless, lower frequency and hence longer wavelengths of electromagnetic waves
such as radio and microwave proved to suitable carriers for information in the
atmosphere, being far less affected by much atmospheric conditions. The
electromagnetic carrier waves can be transmitted over considerable distance but are
limited in the amount of information they can convey at these frequencies. The
information-carrier capacity is directly related to the bandwidth (band or of the range of
frequencies within the spectrum occupied by a signal and used by the signal for
conveying information) or frequency extent of the modulated carrier, which is generally
limited to a fixed fraction ofthe carrier frequency. The greater the carrier frequency, the
larger the available transmission bandwidth and thus the information-carrying capacity
of the communications systems. This is one of the reasons why the radio
communication was developed to higher frequencies much as the VHF and UHF bands,

leading to the introduction of the even higher frequencies microwave and, latterly,

S.Haxha@city.ac.uk 1


mailto:S.Haxha@city.ac.uk

Chapter 1 Introduction

millimeter wave transmission. The relative frequencies and wavelengths of the
electromagnetic waves that may be used are illustrated in Table 1.1 (Ishii, 1986). It can
be noted that communications at optical frequencies offer an increase in the potential
usable bandwidth by a factor of around 104 over high frequency microwave
transmission. An additional benefit ofthe use of a high carrier frequency is the ability of

the communication systems to concentrate the available power within the transmitted

electromagnetic wave, thus giving an improved system performance.

Electromagnetic
Long Wave
Medium waves
Short waves
Ultra short waves
(meter waves)
Microwave
(centimeter wave)
Ultra microwave

(millimeter waves)

(submilimeter waves)

Infrared rays

(Optical fiber
communications)
Red-Violet

(Visible spectrum)

Ultraviolet
X-rays
Gamma rays

Cosmic rays

Frequency v
30-300kHz
300-3000kHz
3-300MHz

30-300MHz

300-30000MHz

30-3000GHz

3000-416000GHz

105106GHz

105-106GHz

105-10vGHz
10v-10“ GHz
109-1013GH-
1013GHz-continue

Table 1.1 The electromagnetic spectrum
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Wavelength X
10km-lkm
1000m100m
100m-10m

10m-lm

100cm-1 cm

IOmm-O.lImm

0.1 mm-0.00072mm
1.7 /xm-0.8/rm

0.7/tm-0.4/im

3 /rm-30nm
30nm-3pm
0.3nm-0.3pm
0.3pm- and bellow
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A renewed interest in optical communication was stimulated in the early 1960s with the
invention of laser. This device has provided a powerful coherent light source with the
possibility of light modulation at high frequency. There has also been interest in optical
communications between satellites in outer space using similar techniques with lasers.
The use of the laser for the free space optical communication occurs over a limited
range: however the invention of the laser has enabled a significant research effort to be
developed in the study of optical components needed to achieve reliable information
transfer using light as a carrier. In the early 1966s Kao and Hockham (Kao and
Hockham, 1966) proposed an optical communication system using dielectric
waveguides or optical fibers fabricated from glass. Later, (1966), Werts has considered
ways to avoid the degradation of the optical signal. Initially the optical fibers that were
available exhibited very high attenuation (i.e. 1000 dB km"l) and this were not
comparable in performance with the coaxial cables (i.e. showing 5-10 dB km"1 loss).
Nevertheless, within ten years optical fiber losses were reduced below 5 dB km"1 and
suitable loss jointing techniques were perfected. Coming, UK achieved a reduction to 20
dB/cm recently.

The development of the fiber waveguides has played a significant role in the
development of other optical components which would constitute on optical fiber
communication system. Based on the optical operating frequency, this new technology
of optical component has used extremely small wavelengths. Thus semiconductor
optical sources (i.e. injection lasers and light emitting diodes), as well as matched
detectors (i.e. photodiodes and transistors) compatible in size with optical fibers were
designed and fabricated to enable successful implementation of the optical fiber
communication systems proposed. Which were originally fabricated in 1977 from alloys
of gallium arsenide (AlGaAs) which emitted in the near infrared between 0.8 and 0.9
/xm. More recently, suitable semiconductor laser sources such as these in InGaAsP and
Ge detectors for the 1.3 j«m wavelength have been developed. In 1980 Bell Labs
published a commitment to using single mode 1.3 fim technology and for the first time a
transatlantic fiber-optic cable, TAT-8 began service in December 1988. This technology
has spread into wider telecommunication applications, and remains the standard for the

most fiber communications systems.
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1.2 Optical communication systems

Progress in optical communications has been very rapid over the last three decades.
Research sponsored by telecommunication authorities soon led to breakthroughs in
telecommunication systems, so that now optical systems are carrying almost all
proportion of the short haul telecommunication traffic. In many developed countries,
UK, USA, Germany and Japan, optical fibre is the dominant transmission medium for
the long distance network. In the United Kingdom in 1984, 64% of the traffic was on
optical fibres, with 13% on microwave radio and 23% on coaxial or pair cable, compare

to 1995, where 90% of'the traffic is over the optical network.

Doubled Every Year since 1995

Fig. 1.1 Capacity per fiber (Gb/s) from 1980-2005. (Livescu, 2002)

The world market for optical communications systems and components is currently
estimated to be about $40 billion. This is forecast to grow at over 10% a year over the
next five years, driven by the rapid increase in data traffic arising from internet company
intranets and telecommunications generally, as illustrated in the Table. 1.1. Also last 3-4

years this increase has not developed as was predicted in the late 1990s, it is expected
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that the market will growth again, although the pace is likely to slow. The optimism for
this growth remain the fundamental benefits of optical fibre communications:
¢ The system offers vastly increased carrying capacity, more than one thousand
times greater than comparable copper wire
¢ Optical signals are unaffected by electromagnetic interference, no crosstalk
between fibres, meaning communication is clearer and can be used in hostile
environments
¢ Optical fibres do not radiate electromagnetic energy, so do not interfere with radio
and television broadcast signals
¢ Low attenuation, low cost and high bandwidth.
¢ Waveguides can be integrated with other components
¢ High capacity data storage
¢ The costs of an optical system are partly controlled by the sources, detectors, and
couplers at the end of the transmission lines.
One of the important recent innovations is the dense wavelength division multiplexing
(DWDM), a technique by which a large number of different ‘colours’ of light signals are
simultaneously transmitted. This has the effect of increasing the capacity of the fibre to
carry information. Dense Wavelength Division Multiplexing (DWDM) system data
speeds have risen to 40 Gbit/s and beyond. The developments through recent years of

(DWDM) system capacity in optical networks is illustrated in Fig. 1.2

Year

Fig. 1.2 DWDM Capacity and Interface Speeds (Livescu, 2002).
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A schematic of a simple optical communications system is shown in Fig. 1.3. The block
diagram includes a repeater, although the fibre loss is so low that can be spaced many
tens of kilometres apart. The repeater is actually a receiver and transmitter “back-to-
back”. The amplifiers are used every 50 to 100km to boost the light signal. All the
present generation of systems use power transmission and detection where a source
generates a wide band of energy which is modulated by turning it on and off. Detection
is by using diode detection and heterodyne, or coherent achieved (the longer the fiber
length, the more severe the pulse spreading will become, therefore the photons produced
by simulated emission will have a defined phase relations) detection using a local

oscillator are not used. This may come in the next generation of systems.

Conversion of
electrical
/ pulse into
* optical and
opposite

Fig. 1.3 An optical communication system.

The transmitter in such a system consists of a light source and a modulator of the base

band digital or analogue signals onto the optical waves. The light source will be either
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an LED for a low cost, low capacity, system or a semiconductor laser for a higher
capacity system. The modulation is often done by modulating the signal through the
current feeding the LED or the laser. The alternative is to use an optical modulator, and
this can be done in many ways using integrated optics. One method is based on using a
directional coupler or a Mach-Zehnder section in LiNbo3 using the electro-optic effect
or in a GaAs or InP based system.

In an LED the generation of protons occurs via a spontaneous proton whereas in the
lasers stimulated emission dominates. An LED is a relatively broadband source, with a
bandwidth of typically 20 THz (centre frequency about 450 THz) and the injection laser
is much narrower with a bandwidth between a few GHz and 500 GHz. Lasers using
feedback and cavities to stabilise the signal may have bandwidths ofa few MHz.

The connection between the source, receiver and the optical fibre is a significant part of
an optical system because of the need to align the fibre core to a high precision over the
very small distances involved in alignment. Misalignment gives rise to coupling losses
and can only be overcome by using a very accurate system geometry to enable systems
to be analysed accurately. An optical fibre connector must terminate and protect the end
ofthe fibre, act as an alignment guide and protect the cable from the environment.

New technology and systems are still being developed for ultra high-speed long-haul
systems operating at channel bit rates in excess of 40 Gbit/s with an aggregate
throughputs in excess of around 1 Tb/s. Fibre optic communication system technology
offers greater efficiency in vital growth areas such as to meet the rising demands for
wireless data transfer, networking, graphics, communications using the internet World
Wide Web, sensors and the possibility of improvements in fields from medicine to civil

engineering and aerospace that would not be possible otherwise.

1.3 Integrated Optics and Photonic Devices

Optical systems in communications provides the inherent advantage of large bandwidth,
parallelism, and reconfigurable configuration. However, such systems do not provide
input-output isolation, as electronic devices do and it can be very difficult to focus
multiple beams in a parallel system. Therefore it is logical to couple electronic and

photonic devices, resulting in optoelectronic integration.
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The aim of integrated optics is to do signal processing as much as possible directly on
the optical chip itself. The basic concept of the integration was proposed by Anderson in
1965 (Anderson, 1965) and considerable progress has been made, although not a great
deal of integration has been achieved.

An attractive form of define integration is the interconnection of the optical devices
which can take a form of free space, integrated optical waveguides, or optical fiber. An
illustration via a simple schematic block diagram of an optoelectronic phase integration
array antenna system is illustrated in the Fig. 1.4. With optical interconnects and
transmission, immunity to manual interference and crosstalk and freedom from
capacitive loading effects. The large bandwidth of the optical device contributes to
system size reduction, reduced system power, and increased fanout capabilities of the

device.

Laser

Fig. 1.4 Block diagram of an optoelectronic phase array antenna system
Optoelectronic integrated circuits (OEIC) involve the integration of electronic and optic

components and optical interconnects. The monolithic integration of electronic and

optical devices on the same chip will contribute to high-speed, high-sensitivity,
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compactness, reliability and low cost. In order to achieve an integration of these devices,
first the optical devices which may have different layer structures must be very high
quality and secondly there is a major issue of compability and impedance matching
between the devices and, last but not least, the cost in designing and realization of OEIC
is a relevant factor.

There are two major ways of integration in OEIC hybrid integration and monolithic.
Hybrid integration involves the connection of discrete devices, blocks or chips using
electronic (leads) or optic (fibre) interconnects. Alternatively monolithic integration
involves the building of all the active and passive components on the same chip, which
makes this type of integration a real challenge, because of heterostructures (some
components are made of different materials, layers).

Practical integrated optics also can be classified as active and passive. Passive
components are used for transmission, splitting, beam splitting, polarization converters,
polarization controllers, switches, and wavelength division multiplexer. Active
components are usually (electronically controlled) and have both optical and electrical
properties, such as lasers, detectors, modulators (LiNbCT), transceivers, and amplifiers.
Modulators can be also directly integrated with the laser, like GaAs or as an external
modulator, like in LiNbCb.

The two most common semiconductor materials used in optoelectronics are based on the
ternary alloy gallium aluminium arsenide (GaAlAs) and the quaternary alloy indium
gallium arsenide phosphate (InGaAsP). The variation of the alloy content between the
layers then yields the refractive index difference necessary for a waveguide. Although
several types of devices of the kind that will undoubtedly be needed have been
successfully demonstrated, they require a wide range of different substrates. These

follows some discussion ofpossible structure for these devices.

1.4 Optical fiber waveguides

Light transmission via a dielectric waveguide structure was first proposed and
investigated by Hondros and Derbe (Hondros and Derbe, 1910).
An optical waveguide that is uniform in the direction of propagation is considered the

most basic type of waveguide. In order to understand the basic principal of photonic
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devices of this type it is important to utilize the ray theory model to take account of the
refractive index ofthe dielectric medium.

Light as an electromagnetic wave is characterized by a combination of time varying

electric (£) and magnetic (H ) fields propagating through space (c speed of light)
obtained from the Maxwell equations, known as the wave equation, which satisfies the

partial equation:

V\E,H) =\A-{E,H) (LD
c~ at

The frequency of oscillation of these fields and their wavelength in vacuum is given as:

c=vA (1.2)

where sand p are the permittivity and the permeability, respectively, and i. is the

wavelength of the electromagnetic wave

In any other media the speed ofpropagation is given by:

v=—=vA (1.3)

n
where v is the frequency, and # is the refraction index of the medium given as:
r (1-4)
where jurand srare relative permeability and relative permittivity of the medium,
respectively.

The simplest waves are in sinusoidal form and can be expressed as:

E(z,t) = EOcos(cot - kz +) (1.5)
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where FEq is the amplitude of the wave illustrated in Fig. 1.5 (b), # is the angular
frequency (w = 2m’), k is the wavenumber (k = 2«/X), (Pis the phase constant, whereas
the term (tofr-kz +¢) is the phase of the wave described by equation (1.5). As time
elapses in plane waves the wavefronts (constant phase or wavesurfaces) propagate

through space with a velocity given as:

V= (1.6)

The electric and magnetic vectors vibrate in orthogonal planes and perpendicularly to
the direction of the propagation as illustrated in the Fig. 1.5 (a). This explains the nature
of the light, consisting of the combination of the electric wave vector and the magnetic

wave vector.

H (Magnetic filed vector)
(a) (b)

Fig 1.5 Direction of light propagation perpendicular to the electromagnetic waves (a),

and (b) electric field of an electromagnetic wave as function ofthe time

Equation (1.5) represents a plane wave propagating along z axis, and if this equation is
modified for a general wave propagating in an arbitrary direction, including the plane

wave, then this equation becomes:
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E(x,y,Z,t):Egcos(cdt-k I’+<9 (1.7)

This wave equation is characterized by the wavevector k& where W&l :_A and r is the

vector origin ofthe point (x, y, z) These vectors, £ and » can be expressed as:

k-r- (ikx+jky)wix +jy) =xkx +ykY=xk cos 6 + yk sin 0 (1-8)
Hence we can write equation (1.7) in this form:

E(x,y,t) = EOcos(cot - x&cos0 -y&sin0 + (P (1.9)

The general form of the wave (nature of the light) propagation equation is illustrated

schematically in Fig. 1.6.

The refractive index of a medium (dielectric) is defined above in equation(1.4). When a
ray is incident on the interface between two dielectrics of different refractive indices

refraction occurs, as is illustrated in Fig. 1.7. The angles of incidence  and refraction
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are related to each other and to the refractive indices nj and  of the dielectrics by

Snell’s law of refraction (Bom, 1980), given as:

inG 5
« sin k= n2sin @2 or s.1n > I (1.10
sing? nt

It can be noted from the Fig. 1.7 (a) that a small amount of light is reflected back into the
dielectric (internal reflection) and some light is transmitted. In the case when the

refraction angle @2 is 90°, the angle ofincidence is known as the critical angle gk.

(C)) (b)

Fig. 1.7 Reflection and transmission, Snell’s law (a) and total internal reflected ray (b).

The critical angle is given as:

sin"c = — (L.11)
«

The critical angle (acceptance angle) is very important in light propagation through the

optical fiber. Having considered the propagation in an optical fiber through total internal
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reflection at the core-cladding interface, it is useful to take into account the light ray
entering the fiber.

The principle of the total internal reflection as it elementary for the understanding of a
optical light beam penetrating a second medium will slow down and change its direction
at the interface between the two media. Hence, the so-called refracted beam bends
towards the normal. It is this basic principle, where two different media with slightly
different refractive indices are necessary to create the conditions for an optical
waveguide. The more dense medium will form the core and the other medium will be
the cladding of the optical waveguide. Any discontinuity or imperfections at the core-
cladding interface would result in refraction rather then total internal reflection, with the

subsequent loss of'the light into the cladding, as illustrated in Fig. 1.8.

Fig. 1.8 Schematic diagram of an optical fiber and the acceptance angle, when lunching

light in an optical fiber.
The optical fiber considered in this section has a core of constant refractive index and

cladding of slightly lower index known as step index fiber, which can be multi-mode

(allow more than one mode to propagate). A schematic of step index fiber is shown in
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Fig. 1.8 and single mode step index fiber can be controlled. On the other hand, when the
refractive index of the core is not constant, but shows a decreasing core index »n (r)
with the radial distance from the maximum value at the axis to a constant value

beyond the core radius «a in the cladding graded index fibre may be made. Also, this type
of fiber can be multi-mode graded index (showing substantial bandwidth improvement)

or single-mode graded index fiber, (Dean P. J. 1985).

1.5 Planar optical waveguides

Planar optical waveguides are the key devices used to construct integrated optical
circuits. In most applications of optoelectronics, the optical beams are confined laterally
to a finite region of space. Special optical elements are used to confine and then allow
the propagation of such optical modes. An important structure used in optical systems is
the layered structure or waveguide structure. As the name waveguide implies, these
structures are used to confine the optical waves in a well-defined region and to guide
their propagation. The layered structure can be made from both non-crystalline or
crystalline materials. The mechanism of optical confinement in symmetrical planar
waveguides is discussed above (under the optical fiber section), prior to an investigation
of circular structures. The simplest waveguide is the slab waveguide shown in the Fig.
1.9. Generally, rectangular waveguides consist of a square or rectangular core

surrounded by a cladding with a lower refractive index then that ofthe core.

Fig. 1.9 Slab Optical waveguide.
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In the slab waveguide as illustrated in the Fig. 1.9, electromagnetic fields £ and FTdo not

have y-axis dependency (i.Q.d/dy =0). Based on Maxwell’s equation and the wave
equations, assuming a lossless medium with a scalar dielectric constant s = s(h2 and

magnetic permeability //, the electromagnetic fields are:

H E
Vx£ d and VxJ? =8012d (1.12)

dt

For the planar-wave propagation the wave equations have the form:

E =£x,y)e/(""-m) (1.13)

H =H(x,y)ei{(0-{2 (1.14)

After derivation with dE/dy =0 and dH/dy =0, two independent electromagnetic
modes are obtained, which are denoted as the TE mode and the TM mode, respectively.
A planar waveguide supports transverse electric (TE) modes with zero longitudinal
electric field (Ez = 0) and the transverse magnetic modes (TM) with zero longitudinal
magnetic field (Hz = 0). The slab waveguide is considered to have a uniform refractive
profile in the core as illustrated in Fig. 1.10 (a). Also, it can be shown that only certain
values of ;3 can satisfy it, so this guide will also only support a discrete set of guided
modes, Fig. 1.10 (b). Considering the fact also that the guided electromagnetic fields are
confined in the core and exponentially decay in the cladding, the field distribution may

be expressed as (Okamoto, 2000).

For TE-modes Ex =FEz=Hy =0
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Acos(ku!- ()ear“a> (v > a)
E Hcos(ia: - (i) (-a<x<a) (1.15)
Hcos(ica + §)e"xta*  (x <-a)

For TM-modes Ey-H X=HZ- 0

A cos(iaz - {x>a)
H ~cos(iac-(t)) (-a<x<a) (1.16)
Acos(Ka+ (Peieta)  (c<-a)

The electromagnetic field components are continuous at the boundaries of core-cladding
interface” = +n), where the wavenumbers in core («/) and cladding (no and ns) region

are given as:

k="kZf-p2

<car =yj/32- k2 (1.17)
$="p2-k
k= coJiT)j =y (1.18)

After eliminating the constant 4, the eigenvalue equation for the TEmmode is obtained:

tan(w +5) =— (1.19)
u

tan(u <) =— (1.20y
u

where
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u m
- w=Ea (1.21)

w* . oa

The eigenvalue equation can be obtained as:

1 1,30
u - h—tan M ) -i-—tan_J v {m=0,1,2,3,.-) (1-22)

1, 10
e=""htan°M —tan (1.23)
2 2 2 Vi 'y
V2=w 2+ u2= kZ2n2 n2) (1.24)
C i
ronTn (1.25)

When the wavelength of the light signal and the geometrical parameters are determined,
in other words, the normalized frequency v and the asymmetric parameter y, then the
propagation constant can be easily determined from the above equations. In order for the
transverse wave number to be real for the core region, the following condition should be

satisfied:

Fig. 1.10 Refractive index profile of the slab waveguide (a) and Field distribution for

TEmmodes, where m =0, 1,2... (First and higher order modes) (b).
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<Pom (1.26)

where 3/ k is the refractive index itself for the plane wave

The effective index may be expressed as:

(1.27)

When ne < ns the electromagnetic field in the cladding region is oscillatory along the
transverse direction, this dissipation ofthe field is called the radiation mode (non-guided
mode). This critical condition where the field is cut off and becomes a radiation mode

is called the “cutoff condition” and is expressed by:

P - kns and 6 =10 (1.28)

The condition for the guided mode is

0<6<1 (1.29)

where, b is termed the normalizedpropagation constant and it can be expressed as:

b= (1.30)

The eigenvalue equation can be rewritten by using the normalized frequency and the

normalized propagation constant as:
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u=vVl-b
< w=w/b (1.31)

w*=v"b +vy

When the waveguide is symmetric with no = ns, y= 0 and the dispersion equations (1.22)

and (1.23) will be reduced to:

224 tan't - (1.32)
2 yuj
mn
1.33
L (1.33)

or in general form:

~ b
vvi-b =" stan 72 (1.34)
2 VI~b

Since the parameters ¥ and y are all functions of the propagation constant /?, the
eigenvalue equation is obviously a function of/? as well. However, it is a transcendental
equation (which means the solution cannot be written in closed form), so the /J-values
must be found numerically.

There are various types of practical waveguide structures, for example with two-
dimensional optical confinement, including rib waveguides, ridge waveguides, strip
loaded waveguides, buried waveguides and deep etched waveguide, as illustrated in Fig.
1.11. Techniques such as ion implantation, etching, epitaxial growth and regrowth
techniques are used to create a spatial variation in the material composition needed for

waveguide.

Also the channel waveguide is special of interest. It may be fabricated by diffusing

another chemical element or material into the bulk material to increase the refractive
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index in this region slightly. This waveguide can be reached by diffusing titanium into
the LiNbCb. The result then will be a ThLiNbCb waveguide. The core will then be

represented by the Ti diffused channel, as can be seen in LiNbCT electrooptic modulator

described later.

Cladding :
Core Cladding
Core Core
Claddi .
adding Cladding Cladding
Substrate
(a) Rib waveguide (b) Ridge waveguide (c) Ridge waveguide
laddi
Cladding Cladding
Core
. Core
Cladding Cladding
(d) Buried waveguide () Strip loaded waveguide (f) Channel waveguide

Fig. 1.11 Various types of waveguides.

In this introductory part, the nonlinearity effects of the optical waveguide devices,
waveguide dispersions, leaky modes, quasimodes, bending loss, nonlinear scattering

loss, and geometric non-uniformities have not been taken into consideration.

1.6 Photonic Devices (Modulators)

When two waveguides are brought sufficiently close to each other, laterally, so that their
modal fields overlap, then the modes of the two fibres become coupled, and power can
be transferred between two waveguides. This power transfer efficiency can be controlled
by an applied modulating field for optical modulators, depending on the type of the

modulator structure.
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The modulator is photonic device which modulates the lightwave signals. There are
three different types of light modulation: direct, internal and external modulation. The
direct modulation is represented straight from the laser diode, where the injection current
for the laser diode is changed by external signals. The internal modulation is applied to
change the current in the cavity ofsolid state lasers by inserting the modulator (internal).
Internal modulation is highly efficient, but it is difficult to obtain stable lightwave
signals due to the relaxation oscillations of the laser associated with modulation. The
structure of an internal modulator is similar to that of an external modulator.

External modulators are very popular and widely used in optoelectronics. Various types
of external modulator have been described in literature. Based on the various types of
materials used, electrooptic modulators can be classified as: ceramics (crystals),
semiconductors and polymer electrooptic modulators. Ceramic (crystal) modulators are
further classified as: LiNbCh, LiTaCT and KTP modulators. Semiconductor modulators
may be categorized as: GaAs, InP and InGaAsP modulators, respectively and the
polymer (organic polymer) modulators are typically PMMA modulators. Also, these
modulators (ceramics, semiconductors and polymer) can be classified as: phase,
amplitude and polarization modulators for the particular applications.

The major characteristics of a modulator are the bias voltage (current), the bandwidth,
the insertion loss, the stability, the chirp, the distortion, the integration, the maximum
power, the extinction ratio, the temperature sensitivity and the fibre device input/output.
A good design of a modulator should be based on the optimization of these parameters.
Some other optical components (including modulators) that today make optical
communication systems work include: III-V semiconductors (lasers, receivers), LINbDCV
(switches...), magneto-optic materials (isolators, circulators, attenuators...), dielectric
thin film (couplers, filters, WAD, interleavers...), fibre (OA, dispersion compensators,
filters, interleavers, couplers...), fiber grating (WAD, gain equalizers, optical monitors,
dispersion compensators...), planar waveguide (MUX, DMUX, WAD, interleavers,
switches, attenuators, gain equalizers....), liquid crystal (switches, attenuators, WAD,

gain equalizers...) and many other IO components.
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A more detailed description, optimization and application of LiNbCE and semiconductor
modulators based upon the finite element method, will be considered separately in the

subsequent chapters.

1.7 Aims and Objectives of the thesis

The basic introduction with regard to applications in optical communications systems,
involving a rage of optical components provides the background to the research work
undertaken in this thesis. The primary aims and objectives of this research work are to
investigate and the develop alternative designs and configurations that can lead to
improvement of the performance of electrooptic modulators. The major aims and

objectives of this thesis can be summarized as follows:
1. Microwave properties of the LINbCb Electro-Optic Modulator.

a) . By applying the FEM with quasi static -TEM analysis, using scalar potential
functions, to find the (capacitance C and Co) microwave index Nm and characteristic
impedance Zc. Also to determine the conductor losses due to imperfect conductors
(metal electrode), O and the dielectric losses of the different dielectric layers, for
coplanar waveguide structures with an anisotropic LiNbog substrate and a Sio2 buffer
layer thickness for unetched and etched Z-cut structures.

b) . To find the 3dB optical bandwidth of a LiNbo3 modulator for structures, both
etched and unetched. The effect of the dielectric loss (for the first time) and the
conductor loss on the reduction of the overall bandwidth of the device will be
investigated. To create design which lead the increasing of the bandwidth of the device
is a major objective of this research work.

¢) .To investigate the effect of the different parameters in the design and optimization of
the modulator. The effect of each parameter such as buffer thickness, electrode
thickness, electrode width, a gap between the electrode, and ridge depth have an
important impact on the device performance, new design optimization of these

parameters will lead to the improvement ofthe performance ofthe modulator.
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d) . To achieve the velocity and impedance matching between optical and microwave
signals. Simultaneous matching of velocity and impedance between optical and
microwave signals has a significant role to play in the determination of the overall speed
of'the modulator.

e) . To find the advantage of the use of the Z-cut crystal orientation over the X-cut and
Y-cut, by comparing data with experimental results from the different research groups

around the world. To investigate the effect of etched over unetched structures.

2. To develop and accurately implement the rigorous and effective FEM based on the H-
field variation formulation for the analysis of the optical properties of the LiNbCE

modulator.

a) . To study the effect of applying an external E-Field to a length of Pockels material
while an optical signal is passed through it will result in an optical phase shift. The
electro-optic effect is the change in the refractive index caused by an applied electric
field. The Pockels effect refers to a material that changes its index of refraction linearly
with the applied electric field (E-Field).

b) . To find the key parameter for an optical modulator VI half-voltage product
calculated by using the FEM-based modal solution approach. Graded refractive index
profiles due to diffused titanium ions have been considered for the modal simulations.
An important parameter for optical modulators is the half-wave voltage (Fx); this is the
applied voltage that results in an optical phase shift of 7rand device length L. To find the

effect of etched the structure in order to reduce the half-wave voltage length VzL.

3. Design and optimization of'the deep-etched semiconductor electrooptic modulator.

a). New designs for the velocity matching of a deep-etched semiconductor electrooptic
modulator are presented. Tantalium pentoxide (Ta20s) coating is considered, to aim to
achieve velocity matching between microwave and optical signals. The effects of the
velocity mismatch, the conductor loss, the dielectric loss and the impedance mismatch

are studied on the optical bandwidth of high-speed semiconductor modulator
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b) . To find the 3dB optical bandwidth ofthe GaAs modulator for different Ta20s coating
thickness structures. The effect of the dielectric loss (for the first time) and conductor
loss on the reduction of the overall bandwidth of the device will be investigated.
Increasing the bandwidth of the device by varying core height, buffer layer thickness,
electrode thickness is an objective ofthis research work.

¢) . To show that both the dielectric loss and impedance matching play a key role for
velocity matched high-speed modulators with low conductor loss. To find the effects of
Tantalium pentoxide thickness on the overall bandwidth and on the half-wave voltage

length product, VjL.

4. To implement the least squares boundary residual (LSBR) method with the
exploration of the accurate modal solution obtained from the finite element method for

studding of unexpected polarization conversion of the deeply-etched GaAs modulator.

a) . To calculate the power conversion between the two orthogonally polarized modes,
when a pure TE or TM mode is incident from the input waveguide (with no modulating
voltage), a rigorous and full vectorial approach is used to obtain the scattering
coefficients.

b) . To avoid unwanted and unexpected polarization conversion effects. Based on a
powerful and versatile finite element package, the effect of various imperfect fabrication
conditions on the unwanted and unexpected polarization conversions in electrooptic

semiconductor modulators is, for the first time, reported and physically explained.

1.8 Structure of the thesis

The work presented in this thesis is based on research carried out by the author in the use
of the finite element method, the least square boundary residual approach and using
simple quasi-TEM analysis using the scalar field to design, analyse and optimize various
electrooptic modulator structures. The research work presented here is devoted to the
study of optical properties, microwave properties, optimization and polarization issues in

the LN and GaAs electrooptic modulators.

S.Haxha@city.ac.uk 25


mailto:S.Haxha@city.ac.uk

Chapter 1 Introduction

Chapter 1 gives a brief historical overview of the lightwave technology followed by the
development of the integrated optics and photonic devices and their applications to
today’s optical communications systems. A theoretical explanation based on the ray
theory model and light as an electromagnetic wave, in particular for optical fibre
waveguides and planar optical waveguides is carried out.

Chapter 2 provides a brief description of some representative and important numerical
techniques useful for waveguide and millimeter-wave structures such as analytical and
numerical solution techniques for optical waveguides, to achieve. In particular, Chapter
2 presents a discussion of the LSBR method and the role of the FE program in utilizing
the LSBR technique.

In chapter 3 the finite element method (FEM) history and its application is presented.
Varational principles in the modal solution ofthe microwave and optical waveguides are
discussed. Various aspects of the finite element method are illustrated, including
different scalar and vector formulations, boundary conditions, natural boundary
conditions, shape functions, global matrices and infinite elements. The penalty term
approach in order to reduce the non-physical solutions or spurious mode is also
discussed in the Chapter 3.

Chapter 4 deals with most ofthe commonly used optical modulators, their characteristics
and performance, through many years on the market. Various types of modulators are
investigated in this Chapter, in particulate LiNbCL electrooptic modulator and deeply-
etched waveguide GaAs electrooptic modulators and their electrooptic effects.
Arrangements of different crystal orientation involving Z-cut and A-cut LN crystal
orientations used in LiNbCL electrooptic modulators are examined. In Chapter 4 the
optical properties, such as V% and its relation to the driving power ofboth LN and GaAs
modulators, are presented.

Chapter 5 presents the microwave properties of electrooptic modulators, in particular
LiNbCL and semiconductor modulators. Analytical analysis using quasi-TEM and the
FEM is presented with respect to microwave parameters calculations. The potential
distribution for both structures, the electric field, the magnetic field, the capacitance

calculation through the line integral, the microwave index, the characteristic impedance,
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the conductor loss, the dielectric loss and the bandwidth calculation are examined also in
Chapter 5.

Chapter 6 deals with unetched LiNbCL. In particular result of simulations and fabrication
procedures for the Ti-diffusion technique for obtaining low-loss waveguides and high-
quality buffer layer SiCh thin film fabrication and electrode fabrication techniques are
reported. Simulation results of potential distributions, electromagnetic fields, the
microwave effective index, the characteristic impedance, the conductor loss, the
dielectric loss, bandwidth calculation and the product of half-wave voltage length are
also reported. The effects of various key device parameters are presented in this Chapter.
The effect of conductor, loss impedance mismatch and the dielectric loss in the
bandwidth determination for unetched LN electrooptic modulators are also presented in
Chapter 6.

Chapter 7 is devoted to etched LN electrooptic modulators. As in Chapter 6, simulated
results for all microwave and optical parameters are presented, showing the advantage of
etched over unetched electrooptic modulators. The effect of the ridge height and the
fabrication procedure are discussed in Chapter 7 also.

In Chapter 8 a numerical approach based on the efficient finite element method is
presented to study some of the key semiconductor electrooptic modulator parameters.
The effect of coating thickness of tantalum pentoxide to achieve velocity matching is
reported. Simulated results are presented where the coating thickness plays an important
role in increasing the optical bandwidth. The numerical simulations presented in this
Chapter indicate that for GaAs modulators, velocity matching is possible by using Ta20s
coating instead of slow-wave structures with segmented electrodes, to increase the
optical bandwidth. The VIL product and the bandwidth are presented in Chapter 8 for a
specific design requirement, by adjusting various device parameters such as the core
height, width, electrode width, and the aluminium concentration of the AlGaAs buffer
layer.

Chapter 9 deals with polarization conversion issues of deeply-etched GaAs electrooptic
modulators. The effects of various imperfect fabrication parameters such as the slant
angle, the electrode offset, the Al concentration of the buffer layer and the modulating

voltage on the polarization conversion ratio, the modal hybridism, the beat length,
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unexpected and also unwanted polarization conversion effects in electrooptic
semiconductor modulators are presented.

Finally in Chapter 10 general conclusions and other contributions gained from this
research work are discussed. Further, the advantages and disadvantages of LN and GaAs
electrooptic modulators are reported in this Chapter. Future work for LN and GaAs
electrooptic modulators is suggested in order to improve the LN and GaAs electrooptic
modulator performance. The thesis concludes with Appendices, a list of publications by

the author, followed by a list of references cited in alphabetical order.
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Numerical techniques

Numerical techniques

2.1 Introduction

In the design, analysis and optimization of electromagnetic devices and systems,

scientists and engineers use a range of techniques. These techniques for solving field

problems can be classified as experimental, analytical, or numerical. In this chapter

concentration is on numerical techniques involved in microwave and optical waveguide

analysis. Every numerical method involves an analytical simplification to the point,

these are major benefits to apply this numerical method. Examples of these methods

include:

A. Analytical methods (Exact solutions)

L

2
3
4.
5

Conformal mapping

Integral solutions, e.g., Laplace and Fourier transforms
Perturbation methods

Series expansion

Separation of variables

B. Numerical methods (approximate solutions)

L

2
3
4.
5
6

Finite difference method
Method of weight residuals
Method of lines

Finite element method
Beam propagation method

Point matching method

Numerical techniques and modeling itself of guided-wave elements as passive

components have been very much studied in the past two decades. Today these methods

need a high level of accuracy to model various structures in millimeter-wave.
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2.2 Analytical solution techniques for optical waveguides

These methods are used to determine the solution of propagation constant for optical
waveguides with relatively simple geometries. Such solutions are based on the Marcatili
method, the Effective Index method, and the equivalent network method. In this section

some of'these methods and their applications are discussed briefly.

2.2.1 Marcatili Method

The Marcatili method (MM) (Marcatili, 1969) is one of the first methods (semi-
analytical approximation methods) to be developed for the analysis of simple dielectric
waveguides. The dielectric rod with rectangular cross section is surrounded by four
different layers with lower refractive indices, as shown in Fig. 2.1. The field is assumed
to exist in the core and four other cladding regions and is assumed to vary in sinusoidal
form in the core region, whereas in the cladding regions this variation of the field is of

exponential form.

Fig. 2.1 Two dimensional buried rectangular waveguide for Marcatili method.

The field is approximated to the field in two slab waveguides, one of which is vertical
and the other one is horizontal. When the optical field is confined and transmitted
sufficiently, the electromagnetic field abruptly decreases as it goes away from the
boundary. Subsequently the intensity of the optical energy in the parts of the shaded
regions is negligible and we can solve the electromagnetic field components by
separating the variables. When the refractive index changes to a step index, the Ex mode
(with Hx = 0) and Ey mode (with Hy —O0) are obtained. This involves the solution of the

transcendental eigenvalue for each slab waveguide simultaneously to give the axial
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propagation constant. This method works well as long as the field is well confined to the
core regions, far from cut-off, but this method gives poor results near the cut-offregions,

reported by Chiang et al. (1994).

2.2.2 The effective index method

The effective index method (EIM) is proposed by Knox and Toulios (1970). The
approach effective index method (EIM) is an improvement on Marcatili’s method,
where the core of a rectangular waveguide structure is replaced by an equivalent slab
with the effective index solution, already obtained from another slab waveguide. The
rectangular dielectric waveguide is decoupled into two slab waveguides in each
transverse direction as illustrated in Fig. 2.2. In this approach two equivalent slabs are
used to replace the core of the rectangular structure. Each of these 2-D structures can

then be considered homogeneous in either the x or they directions.

ii

Region 1
)T nc
R ik,
t
ne t
Resgion 2 Region 2 )
8l V slon < 1r
1 > eff 1
g
s w

Fig. 2.2 The model representation of effective index method.

This method was significantly efficient compared to other methods that solved the
rectangular waveguide structures. Also this method is not accurate near the cut-off
regions; therefore several techniques have been proposed to improve this accuracy. Zhou
and Itoh (1982) proposed an EIM for a trapped image guide, where they replaced the

original waveguide by an equivalent structure. Chiang et al. (1994) proposed a dual
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effective approach. By combining two solutions of two different EIMs to the

waveguides, they managed to reduce the error by applying each solution separately.

2.3 Numerical solution techniques of optical waveguides

Numerical methods and modeling of waveguides is very important in optical design.
This is due to increased research and development in millimeter-wave integrated circuits
and monolithic integrated circuits. Numerical methods usually are developed in terms of
their generality, efficiency, accuracy and complexity.

The selection of an appropriate numerical technique for analysis of the waveguide
structures may be based upon several factors which should be taken in account, as
reviewed by Davies et al. (1972), Chiang at ci. (1994) and Vassalo et al. (1997). These
factors are as follows:

1. the cross section shape of the waveguide structure, whether it is curved or

polygonal or whether it is convex or non-convex;

2. whether the numerical method should be capable and programmable in order to
solve a wide waveguide structure automatically, or programmed specifically for
each region of the structure separately;
whether a computer program requires human intervention;
whether the dominant mode or the other higher order modes are required.
whether the field distribution or cut-off frequency is needed, or both;

the accuracy of the method modeling the dielectric boundaries and other regions;

N o o AW

the requirement of the methods needed for solving eigenvalues and eigen

functions;

8. whether method is sufficiently accurate to distinguish optical modes which are
very close together;

9. the ability ofthe method to eliminate spurious solutions;

10. the limitations and assumptions ofthe method for specific analysis;

11. the degree of understanding and involvement required from the user;

12. the efficiency and economy in both time and storage requirements;

A brief discussion of some numerical techniques is introduced in the following sections.
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2.3.1 Finite difference method

The finite difference method (FDM) is considered to be one of the oldest and perhaps
the most commonly used numerical techniques in analysis of dielectric waveguide and
microwave problems (Wexler, 1969, Mur, 1974 and Davies, 1989).

The (FDM) is one of the simplest methods that employs the discretization procedure.
The waveguide structure analyzed by this method is enclosed by a rectangular box, with
side walls either electric or magnetic. The region of interest then is divided into mesh
points separated be a certain distance as shown in Fig. 2.3. The nodes are placed on
mesh points so that each node can be associated to four different refractive indices.
Considering any interior node and using five-point finite difference formula, based on
Taylor’s series expansion, the differential operators can be expressed in terms of field
nodal values at the neighboring nodes in two transverse conditions. Imposing boundary
conditions at the interfaces between different dielectric media leads to an eigenvalue
matrix equation which can be solved for the modal propagation constants associated

with the field profile.

Fig. 2.3 Typical two-dimensional finite different mesh

The (FDM) is considered to be the least analytical. It can be applied to a wide range of
complex shapes. However, a rectangular grid (FDM) as considered is not suitable for
curved boundaries or interfaces, because they intersect gridlines obliquely at points other
than the nodes. The accuracy of this method lies on the mesh size, because is node wise
approximation. Disadvantage include that it is time consuming and requires a high

memory space and also the mesh points lie on the boundary.
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2.3.2 Finite element method

The finite element method (FEM) is the most powerful and versatile numerical
technique for solving problems involving complex geometries and non-homogeneous
waveguide structures. The finite element method is suitable for the modal analysis of the
waveguides with arbitrary refractive-index profiles and complex waveguide structures.
This method is based upon dividing the considered waveguide region into non-
overlapping patchwork of polygons, usually triangular elements as shown in Fig. 2.4.
The field is solved at each element in terms of polynomials, and then the total value of

the field is found by linear summations of the fields over each element.

Fig. 2.4 Typical three-dimensional finite element subdivision analysis.

In the FEM, a simple form of function is adopted to approximate the field in each
element. By applying the variational principles to the system functional, the problem
reduces to an eigenvalue equation which can be solved by using iteration technique to
obtain the propagation constant and their associated field profiles (Rahman and Davies,
1984). The accuracy of this method can be increased simply by increasing the mesh
division. The finite element method can handle accurately open type waveguide
problems close to cut-off regions. The introduction of infinite elements by Rahman and
Davies has increased the accuracy of the FEM and its application. The spurious
solutions has also been reduced by the introduction ofpenalty function method (Rahman
and Davies, 1984), or in some cases totally eliminated. A more detailed study of this
method and its application will be discussed explicitly in Chapter 2 of this thesis, also

the flow chart of FEM implementation is presented in the Appendix 3.
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2.3.3 Beam propagation method

The beam propagation mode (BPM) is one of the most powerful techniques to
investigate linear and nonlinear longitudinal light propagation. The schematic
illustration of BPM analysis is shown in Fig. 2.5. Curvilinear waveguide, branches, Y-
junctions, S-shaped, bend waveguides and tapered waveguides are indispensable
components in constructing optical integrated circuits (OIC). Therefore, a new
numerical technique is needed in order to take into account the arbitrary index variations

in all required directions.

Fig. 2.5 Schematic illustration of BPM analysis (light propagating in z-direction).

Different kinds of BPM procedures can be evaluated based on the fast Fourier transform
(FFT) or based on finite element method (FEM) or based on finite difference method
(FDM). A first algorithm of BPM was formulated based on the FFT by Feit and Fleck in
1980, which could solve simple scalar wave equations. Since then this method has been
developed to semivectorial and full-vectorial based on FDM from Chung et al., (1990),
and Huang and Xu et al.,, (1992).

Recently, the finite element method (FEM) has been utilized in developing BPM. The
unified finite element beam propagation method (FEPBM) approaches based on scalar
and full-vector formulations have been reported by Hayata ef al. 1990 and Montanari et

al. 1998 for TE and TM waves propagating in longitudinally varying optical
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waveguides. The BPM has been developed by Danielsen et al. 1984 to analyze
electrooptic modulators. The scalar BPM approaches are numerically more efficient
because they solve only one field component; however it cannot accurately model three-
dimensional waveguides with hybrid fields where polarization effect is clear and
polarization coupling is possible. The full vectorial finite element-based beam
propagation method (VFEBPM) reported from Obayya et al., (2000) is based on the use
of the two transverse magnetic field components and the polarization effects and
conversion terms are transverse accounted for by using line integral terms around the
part of the element boundary which lies between different materials. This numerical
formulation is very efficient and, yet sufficiently accurate for solving semiconductor
laser waveguide with gain, leaky mode optical waveguide, curved waveguide and

nonlinear optical waveguide with and without bistabilities.

2.3.4 The method of lines

The method oflines (MOL) was first suggested by Schulz and Pregla (1981) for analysis
of dispersion characteristics of planar isotropic waveguides and microstrips. Recently,
Berini and Wu (1996) have applied the MOL in modeling of optical waveguides with
lossy inhomogeneous anisotropic media. In this method the waveguide is considered to
be enclosed inside a rectangular box with magnetic or electric walls on the sides in order
to satisfy the boundary conditions for the required polarization. The region considered is
divided into equidistant lines along the x-direction parallel to the y-axis separated by

distance 4 as shown in Fig.2.6.

y

Fig.2.6 One halfofthe cross section ofa microstrip line analyzed by MOL
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The essential feature of the methods of lines in the diagonalisation of the matrix form is
that the equation for the field can be solved independently for each diecretization i. This
feature makes this method very accurate. However the MOL is very difficult to apply for

waveguides with curved boundaries and the accuracy close to the cut-offis limited.

2.3.5 Point matching method

The point matching method (PMM) is considered to be one of the oldest ‘boundary
solution’ methods for solving of isotropic homogenous dielectric waveguides. This
numerical method is mainly concerned with solving scattering waveguide problems.
This approach for the first time was established by Goell (1969) for solving rectangular
dielectric waveguides. In this method the electromagnetic fields inside the core are
expressed by the sum of Bessel functions and their derivatives, with the fields outside
the core represented by the sum of modified Bessel functions and their derivatives, both
of them multiplied by trigonometric functions. A system of linear equations is obtained,
by matching the tangential fields at optimally selected points around the boundary and is
called ‘Matching points’. By applying the boundary conditions of nontrivial solution the
propagation constant and its characteristic equation arranged into a matrix equation

whose solution gives the eigenvalue and eigenvectors.

Metal Contacts

Fig. 2.7 Schematic dielectric layers structure with several electrodes on top analyzed by

PMM (Marcuse, 1989).
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The above approach can be applied to solve the dielectric waveguides with arbitrary
cross sections, coupled dielectric waveguides and also computing coupling coefficients
between rectangular rods. An example (Marcuse, 1989) of a capacitance calculation
from the Laplace equation by the PMM analysis of an electrostatic field of coplanar
lines is illustrated in Fig.2.7. In these situations this method is very simple formulation
of the problem and well suited for the computer solution with relatively little
programming effort. The PMM is computational efficient compared with other
numerical methods, because the matching points are needed only at the boundaries
rather than the whole computational region. However, the PMM is difficult to be applied
to the three-dimensional waveguide structures with inhomogeneous index distribution

such as graded index fibres.

2.3.6 The boundary element method

The boundary element method (BEM) is a numerical technique where basic equations
are boundary integral equations (Morita, 1990). The boundary element method is one of
the boundary-type methods based on the integral equation method and therefore, if the
region to be considered is homogenous, as illustrated in Fig. 2.8, then it required nodes,
necessary for calculation, on its boundary only (Koshiba, 1987). This method shows
some similar features with FEM, but instead of taking unknown at nodal field values
throughout the waveguide region, the unknown are taken only along the boundary, often
performed using two-dimensional Helmohltz equation and the formulation of Green’s

functions.

| 4 Node i

Fig. 2.8 Two-dimensional region fl surrounded by boundary T.
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Integral representations play a key role throughout the process in the evaluation of the
physical quantities.

The BEM is capable of dealing with arbitrary shape discontinuities as FEM, by using a
far smaller number of nodes then FEM. Also unlike the FEM, the BEM can
automatically incorporate boundary conditions at infinity, so that no infinity element is
needed.

The disadvantage ofthe BEM lies in that it is applicable only for homogenous structures
and also some nonphysical solutions, known as resonant solutions, may not be avoided.
Also, The BEM formulation leads to dense matrices unlike those in FEM which are

sparse. Therefore the FEM can be considered as more computationally efficient.

2.3.7 The mode-matching method (MMM) or the equivalent
network method (ENM)

This method is typically a numerical approximation applied to determine the
propagation characteristics of an open dielectric waveguide (Pen and Oliner, 1981). The
open waveguide structure is artificially bounded and waveguide cross section is
considered in terms of building blocks, which usually consist of uniform dielectric
layered structures interfaced by dielectric step discontinuity such as the one in Fig.2.9

(Davies, 1989).

5 4 5
S 3
2 | 2

Fig. 2.9 Waveguide discontinuities analyzed by (MMM).

The field on both sides of the discontinuity is expanded in terms of the modes with

unknown coefficients (Shin and Gray, 1983). The fields in the dielectric subdivided
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regions are expanded in terms of appropriate orthogonal sets with a common but
unknown propagation constant. By applying the orthogonal of expansion functions and
boundary conditions to each region we obtain the determinant of this system. The value
of the propagation constant can be obtained after the determinant of these systems is
equalized to zero.

In the similar way the ENM is suitable where the dielectric regions are represented by
uniform transmition lines with their characteristic impedance and the various step
discontinuities are characterized by transforms. Where equivalent network admittance
takes into consideration the effect of region outside, the total admittance seen at any
ports is equalized to zero from where the propagation constant can be obtained.

Koshiba and Suzuki (1985) have reported a full-vectorial analysis of optical waveguides
with rectangular structures by the ENM, where the TE-TM coupling and the

discretization of the continues modal spectrum is taken into account.

2.3.8 The spectral index method

The spectral index method (SIM) is a relatively fast and accurate approach where the
wave equations are expressed in the version integral form of Fourier transforms and
Fourier series. This method has been applied to solve a simple semiconductor rib
waveguide structure (Kendall et al., 1989) and strip loaded directional coupler (Burke,

1990).

Zero field boundary

(a) (b

Fig. 2.10 Cross section ofrib-waveguide illustrating use of spectral index method.

S.Haxha@city.ac.uk 40


mailto:S.Haxha@city.ac.uk

Chapter 2 Numerical techniques

According to the principles of SIM analysis, a rib waveguide structure (a) as illustrated
in Fig. 2.10, can be replaced with an effective structure (b), displacing the actual
physical dimensions to the new one on which the optical field is equalized to zero, in
order to model the penetration of this field into the cladding. The field in each region is
expressed as a superposition of local solutions of the wave equation, these regions being
I the rib, II the multi-layered medium below the rib III, continuity of the field, enforced
at the boundary ofregions I and II, with a variational boundary condition being used to
match the gradient. The result is a simple transcendental equation that can be solved,
yielding the propagation constants ofthe guided modes ofthe structure and subsequently
the field profiles of the guided modes. The electric or the magnetic field, dependent on
the polarization, is expressed in terms of cosine and sine Fourier series which represent
the symmetric and asymmetric modes, respectively. In the region below the rib the
waveguide equation is expressed in terms of its Fourier transform and the problem is
reduced to a one dimension slab, where the refractive indices are represented by their
corresponding spectral indices. These equations for two regions are linked in order to
obtain a transcendental equation, which is solved for the propagation constant of the rib
structure. The evanescent regions are expressed by imaginary spectral indices.

The SIM requires less computational time then other methods. However, in the presence
of dielectric comers, where electric field exhibits singularities produced by its transverse

components, such behaviour leads to complicated field distribution.

2.4 The Least-Square Boundary Residual (LSBR) Method

The LSBR method is an alternative point-matching method of numerically solving
scattering problems. Discontinuity problems in optical waveguide devices are very
important issues to be studied for theoretical and practical interest. They play an
important role in designing practical devices such as an isolated abrupt step
discontinuity as in butt joints of two waveguides with different core dimension widths,
or waveguide structures when electrooptic effect is considered (side I when V' = 0, and
side I when V 9% ), or as finite cascade sections such as gratings, tapers, bendings, or y-

junctions, branches.
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The LSBR method is a very powerful tool for the calculation of discontinuity problems;
it is widely used in several modem simulation packages for the analysis of photonic
devices. It is a rigorous convergent and highly accurate way of solving those problems.
In contrast to other methods for junction analysis like point matching method the LSBR
method is a rigorously convergence procedure free from the phenomenon of relative
convergence. Also in comparison with the overlap integral method (01), where the
boundary conditions are satisfied automatically, LSBR has big advantages.
Nevertheless, the 01 method is also widely used, because it is simple to use. However,

the disadvantage of o1 is restricted to certain types of discontinuities.

The problem considered here in this study is an abrupt discontinuity, in the transverse
plane z = o between two arbitrary shaped uniform waveguides (guides with cross
sections independent of z). Each guide can have permittivity (isotropic or anisotropic)
that varies arbitrarily in the two transverse directions and an incident wave is assumed to
be one mode.

The least squares boundary residual method was introduced (Davies, 1973) as an
alternative to point-matching (and Galerkin) methods, satisfying the boundary
conditions in the usual least-square sense over the interface between different dielectric
materials. This method is rigorously convergent, the error minimization being global
rather than sampled, and has the flexibility of introducing an electric/magnetic weighting

factor.

2.4.1 Analysis of optical waveguide discontinuities by (LSBR)
method.

In this section, LSBR method is used as a powerful numerical tool to analyse an abrupt
junction of two slab dielectric waveguides as shown in Fig. 2.11. The incoming wave
incident is on the discontinuity junction between waveguide I (side I) and waveguide 11

(side II). Part of the incident wave is reflected, part transmitted and the rest radiated.
Consider £\ and H!| to be the transverse components of the electric and magnetic fields

of the incident wave, respectively. Some of the incident wave is reflected into side I,

noted as, (p). Also, from the mode definition and boundary conditions, with the wave
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incident on the discontinuity junction, many modes will be generated at the discontinuity
plane in order to satisfy the boundary condition. These can be guided or radiated modes

on both sides I and II ofthe discontinuity.

Fig. 2.11 Discontinuity at the junction of two dielectric waveguide, (a) Vertical section,

(b) Transverse section

The transverse components of the total electromagnetic fields £\ and H/ in side I and

E"and H"in side Il at the discontinuity plane can be expressed in terms of

eigenmodes in side I and side 11, respectively, as follows:

0o/ — N .
% e, e 2.1

(2.2)
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E" =Jb ,E ; 2.3)
i

‘M S (24)

As mentioned above, at the discontinuity plane, many modes are generated to satisfy the

boundary conditions; some of them may be propagating, radiating or evanescent.

Therefore E\-and Hft are transverse field components of the ith mode reflected from the
discontinuity plane (junction) in side I and ai are the corresponding modal amplitudes

of these reflected modes. Similarly, £;/ andH" represent the transverse field

components of the i smode transmitted in side II, and 6, are the modal amplitudes of
those transmitted modes.

The LSBR method for a stationary solution in order to satisfy the continuity conditions
of the tangential fields in a least square sense will be evaluated by minimising J, given

as:

J = JijB/ - E"p+a ZINH't - H"\2dQ (2.5)

where Zo= sduo=2376.7(q ) 1is the free-space wave impedance and a is a

dimensionless weighting factor. To get the approximate numerical solution of the
problem, the infinite expansions of equations (2.1)-(2.4) are truncated, including all
relevant propagating modes plus as many radiating and/or evanescent modes as is

convenient. The minimum criterion of equation (2.5) reduces to the following linear

equation:
al =0 i —1,2.3...00 (2.6)
da- dbt
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Cx=v 2.7)

The solution ofthis equation gives {x} the required approximation coefficients of n, and

bi. Where C is square matrix generated from the eigenvectors and v is an array due to

incident modes. The elements of C-matrix and v are given as:

2.9

(2.9)

where ij=1,2,..., N and N is the total number of modes in side | and side II and vectors
Etand H, are made up of all the corresponding fields in both sides. The inner product

involved in the above equations is as follows:

(2.10)

where xi and x? are field vectors, x: is the complex conjugate ofx;j and the integration is
carried over the cross section of the waveguide. This concludes the LSBR method
applied to the numerical solving scattering problems. This approach will be applied in
the later chapters in order to analyse the unwanted polarization crosstalk in the

semiconductor electrooptic modulator and power transfer between waveguides.

2.4.2 Numerical analysis of waveguide discontinuity (LSBR)

using FE modal solution output.

By employing the FE program we obtain two guides, nodal values of the complete H
field for each considered mode. The electric field £ of each element can be calculated
by the relations between electric and magnetic fields using Maxwell’s equation. Many
modal eigenvalues and eigenvectors for both sides I and side II of the discontinuity

plane are used as an input to the LSBR program. These eigenvalues and eigenvectors of
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both sides are calculated by using FEM program. The LSBR program calculates the
integral J and minimizes the error criteria given by equation (2.5) with respect to each

value of ai and bi for any given incidence by solving a homogeneous linear equation

(2.7). The solution of this equation gives the unknown column vector {x} values,
consisting of unknown reflected and transmitted coefficients (in our case tte, Tim,...) of
all the considered modes in the analysis. For numerical efficiency, the FE nodal points in
side I are matched with nodal points of side II across the transverse plane at the
interface. There is no need of exploration to find J as these points can be computed over

each triangle element and summed over all the elements over” . Also, it does not
4

require generating nodal £ fields, because they can be directly taken from the nodal H
fields to calculate field part of the integral J.

The LSBR method can be applied to all types of discontinuity problem involving an
abrupt change at a transverse plane, between arbitrary guiding structures of uniform
cross sections, vertical shifts, and horizontal misalignments, sudden change of width or
height, change in guide dimensions of material, electrooptic effect, and combination of
all these varieties. On other hand the LSBR can be used as powerful tool to find the
optimum matching of the two waveguides by controlling the geometries and material
properties of the guides. Also, by chosing the optimum guide parameters, the radiation
loss resulting from random fluctuations in waveguide geometry and refractive index can
be minimized. The resulting reflecting matrix and the transmission matrix give a
complete understanding of the discontinuity problem which improves better design of
optical and microwave devices.

The LSBR method can be applied to analyze the optical losses in the waveguide devices.
The source of losses in these devices can be coupling loss, propagation loss, electrode
loading loss and bending loss. Radiation loss becomes significant when the waveguides
are bent through a curve, where photons can be scattered, absorbed or radiated which
leads to the reduction of the total power transmission. The power per area at any point

along the length ofthe waveguide is given as:

A)=v" (2.ii)
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where /o is the initial intensity at z = 0 and a is the power attenuation coefficient. The
LSBR method analyzes the waveguide junction in order to calculate the power transfer
from the input guide to the an other guide. If there is a guide TE or TM mode incident
on the discontinuity plane between two waveguides (Side I and Side II) some of the
incident wave (light) energy is lost, the so called the insertion loss. This method can also
be used to calculate the power loss suffered by TE or TM mode, by utilizing the

scattering coefficients; therefore the insertion loss expressed in decibel (dB) is given as:

/SN
L =10-log,, IN (2.12)
Vi

The attenuation of an optical beam is measured in decibel (dB). If an input power Pj

results in an output power P?, then the loss in decibel is given as:

a = 10-logi0-"- (2-13)

*2

Summary

This chapter has provided a brief description of some representative numerical
techniques which are useful for the analysis of waveguide and millimeter-wave
structures. As illustrated here, each method has its own specific advantages and
disadvantages. In particular, in this Chapter more effort has been spent on the discussion
of the LSBR method and the role of the FE program in utilizing the LSBR technique.
The FEM and LSBR technique and their applications are discussed in greater detail in
the subsequent Chapters of this thesis, also the flow chart of interaction between FEM

(modal solution) and LSBR implementation are presented in the Appendix 3.
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The Finite Element Method

3.1 Introduction

The finite element method (FEM) has become the most popular numerical technique,
widely accepted for a wide range of structural engineering applications in aerospace,
electromagnetics, aeronautics naval architecture and electromagnetics both low and high
frequency. The earlier mathematical treatment of the method was provided by Courant
in 1943, and in the early 1950s, computers made it possible to solve structural problems
very effectively, but the method was accepted slowly by industry. Turner, Clough,
Martin, and Topp introduced the finite element concept in 1956 at the Boeing Aircraft
Company and used this method as a useful tool to calculate the stress-strain relations for
complex aircraft structures. The finite element method was not applied to
electromagnetic problems until 1968. Since then the approach has been employed in
diverse areas such as waveguide problems, electrical machines, semiconductor devices
and microstrip millimeter wave structures. Today many modem engineering projects
have become extremely complex, costly and subject to several important reliability and
safety constrains. For a proper understanding, analysts need mathematical models that
can be used to simulate the behavior of complex physical systems. In the finite element
method, instead of using differential equations for the system which is under
investigation, the corresponding functions to which a variable principle is applied are set
up, where the region of interest is divided into the so-called elements, an equivalent
discretized model for each element is constructed and then all the elements of the system

are assembled.
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This method can be considered as a subclass of the Rayleigh-Ritz method, (Zienkiewicz,
1977). The Rayleigh-Ritz method is associated with some difficulties which prevent its
use in a wider class of the physics and engineering problems. The difficulty of this
method is the choice of the trial (basis) functions used in the approximation with very
high degree polynomials being used to give an accurate description of the unknown
function. Also the procedure becomes more complicated, especially if the domain
includes abrupt changes of the material properties.

The finite element method is the most powerful and versatile numerical technique for
handling problems involving complex geometries and inhomogeneous media. The
systematic generality of the method makes it possible to construct general-purpose
computer programs for solving a wide range engineering problems.

The piecewise-defined polynomial functions are used for trial functions and an infinite
degree of freedom of the system and are discretized or replaced by a finite number of
unknown parameters (Koshiba, 1992). In the finite element method, elements can have
various shapes, such as triangles and rectangles which allowing the use of an irregular
grid. Based on this advantage this method is suitable for problems with steep variations
of fields. This method may also be applicable to problems where a variational principle
does not exist or cannot be identified.

This chapter is concerned with the use of the finite element technique for general
electromagnetic field computation with the use of one and two-dimensional optical and
microwave guided-wave problems. An arbitrary shape of optical waveguide shown in
Fig. 3.1, is discussed below. The waveguide is considered to be uniform along the axis
of the propagation, the z-axis. This waveguide may be considered to composed of

several different materials described by arbitrary magnetic permeability, 4 and electric

permittivity, s . Assuming the time (?) and z variation are given by e (M) and e¢ "h)
functions of the magnetic H(x, y, z t) and electric E(x,y,z,t) fields respectively, at the

angular frequency, €0, they can be expressed as:

Ex, v,z t) =E(x, ) £ V feot - B2l 3.1
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Hxyz)=Hxy)e ) (3.2)

where /3 is the propagation constant in the z-direction and E(x, y) and H(x, y) are the

spatial time-independent electric and magnetic fields, respectively.

Fig. 3.1. An arbitrary shape of the optical waveguide geometry divided into finite
number of subregions or elements, where each subregion is consisted from different

materials.

The geometry of the waveguide can be very complicated, with an electric permittivity

profile s(x,y) change in x-y directions, such as in LiNbOa dielectric waveguides with

tensor permittivity, such as different constants ex =28 and e =43 .

3.2 Maxwell’s Equations

In this chapter the concept of the FEM and its fundamentals are discussed. This includes
a listing of the relevant forms of Maxwell’s equations for optical waveguide analysis.
Maxwell’s equations are a set of the fundamental equations governing all macroscopic

electromagnetic phenomena. They can be written in both differential and integral forms.
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Since differential equations are more convenient to deal with using the finite element

method, Maxwell’s equations here are presented for time-varying fields in differential

form as:

VxE =-dB/dt (Faraday’s law) (3.3)
VxH=-dD/dt +J (Ampere’s law) (34)
V-D =p (Gauss’s law creation of electric flux) (3.5)
V-B =0 (Gauss’s law continuity of magnetic flux) (3.6)

where £ is the electric field intensity (Volt/meter), B is the magnetic flux density
(Weber/meter2), ¢ is the time (sec), H is magnetic field intensity (Ampere/meter), J is
current density (Ampere/ meter2), D is electric flux density (Coulomb/ meter2), and p is
electric charge density (Coulomb/ meter3).

For the electromagnetic waves under consideration, £ and H can be assumed to vary

harmonically in time as

E =E0e°Q) 3.7)

H =H0e <m (3.8)

where Eo and Ho are the amplitude of the field and u is the operating angular frequency

of'the wave. Substituting these equations into (3.3) and (3.4) the following is obtained

Vx E =-jupH (3.9)

Vx H = (o +jue) E (3.10)
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B = [iH =figlLi{ (3.1D
J=0E+dD/dt =oFE +edE/dt (3.12)
D =eE =soerk (3.13)

where, /wand so are permeability and permittivity of free space respectively, o is the
conductivity of the medium (Siemens/meter), /i, is the relative permeability of the
medium and s is the relative permittivity of the medium.

These symbolic equations are frequently displayed in component form by means of a

matrix representation, with the field described by the column matrix

E = (3.14)

and the curl and divergence operators described by the matrix-differential operators.

-d d
)
dz dy
d -4 (3.15)
0 .
dz dx
d d
0
dy dx
3.16
dx dy dz ( )

In Cartesian coordinates, these operators have the matrix forms
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3.3 Finite element formulations

Electromagnetic waveguides can be classified into various categories according to their
cross-section shapes. Often these can be treated as one dimensional problem, illustrated
in Fig. 3.2 (a) as a planar waveguide and Fig. 3.2 (b) as an axial symmetric waveguide.
Alternatively there are arbitrarily-shaped waveguides with an arbitrary transverse
distribution of the permittivity or refractive index as shown in Fig. 3.2 (c) for a
waveguide with an arbitrarily shaped cross-section, which can only be treated as a two-
dimensional problem (Fernandez and Lu, 1996).

Finite element formulations may be obtained in a different ways direct from the
differential or integral equations or so called weighted residual methods or varitional
method or using so-called Galerkin’s approach (Harrington, 1968). In this chapter their
formulation through the variation approach will be considered. When applying the
standard finite element method to waveguide problems for propagation characteristics
analysis, it is usual to arrive at a matrix eigenvalue equation of the form (Rahman and

Davies, 1984)

M {x} =\[27]{x} (3.17)

where x is the vector of'the nodal field values, Xis an eigenvalue which can be chosen as
/3~ or kg (free space wave number depending on the formulation). 4 and B are

symmetric sparse matrices.

Fig. 3.2 Various waveguide shapes with transverse distribution of permittivity, (a),
planar, (b) axial symmetric (c¢) and arbitrary.
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3.4 Scalar finite element formulations

The scalar formulation of the finite element method can be adopted in terms of the
longitudinal field ofthe TE or TM modes and is applicable to cases where the fields can
be described with sufficient accuracy as predominantly TE or TM. It has been used for
the solution of anisotropic waveguides and to approximate the analysis of lossy guide
problems (Koshaiba, 1982), or open boundary problems (Wu and Chen, 1986). This

formulation for TE can be written as (Mayaba, 1981).

&

2 Lot
m =]] T Bo ko (x,p) 2 didy (3.18)
n

where (3is the propagation constant, n(x, y) is the refractive index profile in the x and y
directions, ko is the free-space wave number, and the integration is carried out over the
domain 12 Based on this formulation, the finite element program can will consider f#. as
the eigenvalue of the matrix equation for a given free-space wave number, ko and the

eigenvector (f){x,y) is the transverse field distribution, i.e. £x component for the quasi-

TE modes. The scalar formulation for the quasi-TM can be expressed as (Mabaya et al.,

1981).
+ (B2-kgn:(x, v)w/2 dxdy (3.19)

where y/(x,y)is the transverse field distribution, i.e. the Hx field component for the
quasi-TM modes. The finite element program based on this formulation yields ke as the

eigenvalue for the given propagation constant, ;3 These approximations can be
sufficiently accurate for use in many practical cases. The scalar finite element
formulation has a significantly lower computational cost where the number of the matrix
elements is reduced, compared to vector formulation, and hence they can be suitable for
the design procedures where the full vectorial finite element approximation can be too

time-consuming. The scalar finite element formulation does not suffer from the
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appearance of the spurious or non-physical solutions (Cesender and Silvester, 1970),

which are often encountered in some vectorial formulations.

3.5 Vectorial finite element formulations

For the structure of inhomogeneous waveguide problems, the scalar formulation of the
finite element method is not applicable; therefore it is essential for the accurate
characterization of these optical waveguides to use the vectorial formulation. Earliest the
vector finite element method formulation was based in terms of both the longitudinal
electric and magnetic components (Ea Hz). These field components have been used for
analyzing microwave, optical waveguides, (Corr and Davies, 1972) and lossy
waveguides. The use of the longitudinal electric and magnetic component {Ea Hz)
formulation (Mabaya et al,, 1981) for general anisotropic waveguides is not possible
without destroying the canonical form of the matrix equation (3.17). Also for a
waveguide with an arbitrary dielectric distribution, the enforcement of the boundary
condition can be quite difficult. Another fundamental disadvantage of the vector
formulation is that it is based on the longitudinal components which are usually the least
important of the six components ofthe vector fields £ and H. This type of formulation is
also affected by non-physical spurious solutions and the techniques used to reduce them
greatly increase the complexity ofthe computer programs required.
There are different types of vector finite element formulations depending on which
electromagnetic field components are used for the formulations:

m Finite element method using transverse electromagnetic field components

m Finite element using longitudinal electromagnetic field components

m Finite element method using transverse electric field components

m Finite element method using transverse magnetic field components

*  Finite element method using transverse three electric field components

m Finite element method using transverse three magnetic field components

m Finite element method using the six electromagnetic field components
Berk, in 1956, had presented a number of vector variational formulations in the form of
the Rayleigh quotients for the lossless anisotropic microwave waveguides in terms of the

H field the E field or combinations of both. The full vector H formulation has become
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the most common choice and has been used extensively in the solution of microwave
and optical waveguides (Konrad, 1976), where its clearest advantage over the FE
formulation is apparent in the analysis of optical waveguides where the permeability is
homogeneous and the magnetic field is continuous everywhere. Its natural boundary
conditions corresponding to electric walls (n x £ = 0), and magnetic walls (n x H = 0)
are simple to force. This formulation can be written as (Berk, 1956; Rahman and Davies,

1984).

(3.20)

The integration is carried out over the waveguide section, O, and s and ju are general

anisotropic permittivity and permeability tensors ofthe loss-free medium, respectively.

The application of the Rayleigh-Ritz procedure to (3.20) leads to a similar eigenvalue
problem to that in (3.17), where the matrix 4 is in general complex Hermitian matrix
which can be reduced to the real symmetric and positive case by using a suitable
transformation (Rahman and Davies, 1984) and B is real symmetric and positive
defined. The vector x now corresponds to the unknown values of all three components of
the field in all nodal points with X as their corresponding eigenvalues and also Xis
proportional to ¢j . To get the right solution of /3 at a certain wave length, it has to be
changed iteratively until the output eigenvalue corresponds to the correct wavelength.
Unfortunately, non-physical spurious solutions can appear (as in the ZXfield
formulation): however it will be discussed later how these spurious solutions can be

avoided.

3.6 Boundary conditions

The boundary conditions are the conditions that have to be met at the boundary surface
between two different media in contact with two different parameters. Figure 3.3
represent two different media with the unity normal vector, n, directed from medium 1

to medium 2.
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medium 1

£r Hv A

Fig. 3.3 The interface between medium

The boundary condition will be applied in the absence of surface charges (p = 0) and

surface currents (/= o) as follows:

1. The tangential components of the electric field must be continuous, expressed as

the vectorial product between n and (E/- E2) as follows:

nx(Ei-E2) =0 (3.21)

2. The tangential components of the magnetic field must be continuous, expressed

as vectorial product between » and (///- H2) as follows:

nx(H,-H2 =0 (3.22)

3. The normal components of the electric flux density must be continuous, expressed

as scalar product between n and (D/ - D2) as follows:

n(D,-D2 =0 (3.23)

4. The normal components of the magnetic flux density must be continuous,

expressed as scalar product between n and (Bj - B2) as follows:
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n wBi- B:)=o0 (3.24)

If one of two media becomes a perfect electric conductor then this condition, is called an

‘electric wall "boundary condition imposed as:

nxE =0 or nad=0 (3.25)

Condition (3.25) causes the magnetic field vector, H, to vanish and ensures the
continuity of the electric vector, £ at the boundary. On the other hand, if one of the two
media becomes a perfect magnetic conductor, then this condition is called ‘magnetic

wall "boundary condition, imposed as:

nxH-0 or neE =0 (3.26)

Condition (3.26) causes the electric field vector, £, to vanish and ensures the continuity
of'the magnetic vector, H at the boundary.

A vector can be specified by its components along any three mutual by perpendicular
axes, as shown in Fig. 3.4. The vector 4 can be uniquely expressed in terms of its
components through the use of unit vectors i, j, k which are defined as vectors of unit
magnitude in the positive x, y, z directions, respectively. The scalar or dot product is the
scalar quantity obtained of the multiplying the magnitude of the first vector by the

magnitude of second and by cosine angle between them.
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Fig. 3.4 Cartesian coordinate system.

The vectorial or cross product givenby C=4x B = AJy /i (3.27)
B, B, B
C = |v4Bsin((p-0)| (3.28)
where C is the magnitude, and the scalar or dot product is:
A B=B A =ABcos(cp- 0) =AxBx+ AyBy (3.29)

From the definition of the coordinates systems such as that in Fig. 3.5, the following is

given

S. Haxha@city.ac.uk 59


mailto:Haxha@city.ac.uk

Chapter 3 Finite Element Method

Vectorial (cross) product Scalar (dot) product
iIxi=o i =

jxj =0 i =1

kxk-o k k=

ixj =k j-k =0

Jjxk =i kwi=o

kx i=j ij =0

Jjxi=-k

ixk =+

kxj=-i

Fig. 3.5 Properties ofthe unity vectors, i,j, and k in vectorial and scalar formulation.

3.7 Natural boundary conditions

The natural boundary condition is the condition which is automatically satisfied in the
variational formulation (Davies, 1989). The advantage of the variational formulation is
that the natural boundary condition is satisfied automatically, if left free. The scalar
formulation ofthe finite element method, given by equation (3.18), has the continuity of

p(d<f>/dn) (where, p = 1 corresponds to the scalar formulation of quasi-TE and for

p =\/n2 corresponds to the scalar formulation of quasi-TM) as the natural boundary

condition. By contrast, the vector formulation //-field formulation described in equation
(3.18) has the electric wall («» H = 0) as the natural boundary condition.

The importance of the natural boundary conditions is that it is often difficult, indeed
sometimes impossible, to arrange for the essential conditions to be satisfied. At times
these natural boundary conditions are not those that are required, as simply they do not
correspond to the physical problem under consideration. In some cases if necessary the
boundary conditions may be enforced in order to reduce the matrix size, but even in
these situations they are automatically satisfied if left free. Sometimes it may be
necessary to change and unsuitable natural boundary condition by introducing additional
surface integral around the desired boundary. In the case where the symmetry of the

waveguide exists, then we can easily impose the waveguide symmetry. However, it may
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be necessary to analyze the structure with complementary symmetry conditions to obtain
all the modes, although the exploration of the symmetry greatly reduces the

computational cost.

3.8 Formulation of the finite element method.

The finite element analysis of any problem involves basically three steps (Sadiku, 1989)
discretizing the solution region into finite number of subregions or elements as follows:
1. deriving governing equations for a typical elements
2. assembling of all elements in the solution region
3. solving the system of equations obtained.
Elements are classified as having one, two and three dimension, respectively. Within
each element, the trial function is approximated by a suitable chosen polynomial. The

transverse plane is covered with a grid of discrete nodes.

3.8.1 Finite element discretization

To find the solution for the two-dimension region shown in Fig. 3.6 (a) the region is
divided into a number of element as shown in Fig. 3.6 (b) and then the solution region is
subdivided into a number of nonoverlapping finite elements with three-node triangles.
Problems with curved boundaries or surfaces have lead to elements with curved edges or

faces (Koshiba and Inoue, 1992).

Fig. 3.6 (a) The solution region by FEM, and (b) Finite element discretization.
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The unknown, H, is also considered to be discretised into corresponding subregions.

Three-node Four-node FO””'”.Ode

Triangle Rectangle Quadrilatera
Four-node Six-node Eight-node
Tetrahedron Triangle Hexahedron

Fig. 3.7 The typical elements for one-, two-, and three-dimensional problems.

Problems with curved boundaries or surfaces have lead to elements with curved edges or
faces (Koshiba and Inoue, 1992). Other type of elements in use include rectangular
elements - two dimensional element, tetrahedral elements - three dimensional element,
ring elements - axisymmetric two dimensional elements, triangular ring elements -
axisymmetric three dimensional element and special element - edge, isoparametric or

boundary elements. All these elements could either be of linear, second or higher order.

3.8.2 Shape functions

The unknown field, H, within each element is approximated by means of a suitable
choice ofthe set of polynomials. These functions are called “shape functions” due to the
fact that polynomials are relatively easy to manipulate. The choice of the functions

should have continuity within each element and across the element boundaries. The
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actual field over the entire domain should be approximated by trial sets of algebraic
functions which can be uniquely defined, differentiated and integrated.

In the simplest case the elements are triangular and first degree polynomials are used.
The total number of the terms involved in the polynomial is equal to the number of
nodal degrees of freedom of the element. If the highest order term is xNand yN it must
also contain all possible terms xmy | where 0 <m + n <N, excluding other terms. The
polynomial will be M=(N+[)(N+2)/2 terms or as we can see through the Pascal triangle

in given in Fig. 3.8. The continuous field <f>(x)) of the domain may be replaced by a set
of discreet values (fan i = I, 2, 3...m) where m is the total number ofnodes.

Element with nodes

) 2 — » (Constant)
X | AREE—— linear- 1 terms)
X~ xy Y~ - »(quadratic- > terms)

X3 Xy xy' vs —¥ (cubic- 3 terms)

X4 x¥y xy: xys v+ -WP(quartic- 4 terms)
Fig. 3.8 Pattern ofnodes on a single element compared with Pascal’s triangle.

Our assumption of a linear variation of nodal values, fa within the triangular elements is
the same as assuming that the fe(x,y) is uniform within the element. This continuity

can be achieved by introducing the interpolation function, or so called “shape function”

Ni(x, y). The field inside the element fe(x,y) can be written as:

3

£X%>y)=YjNix' tH (3.30)

and in matrix form can be written as follows:
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A
tX*> y) :[/\ *D /\]_< $ =M - (3.31)
Fig. 3.9 Coordinates and node numbers of a typical first-order triangular elements.
A linear approximation of first element is:
& (W i) = «1 + 0;2-*i + « 3 Fi
®R(x2y2) =ai+taXx2+ad?2 (3.32)

<A,(-W3) =« +aXx3+al3

in matrix form;

1 X! Fi «1
<pe2d 1 X2 py a2 (3.33)
0e(X3>F3), T X3 ¢3 as.
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After solving the matrix equation, the constants, cq cq, and «3 are as follows:

°\ = e “Wi)+ &(*3Ei- *T3)+ &(*iE2- *2Ei)) »
G;=72T4T (te (E2- E3)+ te0 2~ El)+ <201 " E2)) 4 (3.34)
a. = 24, - x2) T &(*, - ¥+ & (¥2- *))
where Aeis the area of'the triangle given by

1 *q Ti
de=) 1 x> T2 =(*a3- *3e2)+(Xti - 41yJ + Oiy2- X2y,) (3.35)

2
1 =«
3 €3

This is similar to the equation given in (3.30). The corresponding polynomial of first-

degree is (a + bx + cy) applied over each element. The shape function can be written as

(Davies, 1989).

1 AT3-tt2 y2=y3 x3-x2 1
n2 " 4Ti- TT3 Y3-Y, X—=x3 X (3.36)
kJ [x,y2-x 2, Y, -y2 x2-x, Ie

where 7 denotes the transpose of the existing matrix. The shape function matrix can be

written in more convenient form.

X a, +bw +c,y
M =n2 = atbXx+cly (3.37)
X as +b3x +cy

S. Haxha@city.ac.uk 65


mailto:Haxha@city.ac.uk

Chapter 3 Finite Element Method

By comparing equations (3.36) and (3.37), the coefficients au bi and G (i=I, 2, 2) may

be calculated as

L 233 (3.38)
’ 24
s (3.39)
24
x3-x 2 (3.40)
24

In the same way the other coefficients, a2, b2 ¢2 as, bj, G can be calculated by the
exchange of 1-» 2 -> 3 in equations (3.38), (3.39) and (3.40).
Consider a typical pointp(x, y) inside the triangular element shown in Fig. 3.9. The local

coordinate Li can be written as:

r . area ofthe triangle p-2-3 G 41)
area of the triangle 1-2-3 .

It can be also be defined as:

1 X y

1 X2 X2 T
24 (yr- yIx + (- Xy
1 X3 y3 X3 y3

- b 42
CX 9 a]+ b + ey (3.42)
1 X2 )
1 X3 y3

in the same way we can define N2, and N; where
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(3.43)

It is obvious that when the shape function Ni is evaluated at node I/(x;, yj) it gives the
value 1, and the value 0 at nodes 2 and 3 and all other points on the line passing through
the nodes, and therefore it is unique interpolation first degree polynomial for nodel.
Similarly the shape functions N: and Ns give the value of 1 at node 2 and 3 respectively

and o at the other nodes.

3.8.3 Element and global matrices

The solution of the optical waveguide problems using the finite element method can be
reduced to a standard eigenvalue problem as in equation (3.17). In this section, the
element matrices are derived, based on the full //-field variational expression of
equation (3.18).

Within each element, the nodal magnetic field vectors can be written as

Hx(x,y) =[Nl N: N;UH:: -

(3.44)
n 3

Hy{x,y) =[Nx N: N:MH}2> (3.45)
Hj

H.(x,y)=[A, N2 ndhi - (3.46)
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The nodal magnetic field vector [Hlecan be expressed according to eq. (3.44)-(3.46).

Hxl
HxZ
Hx3
~Hx{x,y) n2 o o 0 0o o0 o Hyi
Hy(x,y) = 0 0 0 iV2 0 0 0 H, (3.47)
_Hz(x,y)_ o 0 0 o0 o0 O iV2 a3, Hy3
h z
Hz
H,
Equation (3.10.4) can also be written as:
[H\=[« M (3.48)

where {H}e represents the column vector of the nodal values of the three field

components, and [77] is the shape function matrix. Similarly, the eq. (V'x H)e can be

written as:
-8 8
0
8z 8y
8 -8
(Vx»),=Vx[wM 0 = (3.49)
8z 8x
-8 8
0
8y 8x

where the matrix [Q] can be defined as:
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-S[jV] af«]l

" (6] BM
[o] dz dy Y dy
-sM
- 3.50
\q ] [0] i yBM  [0] i (3.50)
V] 3[V] 6[m ]
[0] 0
dy dx dy dx
bl=lo o o X
M=[JV. N, Af]
(3.51)
a[A]
5 b2 ~
3[N]
h C2 +;
d .
Y J

Substituting equations (3.48) and (3.49) into equation (3.18) the vector H-field

formulation gives

MEM « « =0 (3.52)

where the integration is carried out over the element domain, 0, 7 denotes the transpose,
and * denotes the complex conjugate transpose. By applying the Rayleigh-Ritz
procedure (differentiating with respect to the field nodal values and equalizing to zero)

the following are obtained:

(3.53)

M=£14 =Z FWfeldn G
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[*f im =i Ht m « (3.55)
«n

where {H} contains all A -field nodal values of the waveguide cross section, [4/ and [5]

are global matrices of the eigenvalue and /4/£and /[BJe can be evaluated as:

o[/Vl7 d[N] gyvl7 al/v] 4M
BW M+ dy dy dy dx M dx
) dnJ dyV] . efnJ fla] 4M
[4=1b-1J dy 8x Lyl dx  dx dy @
4" 6[m] F[Af ¢(iV] + d[Nf dyV]
M dx PUVE dy dy dy dx dx
(3.56)

mm [av] [afd
W-nj fon] m m Mw 40 (3.57)
Mio] M n«] [«no]

The shape functions given in (3.56) and (3.57) can be evaluated using (Davies J. B,
1989) as:

(i+] +k +2) (3.58)

3.8.4 Infinite elements analysis

As mentioned in previous sections, the dielectric waveguides, in particular the optical
waveguides, can have open boundaries. For this type of structure a finite field exists in
the region outside the guide core and the field decays slowly (in an exponential manner).
This extension is important for the solution close to cut off. In the orthodox finite

element discrezation, the region considered cannot extend to infinity, yet in many
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waveguides the problem domain extends to infinity. Rahman and Davies (Rahman,
1984) have developed the infinite element approach which takes into consideration the
effective region extending to infinity, as shown in Fig. 3.10 by also keeping the same

matrix order.

Fig. 3.10 Rectangular (1/4 symmetry) dielectric waveguide cross section discretized into

orthodox and infinite elements.
In Cartesian coordinates, if an element extends to infinity in the positive x-direction, as
shown in the Fig. 3.10 (a), the exponential decay is assumed to be in x-direction whereas

the convenient shape function dependence as in the y-direction. Based on these

conditions, the field components such as Hx can be written as follows:

", =fix.y)H« =i Ni{xy)Hxl (3.59)
/A
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where N/x, y) is shape function in the *-direction, and at L, decay length can be written

as:

Ni{x,y) = fi{y)-e(=l) (3.60)

At nodes 1 and 2, as shown in Fig. 3.10 (a), the field values, Hxi and Hx: and also the

shape functions Ni and W? can be defined as:

Hx =f{y)-etxL)-HxI+f2{y)-e L "H x2 = [N N2 IH*’ (3.61)
x2

M = _oe(_“/L) (362)

Az= (3.63)

where b is the width of the infinite element in the y-direction and similarly other field
components, Hy and H- can be expressed in this way. The same approach can be used to
analyze the infinite elements extending in the y-direction, as shown in Fig. 3.10 (b) and

also for comers.

3.9 Spurious Solutions in finite element method

The most serious and difficult problem in finite element analysis is the appearance of
spurious, or non-physical solutions interspased with real solutions. Analysis of the
optical waveguide is also associated with spurious modes. Many reasons could lie
behind the spurious modes, such as the enforcement of the boundary conditions, or due
to the nonzero divergence of the trial fields (Rahman and Davies, 1984). The spurious
solution appears also in the finite element analysis using the full vector H field.
Maxwell’s equations (3.9) and (3.10) do not satisfy the condition where V- B = (0 which

could be a one of the causes of spurious modes. In order to eliminate these spurious
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modes Rahman and Davies, (1984) have utilized the penalty function which defines the
solution ifit is a real or spurious solution, and this can be achieved when the eigenvector
of the physical mode satisfies the zero divergence condition div H = (. After each
solution is obtained from the divergence condition, div H has to be calculated over the
waveguide cross section. The value of div H has to be examined for different solutions,
and only solution with a low value of div H will be considered as a real mode. The value
of div H may be calculated from the discrete nodal field obtained after the solution of
the eigenvalue equation, (3.17).

Rahman and Davies (1984), have used the penalty function approach, where an integral
is added to the functional equation (3.20) in order to satisfy the zero divergence

condition, div H= 0. Thus the functional penalty term can be written as:

Jv x = er lo(v x H) dQ+ f(ven ) (vaH)dQ

fe) (3.64)
Y GH dQ

where a is the dimensionless penalty coefficient which can be estimated around (l/f ),
where e is the dielectric of the waveguide core. It has been confirmed that the higher

value of the penalty coefficient leads to a reduction of the spurious modes, but it is
possible that propagation constant of the real mode can deteriorate slightly.

Various approaches have been proposed by different research groups in order to reduce
the spurious solutions. Mabaya, Lagasse and Vandenbulcke proposed an scalar finite
element formulation, but spurious modes does not appear at all with a scalar
formulation. One of the formulations, in terms of the transverse //-field, has been
advanced by Hayata et al. and completely eliminates the spurious solution, and the
penalty coefficient is not included. The component fields Hx and Hy are represented in
the way that the shape functions have been eliminated, but the Hz component involves a
stage involving differentials and is more an approximation representation. Davies and
Rahman have established a successful new scheme (Davies, 1993), for avoiding the

spurious modes. The first method involves a new formulation of the transverse magnetic
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field with no special new finite elements, while the second method uses equation (3.20)

but with a new vector finite element application.

3.10 Matrix solution techniques in finite element method

The choice ofthe algorithm in solving the eigenvalue matrix equations is very important
in computer power and time consumption in the use of the FEM. The global matrices
[A] and [5] given in (3.54) and (3.55) are highly sparse. Both matrices can be complex
and asymmetric and this can cause difficulty in solving the problem due to the lack of
efficient computer library routines. There is a large number of different methods
available to solve the matrix eigenvalue problems involving spare matrices. In this work
the spare matrix eigenvalue problem has been solved by an iteration process applied
simultaneously to a subspace of eigenvectors, using the so-called method of subspace

iterations (Rahman and Davies, 1984) and (Bathe and Wilson, 1976)

Summary

In this chapter the finite element method and its application has been presented. The
varational principles in the modal solutions for microwave and optical waveguides have
been studied. Various aspects of the finite element method have been examined,
including, different scalar and vector formulations, boundary conditions, natural
boundary conditions, shape functions, global matrices and infinite elements. Finally the
use of the penalty term approach to reduce the non-physical solutions or spurious mode
has been discussed. This chapter, in conjunction with the least squares boundary
residual method presented in Chapter 2 represents a solid mathematical basis for the
work involved in the analysis of optical waveguide and microwave problems in the
subsequent chapters of this thesis. Flow chart of FEM, LSBR and Quasi-TEM analysis

and their interaction are illustrated in the Appendix 3.
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Optical Modulators

4.1 Introduction

Optic modulators are among the most promising and useful components in optical
communications systems. In recent years, optical fibre communication networks have
been experiencing a rapid growth, driven by the explosive growth of internet data traffic
and voice traffic. In order best to utilize the enormous capacity of the optical fibre,
intensity modulation direct detection (IMDD) systems with time division multiplexing
(TDM) and/or wavelength division multiplexing (WDM) are widely used. In TDM
systems, the low bit-rate baseband signals are multiplexed in time to a single-wavelength
high bit-rate signal while in WDM systems, the signals are multiplexed in the
wavelength domain such that more than one wavelength is guided in a single optical
fibre. Therefore, the development of high-speed TDM systems will be the basis for
future WDM systems.

Optical modulators have been developed for many years. During the first ten years
external modulators were necessarily used with a light source (laser light), including
ferroelectrics and anti-ferroelectrics, such as KDP and ADP. Over the last three decades,
modulators were developed using both lithium niobate (LiNbOs) or LN and GaAs or
semiconductor modulators. With numerous refinements, such as single-mode waveguide
creation by Ti-doped diffusion and travelling-wave electrode configuration, the
technology has progressed to produce directional couplers and Mach-Zehnder
interferometers with high bandwidth.

In the record, remaining until 1992, in long distance transmission experiments at AT&T
Bell Labs (Mollenauer 1991), LiNbO3 travelling wave modulators (Jungerman 1990)
were used. These devices represented the state of the art in high bandwidth of that time,
external light modulators, but guided wave quantum well modulators (Wakita 1990),

traveling wave modulators based on electro-optic, organic materials (Girton 1991) and
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multi-quantum well Fabry-Perot modulators (Simes, 1991), have all demonstrated
similar or better performance in research laboratories.

Later the 3-dB bandwidth of a directly modulated laser has been reported to be 48 GHz
(Zhang, 1997) at a wavelength 0 0.98 pm. A 30 GHz bandwidth ofa 1.55-pm laser has
been reported from Masuni, 1997. These bandwidths are large enough for a system with
channel speed as high as 40 Gbit/s; however, the biggest problem for a directly
modulated laser is its frequency chirping, which represents itself as a wavelength
(frequency) variation between on and off states (Henry 1982, Koch 1984, Koch 1986,
Osinski 1987, Koyama 1988). Due to this wavelength variation, the optical pulse will
have an extra broadening effect when transmitting through a dispersive fibre, and hence
degrade the system performance.

Frequency chirping also exists in light modulated with external modulators (Koyama
1988) due to the Kramers-Rronig relations (Hutchings 1992) between the real and the
imaginary parts of the dielectric constant, which is also the reason for frequency
chirping in lasers.

External modulators made typically from titanium diffused lithium niobate (Ti: LN), in a
Mach-Zehnder type structure with a travelling-wave electrode (Wooten, 2000) are the
most promising due to their large electrooptic coefficients, low bias drift, zero or
adjustable frequency chirp and their better coupling efficiency when directly butt-
coupled to single mode fibres. Today 2.5 Gb/s and 10 Gb/s modulators are standard
commercial products and 40 Gb/s modulators are also emerging on to the market after
successful prototype demonstrations (Dagli, 1999). However, the continuous demand for
further increases in data rate has the effect of pushing their operating frequency well into
the millimeter wave range. To design more efficient ultra-high-speed modulators, ridge-
type Z-cut LN modulators have been reported (Noguchi, 1995, Mitomi, 1995, Noguchi,
1998, Minakata, 2001), which show higher optical bandwidth than conventional planar
or backslot-type (Minakata, 2001) LN modulators. LiNbCL modulators are, among the
available kinds of modulators, the most widely commercialized. An optical 3-dB
bandwidth as high as 75 GHz has been demonstrated (Noguchi 1994); however, the
highest electrical 3-dB bandwidth is 40 GHz (Noguchi 1998, Mitomi 1998). The lowest
drive voltage is 2.9 V (Noguchi 1998). The drawback of this type of modulator is the
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bias point sensitivity to temperature and it is not suitable to be integrated with driving
circuitry or lasers. The drive voltage of LiNbCh modulator (2.9 ~ 5 V) is generally
higher than that ofthe electroabsorption modulator (1.2 ~ 3.3 V).

However, there is a continued demand for the design of more efficient ultra-high-speed
semiconductor electrooptic modulators, (Wang, 1988, Walker, 1991 and Khan 1993)
and GaAs/AlxGai-xAs travelling-wave electrooptic modulators offer the obvious
advantage of monolithic integration of active/passive photonic and electronic devices to
form opto-electronic integrated circuits (OEIC) and/or laser sources. GaAs/AlGaAs
modulators have the advantage of possible integration with driving circuitry or a laser
source, with a better opportunity to obtain an optical and electrical wave velocity match.
These modulators usually use bulk materials and have a thick intrinsic layer
(Spickermann 1996). However, due to the small electro-optic coefficient, these
modulators usually require long interaction region and the drive voltages for these
modulators are very high, making it hard to use them in communications. GaAs is the
material of choice for many optoelectronic components such as lasers and detectors.
Although GaAs electrooptic modulators suffer from a relatively small electrooptic
coefficient, compared to the traditional materials like LiNbOi this is however, partly
compensated by their higher refractive indices. Often travelling-wave designs are
employed to increase the interaction length between the optical signal and the electrical
signal and thus reduce the modulator half-wave voltage (V7). These designs will increase
the interaction length up to a point, but they are still limited by the velocity mismatch
between the optical signal and the microwave signal.

Multiple quantum well (MQW) modulators InGaAsP/InP and InGaAlAs/InAlAs MQW
Mach-Zehder electrooptic modulators have bandgap energies close to the photon energy.
These modulators use multiple quantum well structures, have thin intrinsic layers, and
therefore have a larger clectric field. Due to Kramers-Kronig relations (Hutchings,
1992), the electric field-induced index change is enhanced when close to bandgap. Also,
quantum confined Stark effect will further reduce the drive voltage. These devices can
be made with an order of magnitude shorter than the GaAs/AlGaAs devices, and have
been demonstrated with reasonably low drive voltages. InGaAsP/InP MQW EO

modulators have been integrated with long-wavelength lasers and transmission
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experiments have also shown promising performance (Rolland, 1998). Table 4.1
represents the development and performance characteristics of four main traveling-

electrooptic modulators, where ERnax is maximum extinction ratio.

LiNbo03 MV ) OdB(e|ectr|ca|) ERnax(dB) Device Length
(GHz) & X
Kawano, 1989 4.7 10 X=1.5 /tm
Gopalakrishnan, 1992 5.0 15 \=1.5/tm
Dolfi, 1992 12.3 44 X=1.5 /im
Rangaraj, 1992 5.0 10 X=1.5 /xm
Noguchi, 1994 5.0 40 22 X=1.5 /xm
Noguchi, 1998 2.9 30 L=2.7 cm, X=1.5/;m
Mitomi, 1998 3 40 L=2.7 cm, X=1.5/;m
This work(Haxha &Rahma, 2002) 5.0 >40 L=2 cm, X=1.5 /xm
GaAs/AlGaAs MV ) 0 dBeke (GHz) ERmax Device Length
(dB) & X
Wang, 1988 16 13 L=1.3 /xm
Nees, 1989 (TW Buried coplanar) 288 110 X=1300 nm
Walker, 1991 22.5 (8 GHz* /xm/V)
X=1.5 /xm
Spickermann, 1996 14 >40 X=1.5 /xm
Khazaei, 1998 20.5 22 9.5 X=1.5 /xm
This work(Haxha &Rahma, 2002) 10 >40 X=1.5 /xm
InGaAsP/InP (MQW) MV) BdBe (GHz) ERmax Device Length
(dB) & X
Agrawal, 1995 6.8 14 19 X=1.5 /xm
Fetterman, 1996 6.0 L=300 /xm X=1.5
/xm
Rolland, 1998 ~4.0 ~10 16 at L=500/xm, \=1.5
(10 Gb/s) /xm
Rolland, 1998 2.6 ~2.5 X=1.3 /xm, L=1200
/xm
InGaAsP/InATAs(MQW) MV) BdBe (GHz) ERmax Device Length
(dB) &X
W akita, 1992 3.8 20 20 L=300 /xm, \=1.5
/xm
Polymer MV ) BdBe (GHz) ERmax Device Length
(dB)
Van Schooti, 1996 7.5 20 20 L=2 cm, X=1.5 /xm
Lee, 1997 4.85 L=1.5 cm, X=1.5
/xm
Eimer, 1997 3.5 L=2.6 cm, X=1.5
/xm
Chen, 1997 X=1.3 /xm
Chen, 1999 <10 40 X=1.5 /xm

Table 4.1 Development and performance of optical modulators.
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Polymer modulators have demonstrated less than 3-dB (optical) drop within the whole
W band (75 ~ 110 GHz). However, these modulators usually require large drive voltage.
Therefore, this restriction of large drive voltage has made them far from practical for use
for ultra-high speed fiber optic communications.

Also, most of the (MQW) modulators reported (as illustrated in the Table. 4. 1) are
lumped devices, which means that these devices are shorter than 200 /im. However, it is
difficult to fabricate such a short device and the cleaving length restricts the minimum
device length and hence the modulation speed. Another disadvantage of these
modulators is that such a short device is hard to package because microwave strip lines,
as well as the optical components, must be assembled close to the device. In order to
achieve this ultra-short length, passive waveguides were grown to make the whole
device long enough to handle (Ido, 1996). This therefore complicates the fabrication
process. Also, the maximum extinction ratio of these modulators is lower and the drive
voltage is higher compared to longer electrooptic modulators, like LiNbCh and GaAs
modulators.

External modulators made from titanium diffused lithium niobate (Ti: LN), in a Mach-
Zehnder type structure with a travelling-wave electrode (Wooten, 2000) and
GaAs/AlGaAs are the most promising modulators.

The bandwidth of a high-speed optical modulator with a travelling-wave electrode is
primarily limited by the velocity mismatch between the optical carrier wave and the
modulating microwave signal. For high-speed modulators, when phase velocity
matching is achieved, the limiting factor is then the overall microwave propagation
losses. At lower operating frequencies, the electrode conduction loss, at, dominates;
however, as the operating frequency is extended beyond 40 GHz, the dielectric loss, a&
is expected to play an increasingly important role in the bandwidth determination. In
practical applications, the characteristic impedance, Zc, of the electrode also affects the
performance of a high-speed modulator, which is typically matched to an external circuit
of impedance 50 A.

To date, most of the work reported has focused only on obtaining the velocity matching
condition as one of the essential aims of the design process. For the next generation of

ultra-high-speed modulators, it is necessary to optimize the electrode structures to
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achieve simultaneous matching of velocity and impedance along with a reduced overall

microwave loss.

4.2 Various optical modulators

External modulators are very popular and widely used in optoelectronics. Various types
of external modulator have been developed. Based on the type of the material used
electrooptic modulators can be classified as: Ceramics (crystals), semiconductors and
polymer electrooptic modulators. Ceramic (crystal) modulators, as illustrated in the Fig.
4.1 are classified as: LiNbCh, LiTaCE and KTP modulators. Semiconductor modulators
are categorized as: GaAs, InP and InGaAsP modulators, illustrated in Fig.4.4 and Fig.
4.5, and the polymer (organic polymer) modulators are PMMA modulators. Also, these
modulators (Ceramics, semiconductors and polymer) can be classified as: phase,
amplitude and polarization modulators.

The most commonly used materials for external modulators are LiNbOa, GaAs (III-V)
compound semiconductors, and electrooptic polymers. There are three different types of

commercially available LiNbOa modulators.

Fig. 4.1 Mach-Zehnder modulator modulator (a), Mach-Zender Interferometric (MZI)

modulator (b).
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Output OutPut

Fig. 4.2 Directional coupler based modulator.

Fig. 4.3 Deeply-etched waveguide electrooptic GaAs modulator, Mach-Zehnder part.

Gold electrodes

AlxGai, xAs
GaAs

AlxGa

Light beam

GaAs Substrate

Fig. 4.4 Schematic structure of an semiconductor modulator (GaAs).
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Fig. 4.5 Schematic structure of an InGaAsP/InGaAsP MQW electroabsorption

modulator.

The differences depend on the orientation (or cut) of the crystal, and the method of
waveguide fabrication. The crystals (LiNbCb) themselves are available in wafers of X-
cut, Z-cut, and Y-cut orientations, with the axis of the cut being perpendicular to
substrate surface. Z-cut modulators typically use titanium ions for waveguide
fabrication, while X-cut modulators can use either titanium ions or hydrogen ions
(protons). The Y-cut orientation does not yield high enough electro-optic coefficients for
an effectively functioning modulator. Modulators that are X-cut proton waveguides
typically do not require much (if any) DC bias voltage. These types of modulators can
be CPW (Coplanar waveguide) and asymmetric coplanar strip A-CPS. Furthermore,
they can be etched and unetched electrooptic modulators. Usually these types of
modulators are build from LiNbOi.

Different configuration types of the modulators are illustrated in Fig. 4.1-Fig. 4.5. The
design of electrooptic modulators usually relies on the use of either directional coupler

(DC) or Mach-Zehnder arrangements. The principal of operation of Mach-Zender inter
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feromatric modulators is when the incoming optical beam is separated equal in a
“waveguide Y” and then recombined. If the phase shift in both arms is identical, the
optical waveguide modes interfere constructively and all the power reappears in the
output (minus losses). When the net phase-shift difference between the arms is 180°, the
modes in the waveguides are 180° out of phase and excite an asymmetric mode in the
output waveguide. If the output waveguide is a single-mode guide, there will be no
power emerging from it; the power will be radiated out into substrate and is lost. Thus
the power can be controlled by a voltage applied to the waveguides. A net phase-shift
difference of 180° produces an asymmetric higher-order mode in the output waveguide
as illustrated in Fig. 4.1. In the directional coupler based electrooptic modulator the light
is split into two or more coupled (interacting) modes, the coupling length, the phase
matching and hence the power coupling transfer between them as illustrated in Fig. 4.2.
The principle of how the directional coupler works is that when two fibre cores are
brought sufficiently close to each other laterally so that their modal fields overlap, then
the modes of the two fibres become coupled and the power can transfer periodically
between the two fibers. When the propagation constants of the modes of individual
fibres are equal, then this power exchange is complete. On the other hand, if their
propagation constants are different, then there is still a periodic, but incomplete,
exchange of power between the fibres. When no voltage is applied, the two guides are
phase-matched and light input into guide 1 is nearly 100% coupled into guide 2 (cross-
state). When a voltage is applied, there is a change in the refractive index due to the
applied electric field which can be made unequal in the two guides by implementing an
appropriate design. This leads to a mismatch in the phase velocities in both guides and
leads to a reduction of the interaction length (Lc=n/(/3even-/30dd). Sometimes DC is
considered for the power controller; the application is in power splitting wavelength
division multiplexing/demultiplexing, polarization splitting and optical switching
networks. The deeply etched waveguide electooptic modulator is presented in Fig. 4.3.
This type of modulator is a desirable model with very good performances, which is a
subject of this research presented in the next chapter. Semiconductor modulator and
electroabsorbtion modulator (MQW) are illustrated in these figures also. Fig. 4.1

illustrates a LiNbOa Mach-Zehnder modulator in comparison to a Mach-Zehnder
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Interferometric (MZI) modulator where the light is split into two isolated (non-
interacting) waveguides and the phase shifts between two branches (left and right
waveguides) from 180° due to an external electric field applied. The electrode structure
has to be considered as an electrical waveguide structure for RF signals, and
discontinuities in the electrode structure will give reflections inside the devices. To
avoid reflections the electrical waveguide structure should have a characteristic
impedance Zo, matched with the signal source at the input and the load at the output of
the coplanar waveguide (CPW), which is Zo = 50 0 .This type of modulator will be

discussed in more detail in the following chapters.

4.3 Modulator characteristics

External high-speed optical modulators of multi-gigahertz bandwidth and high optical
power handling capacity are key components in current optical communications systems
and valuable for future optical signal processing technology. The role of the optical

modulators in the high-capacity transmission systems is illustrated in the Fig. 4.6.

X
' X
Optical RX
fiber
X
RX
Amplifier  In line Preamplifier
amplifier X
RX
Tunable Receivers
Source

Fig. 4.6 Application of the optical modulators for high-capacity transmission systems.
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Modulation

oS Amplitude --------------—-- » absorption coefficient
C Phase > refractive index

oS Polarization

S Frequency

S direction

Fig. 4.7 The principle of the modulator and its interacting with the light.

As illustrated, it is very important to design an optical modulator which fulfills the
requirements of such high capacity transmission systems. The most important aspects
and characteristics of the design of the high-speed optical modulator are: bias voltage
(current), bandwidth, insertion loss, stability, chirp, distortion, integration, maximum

power, extinction ratio, temperature sensitivity, fiber device input/output and packaging.

a) Extinction Ratio (on/off): The extinction ratio or on/off ratio is defined as
the ratio of the incident light intensity P and the transmitted intensity Pou

given as:

c
lontoffl =-10-log [dB\ (4.1)
\Y%
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For most modulators these days extinction ratio is usually several (20-30) dB,
because of their short optical intersection length. There is another way of

9
1

defining, ratio of the average received optical energy of a logic pulse to the
average received optical energy of a logic “0” pulse. The maximum extinction

ratio decreases because of the incomplete confinement of the optical field.

b) Bias Voltage: The smaller the applied voltage the better it is for the electronic
circuit. Low driving voltage operation is the key point bringing such modulators
into practical use because this eliminates the need for high speed electrical
amplifiers. The voltage applied to the modulator from a direct current source
causes the crystal (substrate) to modulate the phase of the light by 7 radians. In
order to attain the highest possible extinction ratio, the substrate must be at
quadrature. This means that complete destructive interference will result in logic
“0” and complete constructive interference will result in logic “1.” To get the
substrate to “quadrature,” a bias voltage field must be applied to it. This optimum
voltage, known as FxDC, often drifts back and forth over a period of time. This
causes problems because it diminishes the extinction ratio (the difference
between logic “1” and logic “0”). If the extinction ratio diminishes, the optical
receiver cannot differentiate as well between “on” and “off” and the bit error rate
increases. Studies have shown that Fx DC drifts as a result of age and is
accelerated by heightened temperatures (Nagata 2000). Studies have also shown
that a higher Fx DC results in a higher rate of change of FXDC (Maack, 1999).
Conversely, a lower FxDC results in a lower rate of change, making it more
desirable to have a modulator whose FXDC is near zero. Not only does it require
less power, but it also will dampen the effect of the Fx DC drift. It is also
desirable to have a near-zero Fxbecause a large drift may require more voltage

than the available voltage from a given power source.
¢) Chirping: Changes or oscillations which are not periodic (increase and

decrease) of the emitted laser light and its unstable wavelength is defined as

chirping. This ratio affects the laser emitting linewidth. As pulse travels from the
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laser source with time it broadens and gets chirped. This phenomenon increases

instability of the modulator. Moreover, the reduction of the chirp parameter is a

hot topic in research on ultra high bit rate and long haul optical fibre transmission

systems. It has been reduced but the price has been increased insertion loss and

reduced extinction ratio. Therefore it is necessary to optimize the device

characteristics for overall practical use, as we have done in this work for both

LiNbCb and GaAs electrooptic modulators. External LiNbCb modulators can

show an adjustable frequency chirp (free chirp).

d)

e)

Frequency modulation: Frequency modulation and chirping are intrinsically
similar phenomena. There are three regions of frequency domains in laser
diode response:

1) Lower frequency region bellow 10MHz.

2) Medium frequency region between 10MHz- 1GHz.

3) Higher frequency region, above 1GHz (as our LiNbCb and GaAs

modulators are operating).

Bandwidth: The speed of an optical modulator is dependent on its
bandwidth, the higher bandwidth yields higher speed modulator. The speed of
the modulator is the speed at which the modulator processes data, measured in
Gb/sec. The bandwidth requirements for modulators is varying from: digital
stereo sound 106 bit/sec, digital TV 10s bit/sec (100 Mbit/sec), high resolution
TV up to 1Gbit/sec, 3D TV and teleconferencing 100 Gbit/sec. The modulator
bandwidth is primarily restricted by the velocity (speed) mismatch between
microwave and optical carrier, conductor loss impedance mismatch and
dielectric loss (at high frequency modulation). The mismatch between the
electrical and the optical signals is very important in order to achieve

maximum bandwidth. In other words, the effective index of electrical signals
Nm - has to be equal to the effective index of optical signals, NO.

Under the impedance matching condition, which is often set to 50 fi, the

bandwidth is limited by the velocity mismatch and the total microwave loss.
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Under both impedance and phase matched conditions, and Nm=N( the
bandwidth is limited by the microwave loss only. Different designs of the
metal electrode have been reported in order to achieve velocity and impedance
matching. In the calculation of optical bandwidth often only the conductor
loss is considered. However, the dielectric loss at high frequency plays a
significant role in bandwidth reduction; therefore it has to be taken into
account. The dielectric loss can arise from different lossy microwave regions
(layers). Presented in this work are some ofthe most successful approaches in
simultaneous velocity and impedance matching, leading to the significant
increase of the overall bandwidth of the modulator. Bandwidth calculation

will be discussed in the next section.

Insertion loss: The insertion loss is the power loss that results from the
insertion of a device such as a connector or coupler into a fibre optic system.
The insertion loss consists the combination ofthe transmission, reflection and
coupling loss. Transmission loss is caused by absorption loss of the material,
free carrier loss, and scattering loss. In other words transmission loss depends
on the refractive index profile. Coupling loss is due to mode-spot size

mismatch between the incident light and the guided light.

There are many other parameters which have an important role on the design

improvements of the modulator performances. However, it has been confirmed from the

research in manufacturing technology that above factors have the most impact on the

long term

high-speed, compactness and reliability of the modulators.

4.4 Electrooptic effect

The electrooptic (or Pockels) effect is associated with an external electric field applied in

the top of'the substrate to modify the index of a substrate or dielectric medium. When an

electric field is applied to a crystal, the ionic constituents move to new locations

determined by the strength of the applied field, the charge on the ions and the restoring

force. In cases when these effects can be described as being linearly proportional to the
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applied field then the crystal exhibits the linear electrooptic effect as illustrated in the
Fig. 4.8. In the design of an electrooptic modulator, it is usually desirable to achieve a
required modulation depth with the smallest consumption of modulation power, leading

to the largest possible bandwidth.

Unpolarized
Input beam

Fig. 4.8 Electrooptic amplitude modulation.

The voltage applied to the electrodes placed over the substrate along the waveguide will
create the electric fields in x-direction and y-direction, as shown in the Fig. 4.8. The
electric field may be applied either in the direction of the wave propagation or
perpendicular to it. The induced polarization due to the change in the distribution of the
electrons within the substrate will depend on the magnitude and also the direction of the

applied voltage. Starting from Maxwell’s equation relations in the material media:

D—#£E P (4.2)

B=ji0H+M (4.3)

where P and M are the electric and magnetic polarization vectors, respectively.
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P=e«Y.XIEi (44>
K m 1n x3 X
Py S0 Xa X: X3 Ey (4.5)
X Xsi X X33.X .
*«:*dl +4 ) 4!6)
where is susceptibility tensor and P and E are usually complex amplitudes of

harmonics, time varying quantities. This is the basis of electrooptic modulation and this
phenomenon is used to control the refractive index change ofthe crystal in the directions
of the ordinary and extraordinary rays due to the application of an electric field. This

phenomenon can be described as index ellipsoid, expressed (Yariv 1985):

2
X2 y2 z2 @7

nx ny nz

where x, y, z are the principal dielectric axes, the directions in the crystal where D and

E are parallel. In the presence of an external applied electric field E the equation of the

ellipsoid takes the general form of:

/ 1A f (IR AR KR
x2t+ 2 z2t2 yz +2 xz +2'
Jl {n J }, [ 2 V(2J4 V» 2]5 2t)]

Ifwe choose x, y, and z to be parallel to the principle dielectric axes of the crystal, then

with zero applied field, the equation (4.8) reduces to equation (4.7);
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f1A 1 (17 (1A
\'n JLE=0 n V« )1,E=0  ny \n /3,£=0
> 4.9
1 (1A ">
\'n JAE-e \n )SE= \n J6EO
fin
The liner change in /=123, ,6) due to an arbitrary electric field £
v«2;
defined by:
1 A
! =B(M'ry.E.J (4.10)
\n Ji Jj4

where Ei —Ex, E: E» and E; = Ez In matrix form the equation (4.10) can be

expressed as:

VAR
| n~))
f1>
\n )2 fil fiz fis
( 1" Cl C, Cs
EJ
\n 2J; a ¢ o, (4.11)
f1= cl G Gs
e 3
v«2a cl G Gs
1>
/ Cl C Gs
W Js
f1>
v «2a
So for example
f 1\
=mEx +rnEy truEz (4.12)
V21
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4.5 Electrooptic effect of LiNb03 modulators (transverse

electrooptic modulation)

It is more convenient to apply the electric field transversely along electrodes placed on
the side faces of the crystal as shown in the Fig. 4.9 and Fig. 4.10 for both crystal
orientations. The choice of axes with respect to the crystal orientation is very important
in defining the susceptibility tensors. A waveguide electrooptic modulator with CPW
electrodes on either sides of the waveguide is shown in Fig. 4.9, where the vertical
electric field is employed with the hot electrode placed directly over the waveguide, and
in Fig. 4.10 where the horizontal electric field is used. Based on this approach, the Z-cut
crystal orientation (Fig. 4.9) of LiNbOi modulator is investigated in this work. This is
the basis of the electrooptic modulation and this phenomenon is used to control the
refractive index change of the crystal in the directions of the ordinary and extraordinary

rays due to the application of an electric field.

V=5[V]

Fig. 4.9 CPW Z-cut electrooptic modulator with vertical field (£ L) TM mode.
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V=5[V]

Fig. 4.10 CPW X-cut electrooptic modulator with horizontal field (£ I/ ) TE mode.

By using the equations (4.8) and (4.11) and the rules for the matrix multiplication under

the external field E/Ex,Ey,Ez) this phenomenon can be described as the index

ellipsoid, expressed (Yariv 1985):

The electrooptic coefficients for Z-cut crystal orientation are:

rU 0 m

~m 0 3

O 0 hi (4.13)
0o ,, 0

Gi 0 0

0 _, O

where the nonzero tensors are:
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m = 8.6 *1CT2—
3 V

22 =~m =vrei = 3.4-10~12 (4.14)
B3=30.9-10~-R—

B |14

51=rf =28-10-1*

The electrooptic coefficients for W-cut orientation can be expressed in the form:

- (4.15)

where nonzero tensors are:

62=“Cl =->62 =3.4-10 2"-

1‘33:30.9‘10l12; (4.16)

In this research work there will be on investigation ofthe LiNbCh electrooptic modulator
with the Z-cut crystal orientation. With lithium niobate in the 3m crystallographic group

with nonzero elements as above, its index ellipsoid will be expressed in the form:
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\

1
2+r[Ey truEz x2+ 2w 2By + 1230 | 4+ 2+r3%z Z2F
| no | no V¢, y
4.17)

2{rd2E y)yz + 2irbiE x)xz+2(fh Ex)xy = 1

In general form, under the external electric field applying the ellipsoid equation with
new coordinate system, x ; y "and z "in which the equation of the ellipsoid (4.17) does

not contain the mixed terms, it can be expressed as:

(4.18)

As is illustrated in the Fig. 4.9 our FEM crystal orientation is presented in such a way
that electric field is parallel to y-direction and Ey is presented in Z-direction. In other
words our FEM y-direction is presented with Z in real crystal orientation. However, the
electrooptic effect is investigated in accordance with real crystal orientation shown in
the above figures. The effect ofthe field has been to render the crystal biaxial and rotate
the indicaterix in the xy plane. Let it be assumed that the indicatrix has been rotated so
that its new principle axes are x y ’are at an angle 6 to the original principal axis with
Ey applied, as no cross term involved z has been introduced into the equation as

illustrated in the Fig. 4.11. (see Appendix 1).

Fig. 4.11 Intersection ofindex ellipsoid with x-y plane.
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X = -j=(x"+.y")= x'c0s45° + y'sin45° (4.19)
V2

y = -f‘=,(-x'+y')= -x'sin45° + y'cos45° (4.20)
1

NV =no+"33Ey (4.21)

ny =no-~Yr*Ey (4.22)
(4.23)
Insert the electrooptic tensors from:
n = iwEj or (@4 =-v Z " - (4.24)
Vo Ji o j=) j=1
r220y Ttz 12 x 65Ex
-n

Anij = 2 ~r224x ,uEy +63E, }’DCSEy (425)

r*Ex is\Ey r32Ez

where 7 is either the ordinary no or extraordinary ne. If the voltage is applied along y
direction, the electrooptic induced index change for light polarized along the y direction,
which sees the extraordinary index and the highest value of the tensors, in this case 73s

coefficient is:
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(4.26)
In this case the refractive index change under the voltage applied is:
An(x.y>V)=-yrE (x,y) (4.27)
The new refractive index is:
Pers (X, Y5 V) (x.y)+An(x,y,V) (4.28)

The off diagonal elements of (4.22) have to be utilized for the waveguide polarization
modulation.  Lithium niobate is an anisotropic, uniaxial crystal where

n)=nx-ny=2.23 andne=nz=2.15 at X=1.55Ltm. Due to the crystal symmetry in

LiNbo3 we have presented in Fig. 4.9 and Fig. 4.10 two useful crystal orientations, Z-cut
and X-cut. With Z-cut, Y- propagation crystal orientation, where electric field is
perpendicular to the waveguide, the strongest electrooptic diagonal coefficient is r”,
therefore this configuration provides maximum modulation for the TM mode
(polarization in the plane of the substrate). For a Z-cut it is important to have an optical
isolating layer to avoid increase of optical loss, such as use of SiCh. The X-cut and Y-
propagation configuration offers utilization of the largest diagonal coefficient for TE

mode (polarization in the plane ofthe substrate).

4.6 Electrooptic effect of the GaAs (modulators) crystal

orientation
Practical modulators are operating as transverse electrooptic modulators where the

electric field is applied normal to the direction of the propagation, as illustrated in Fig.
4.12. As shown in figure 4.12 the whole structure is deposited on very thick insulating
GaAs substrate. In these cases a 0.1 /xm thick highly doped (1x10 18)/cm3 GaAs layer

below the lower cladding is considered as the ground electrode, placed between the
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10%AlGaAs layer and the substrate, while the hot electrode, V ~0 is deposited on the

top of the buffer AlGaAs layer. The crystal structure of the III-V is 43m or Zinc blend,

where the crystal orientation is (001) in Miller indices plane as illustrated in Fig. 4.13.

Hot electrode, E (im)

X1 % AlGaAs, Buffer
Layer B(iun)

GaAs Core
H (iam)

10 % AlGads
cladding 0.2 (jwi)

Ground electrode

0.1 (fini)

5 % AlGads

Gads
Substrate

Fig. 4.12 Deeply-etched semiconductor electooptic modulator.

The vertical electric field applied in the (001) direction increases the index of refraction
by An in (Oil) direction and decreases in(01 1). In other words, the index increases

along one of'the two mutually orthogonal directions parallel to the surface of the crystal.
The decrease happens by the same amount in the other orthogonal direction. No index
change is observed in (001) direction which implies that a vertical applied electric field

to an (OOl)-oriented crystal will only modulate the TE mode of the optical waveguide in
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which the main electric field component of the optical mode is either in (011) or (Oil)

directions, in other words it is tangential to the surface. It is important to mention that no
modulation will result for the TM mode which has its main electric field component in

(001) direction, normal to the surface ofthe crystal (Wang 1988).

(OH)

Increase index ofrefraction by An

Electric field applied

Decrease index of refraction by An

Fig. 4.13 Miller Indices.

The equation (4.11) for a GaAs crystal orientated as presented above will take the form:

0 O
0 O
00 (4.29)
> 0 0
ri2 0
0 s

where nonzero tensors are:
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r=rll=r2=r@=1L4-1lg-«m (4.30)

Thus substituting equation (4.11) and (4.12) into (4.8) yields:

2 ;2 2

A +Al’é +2j +2rdIExyz + 20dIE xz +2rGE 2y = 1 (4.31)
n

In general form, under the external electric field applying the ellipsoid equation with
new coordinate system, x y “and z’in which the equation of the ellipsoid (4.17) does

not contain the mixed terms it can be expressed as:

x'2 y'2 z'2
. A (4.32)
il " nZ nd

where, n X, n and n 2 are the semi-major axes of the new ellipsoid, with coordinates in
which x "andy’ are related to x andy via a 45° rotation, as illustrated in the Fig. 4.11.
After substituting equations (4.19) and (4.20) for x* and y’ in the equation (4.31) and

(4.32) the new refractive index will become (see Appendix 1):

(4.33)

Since;
"IN - 2 - 2 1

= ~ dn'x ~ ~ dn'x as (rEz « — ) (434)
V Ixj r

'"3“A"3E (4.35)
dn'J =—r :

\nx 2 2
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Similarly

(4.36)
since
nixy=n 4 d (n ') (4.37)
0\ - nBE (4.38)

2 z
(4.39)
=nz=n (4.40)

In this case E, plays the role of Ey from Laplace and z is the direction of the
propagation.
Therefore the refractive index distribution becomes a 3x3 tensor and depends on the

electric field applied as given by:

n(x,y) +Anxx(x,y) Anxy(x,y) 0
n(x,y) Amyx{x,y) n(x,y) +An}y(x,y) 0
0 0 n(x,y) +Anz(x,y)
(4.41)
nxx xy nxz
nyx nyz
nzx zy nzz
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where n(x, y) is the refractive index distribution of the structure in the case where the
external field is not applied, whereas, Anxy Anxy, Anyx, and Anrz are the changes in the
refractive index occurring due to the electrooptic effect and these are related to the

external field applied via

AnX=-Anz = — r"Ey(x,y), Amy =0 (4.42)

Ay =Amx =" "~ y\| MEx(x,y) (4.43)

The phenomenon of birefringence does not apply with isotropic media such as GaAs

substrate.

4.7 Calculation of half-wave length product v+,

Low driving voltage operation is the key point bringing electrooptic modulators into
practical use because this eliminates the need for high speed electrical amplifiers. The
low power and high-frequency operation of the modulator will make these devices
useful for external modulators. The drive voltage must be very low, because the
electrical driver has very low output and needs a large bandwidth amplifier. For MZ
modulators, a phase shift T appears between two arms. If the output waveguides of the
modulator are single-mode the total optical power at the output can be considered to a
first approximation as a weighted sum ofthe optical power from two arms. As discussed
above the usual voltage for a it phase shift is several volts. The term V/L is the product
of the half-wave voltage, Vm and the interaction length, L, ofthe device and it is the key
parameter of an electrooptic modulator. The 3 dB optical bandwidth is the electrical
small signal 3 dB band under the condition that the modulators are biased in the linear
region or at phase quadrature region where the optical output intensity is approximately
a linear function ofthe applied voltage, with Vxthe DC bias voltage required to generate

a phase difference A/?. In order to obtain a low VT the overlap integral is to be

maximized, which can be achieved by fabrication of a Ti: LiNbCb (Titanium diffused
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lithium niobate) waveguide which could support the tightest confined optical
fundamental TE or TM mode.
The process of amplitude modulation of an optical signal is illustrated in Fig. 4.14. The

modulator is biased with a fixed retardation to the 50% transmission point.

Fig. 4.14 The process of the modulation of an optical signal.
This bias can be achieved by applying a voltage V=I/2 VT, where a small sinusoidal

modulation voltage will cause a nearly sinusoidal modulation ofthe transmitted intensity

as illustrated in the Fig. 4.14 The transmission of the light T is:

{ o jrl
7(%) =sin: " 7 (4.44)
Vxs

The operation of the LN electrooptic modulator is primarily through the phase

difference, A0, obtained between two arms ofthe device by applying voltage, where
AL=A/3m (4.45)

In this case the refractive index change under the voltage applied is:
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An(x,y,V) =-"-E y(x,y) (4.46)

The new refractive index is:

neMX>PV) = nM (x,y) + An(x,y,v) (4.47)

n = "linear + "electrooptic (448)

After solving waveguide equations for V-0 and V=Vgpued in other words after getting

the propagation constant J3 for both cases in both arms for LN, then;

AP = Pv=vqud ~ Pv=o (4-49)

the device length (Alfemess, 1988) is:

(4.50)

Therefore the figure of merit is:

K-1 = (4.51)

where V is the applied voltage, for Z-cut LN crystal orientation, the polarized mode is
TM, where the Hax is the (quasi-TM) fundamental mode. Whereas for the
semiconductor modulator considered in this research work, assuming that the two
waveguide branches of the MZ arrangement are sufficiently separated not to have
coupling between their isolated guided modes, the product, ¥,,L can be calculated using

equation (4.51) where, (3/4) [ivww  and with the propagation constants of the
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fundamental H x modes of the MZ arms with and without the applied voltage. As can
be deduced from the electrooptic effect the Ef (or Ex) modes are mainly affected by the

refractive index change in the x-direction, namely Anix, which are directly proportional

to Ey, while the Hx (or Ey) modes are, on the other hand, affected by the refractive

changes in the ~-direction, An , which is zero. That is why only the EE mode (quasi-

TE) will be considered throughout the semiconductor modulator investigation, However,

if an asymmetry has been brought to the structure, the horizontal field component, Ex,

will not be symmetric, giving rise to a nonzero 4n : an off-diagonal refractive index

component which can cause a coupling between the two orthogonal TE and TM modal

states.

4.8 Driving power calculation of the electrooptic modulators

In the design of the electrooptic modulators, the microwave attenuation and phase
velocity mismatch between the optical wave and the microwave are the two main
concerns, both of which depend critically on how the metal electrodes are designed. It is
very important to optimize the design of the electrodes in order to achieve both a high
bandwidth and a low driving power. In Chapter 5 of this thesis, the calculation of the
microwave parameters is investigated in detail. Given the impedance of the microwave

source, Zs, the driving power Pincan be calculated from (Hui, 1998)

V:

820 i- ' Z7=ZeV

where Zs usually is set to be 50 fl, VKis the half-wave voltage calculated under the
section of optical properties equation (4.51). Obviously, a low half-wave voltage is
required in order to achieve low driving power modulator design. Various attempt have
been made in order to achieve low driving power, primarily in the optimisation of the
device parameters, such as electrode thickness, buffer layer thickness and soon.

Therefore, in this research work many device parameters are investigated, involving
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electrode designs to achieve high bandwidth and low driving power. These results will
be illustrated in the subsequent result sections on the work carried on both types of

modulators, in LN and GaAs.

Summary

In this chapter we have presented briefly describes of most of commonly used optical
modulators, their characteristics and performance through many years on the market.
The role of the optical modulators in high speed communications systems is also briefly
discussed, including their characteristics which make these devices even more drivable
sources for future ultra-high speed communication systems. Various types of the
modulators are investigated in this section, in particular the LiNbog electrooptic
modulator and deeply-etched waveguide GaAs electrooptic modulator and their
electrooptic effects are also investigated in detail. This effect is described in terms of
third-rank tensors, »y expressing the linear dependence of the coefficients of the index
ellipsoid on the applied electric field. Arrangements with different crystal orientations
are discussed, involving Z-cut and A-cut LN crystal orientation used in LiNbCL
electrooptic modulators for future analysis, such as FEM analysis in the modeling of
electrooptic modulators. The details of electrooptic effect for general case are calculated
in Appendix 1. A similar approach has been applied for the deeply-etched semiconductor
modulator, but in accordance with the use of a semiconductor as the isotropic material,
their crystal orientation is based on the Miller Indices. The optical properties ofboth LN
and GaAs modulator are investigated. The half-wave voltage length product, L
calculation for both modulators is presented in this chapter, with respect to achieving
low driving power. Based on the study in this chapter, performance results for both

LiNbCL and GaAs modulators will be illustrated in subsequent chapters.
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Microwave properties of the electrooptic
modulators

5.1 Introduction
Electrode design is one of the most important aspects of modulator characteristics;

usually a first step in electrode design is to choose a proper transmission line structure.
In this chapter, the focus is on the design issues in achieving high-speed operation using
travelling-wave electrode structures. The optical response of a modulator is determined
by the microwave propagation characteristics of the electrode, namely, the potential
distribution, the electric fields, the capacitance calculation, the effective index of the
microwave, Nm the characteristic impedance, Zc, and the propagation losses, ac and ad.
These microwave propagation parameters can be calculated by using the quasi-TEM
techniques for their optimizations. Amongst various quasi-static approaches, Kitazawa et
al., 1992, used the spectral domain approach and Keen et al, 1990, employed the
method-of-lines to optimize LN optical modulators.

Pantic and Mittra (1986) have used the finite element method (FEM), which is one of
the most versatile methods for the simulation of many electromagnetic field problems.
Zhang and Miyoshi, 1995, have used the FEM along with the conformal transformation
to model open-type structures. Simple quasi-TEM analysis using a scalar field does yield
useful results, even in the high frequency range. The finite element method is capable of
handling transmission lines with rather arbitrary configurations, such as thick metal
electrodes, slanted wall of the ridge type structures, besides the anisotropic permittivity
and lossy metal and dielectric materials, as encountered in practical devices. Because of
its generality, the FEM is employed in this research work for the analysis of LiINbCE and
GaAs electrooptic modulators illustrated in the Fig. 5.1-5.2 as coplanar and microstrip

type transmission lines, respectively. The analysis is based on a quasi-TEM model
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which is adequate for microwave frequencies in communication applications, typically

for high-speed digital circuits.

V=5[V]

Fig. 5.1 Coplanar waveguide (CPW) LiNbCL electrooptic modulator.

V=5[V]

Buffer layer or
Upper cladding

Waveguidi

Lower
Cladding

Substrates

Fig. 5.2 Microstrip type Semiconductor electrooptic modulator.
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The term “coplanar lines” is used for those transmission lines for which all the
conductors are in the same plane; namely on top surface of the dielectric substrate.
These transmission lines include (CPW) coplanar waveguide, (CPS) coplanar strips. The
term “microstrip line” is used for those transmission lines for which the conductors are
in the same vertical plane; the hot electrode is placed on the top of the dielectric surface
and at the bottom of'the dielectric surface is placed the ground electrode. In this research
work, the dielectric conductivity of the bottom electrode shown here in the Fig. 5.2, is

ignored.

5.2 Quasi-TEM analysis of electrooptic modulators by the

finite element method.

Coplanar waveguide consists of a centre strip with two ground planes located parallel to
and in the plane of the strip. The main components of fields are electric and magnetic,
the wave propagating along the line is called TEM mode. This approximation reduces
the problem to that of finding the scalar potential function at every node for the entire

domain.

Electric field

Fig. 5.3 Electrooptic LiNbOa CPW modulator fields distributions.
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The electric and magnetic field configurations for quasi-static approximation are shown
in Fig. 5.3. The electric field is represented with solid lines, whereas magnetic field is
shown with dashed lines. It is obvious that electric field lines and magnetic field lines
are perpendicular to each other, which conforms to Maxwell’s equations (given in the

Chapter 3 of this thesis).

b)

Fig. 5.4 a) Triangle elements over an L-shape region b).Typical triangle element in x-y

plane.

A simple and fast quasi-TEM FEM is used in this work to analyze numerically the
modulator structure illustrated in the Fig. 5.3. In the quasi-static approximation, the

scalar potential function (j)(x y) is governed by Laplace’s equation, as given below:

. 9:<5(xy)

> (5.1)

or

vV =o (5.2)
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To construct an approximation solution by a simple FEM, the problem region is
subdivided into triangle elements as indicted in Fig. 5.4. The potential distribution over

first-order triangle elements represents the nodal value and is defined as:

Ux,y) = +btx +cty (5.3)

where <y) =U(x,y) and coefficients af, bh and c, are calculated under the Chapter 3

equation (3.38)-(3.40). It then follows immediately from the local (area) coordinates of

definition that:

Zi+7,+73—1 (5.4)

where, Lj, L>, and L; are local coordinates and (x, y) are global coordinates, the usual

Cartesian coordinates, their relation is defined as:

x =v,Z, +x2L2+ X343
> (5.5)
y =y L, +y:L> +ysL;

The potential value ofthe element, which consists ofthree nodes is:

U=YUtat{x,y) (5.6)
1=1

where,

a, = 2A{("2>3 - A>2) 4+ (1 2- t 3)x + (-c - X2y ) (5.7)

where A represents the surface area of the triangle. The remaining two functions (co and

«3) can be obtained by cycling interchange of subscripts. It can be noted that the newly
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defined functions are interpolatory on the three vertices of the triangle, that each

function vanishes at all vertices but one, and that it has unity value at that one:

for i*j\

for i=j1] (5:8)

Fig. 5.5 Potential distribution for the LiNbC:g electrooptic modulator considered at

voltage applied, V = 5 volt.
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The potential distribution for all elements is associated with an assemblage of many
elements. In general, the sum of all the potential distribution of the individual elements

is defined as;

u= (5.9)

all  elements

The potential gradient within the element can be found as:

Vi/=£t/,Va, (5.10)

i=\

(5.11)
all.el. i=1

Equation (5.9) represents the potential distribution at every node for the entire region,
illustrated in Fig. 5.5. It can be seen that the voltage applied is 5 volt, for the considered
structure shown in Fig. 5.3. Similarly there is calculated the potential distribution for the

GaAs electrooptic modulator structure shown here in the Fig. 5.2 as microstrip line.

5.3 Electric fields calculations

Central to the analysis of electrooptic modulator structure, such as LiNbos and GaAs
modulators, is the solution of the Laplace equation for the potential distribution, <k v).
From the Laplace equation given in the equation (5.1), the following Lagrangian

function can be obtained (Yong, 1988).

df'2 [ d £
faf +e.l }dxdy (5.12)

MJ | dxj \ dy j

where, ex and sy are the permittivity in the x and y directions respectively. For LN, as

anisotropic media, sx =43 and sy =28, whereas for GaAs as isotropic media sx = sy= 12.

S.Haxha@City.ac.uk 113



Chapter 5 Microwave properties ofthe electrooptic modulators

By discretizing the modulator cross-section with many triangular elements and solving
the highly sparse resultant algebraic equation generated, after the application of the
Galerkin procedure, the nodal values of the potential @)are obtained for the given applied
voltage, with the electrodes as boundary conditions. Once < y) is determined, both the
horizontal, Ex(x,y) and the vertical, Ey(x,y) modulating electric field components can

also be determined using:

E(x,y) =-V 5ty (5.13)
fim

The negative sign is required in order that the electric field’s intensity point towards a
decrease in potential, according to the usual convention. Results on the electrode
configuration involving electric fields distribution, Ex(x,y) and Ey(xy) for both
electrooptic modulators including LiNbCL and GaAs will be discussed in more details in

the subsequent chapters.

5.4 Capacitance calculation of the electrooptic modulators.

Various methods have been reported for the capacitance calculation of coplanar
transmission lines. Some of these methods are conformal mapping method (CMM)
(Ramer, 1982), variational method in Fourier transformed domain (VMFD) (Yamashita,
1968). These methods cannot be applied to the three strip lines where the strip lines have
a finite width and nonzero thickness. Therefore, a finite element method is capable of
handling structures whose cross-section geometry is illustrated in the Fig. 5.6.

From the Laplace equation, the Lagrangian functional in the equation (5.12) and by
applying the finite element method, the potential values at every node are obtained as
explained above under the section of the potential distribution. The source of the

potential is the middle electrode, sometimes denoted as the “hot electrode”.
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|11
28

— 180

— 0450

Fig. 5.6 Cross-section geometry of three parallel strip lines, equipotential lines

(potential lines) with integration path.

The potential distribution for all elements is defined from the equation (5.9). From these
potential values, the capacitance, C per unit length can be evaluated using the divergence

theorem, given in Appendix 2:
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(5.14)
where, Q is the electrostatic charge defined as:
Q= 1Jv *Ddv (5.15)
V
Illustrated by the divergence theorem, Appendix 2, equation (A2.6) gives
D =50FE =-e¢0En" (5.16)

on

where, D is the normal component of the electric flux, £ is the normal component of

electricity intensity, () is node potential distribution along the line, and » is the normal

vector.
Jv *Ddv = ¢jsesn2j *dl (5.17)
14 K

after substituting equations (5.16) and (5.17) into equation (5.15) the capacitance

formulation is:

s dn

where Jo is the magnitude of applied voltage, as illustrated in the Fig. 5.6 hot electrode,
S is the integration contour, and the subscript » means normal to the contour of
integration. The integration contour S is designed to encircle all the electrodes, where the

voltage is applied. In our case the contour is encircling the hot electrode which is placed
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on the top of the waveguide and in sides, left and right, with ground electrodes, with
zero potential values. This method of capacitance calculation is very useful, because it
can be applied to arbitrary shaped electrodes in anisotropic and inhomogeneous
dielectric media. Furthermore, this procedure can reduce computer time compared with
the conventional variational techniques.

The substrate interface between the layers has to be taken into consideration, especially
when dealing with anisotropic media such as LN, where the permittivity constant
changes in x and y directions. In such situations, the permittivity at these points is taken
as an average value between two dielectric constants. The same approach is applied for
capacitance calculation of the deep-etched semiconductor electrooptic modulator. The
contour path is encircling the hot electrode as illustrated in Fig. 5.6 and the dielectric

constant of GaAs does not change along x and y direction.

5.5. Microwave index calculation of the electrooptic

modulators

Microwave effective index is defined as ratio between capacitance per unit length of the
actual line of the modulator structure and free space line capacitance,Co. Free space line

capacitance calculation, involves the same procedure as capacitance per unit length
calculation, except the dielectric constants now are replaced by air, sr =\. After the

capacitance per unit length of the actual line and free space line capacitance the

microwave group velocity or phase velocity will be defined as (Gupta, 1979).

(5.19)

where, ¢ = 3.0 x 10s m/s is the velocity of electromagnetic wave in free space, Nmis

microwave effective index defined as:

AA (5.20)
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The effective (dielectric) permittivity is defined as:

(5.21)

The velocity mismatch factor, N is defined as difference between optical and
y p

microwave group velocities, with N0and Nmthe optical and microwave group refractive

indices, defined as:

Mo = (5.22)

where, microwave and optical group refractive indices depend primarily on the dielectric
constants involved in the modulator fabrication and the modulator structure. For the LN
electrooptic modulators, considered in this research work, NO= 2.15, whereas Nmhas to
be calculated from the eq. (5.20). Also for deeply-etched semiconductor electrooptic
modulator structure investigated here the typical optical effective index is NO= 3.35.
Velocity matching between optical and microwave signals involves a great deal of the
modulator design, therefore this issue will be discussed widely in the separate section of

this research work.

5.6. Characteristic impedance calculation of the electrooptic

modulators

After the capacitance per unit length of'the actual line and free space line capacitance the

characteristic impedance is defined as (Koshiba, 1999).

(5.23)
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where, ¢, C and Co are defined above, under the microwave index section. The
expression (5.23) is for a single line, but the same procedure can be applied to find the
capacitance and characteristic impedance for even and odd modes of two coupled lines
or to find the capacitance for a system of n lines. The electromagnetic field distribution

can also be defined

E0=-V3$ (5.24)

HO=—F Oxz (5.25)

where, z is unit vector in the z direction and ¢ is the intrinsic impedance ofthe medium

f \
377[£2]
n= M (5.26)
\ foJ ‘eff K,

where, Zois free space impedance, and other parameters are defined above.

A “coupled line” configuration consists of two transmission lines such as microstrip
lines placed parallel to each other and in close proximity as illustrated in the Fig. 5.7. In
this case a coupling between the electromagnetic fields in two lines is caused. Because
of the coupling of electromagnetic fields, a pair of coupled lines can support two
different modes of propagation (Flatsuda, 1975). Therefore, these modes have different
characteristic impedances.

For quasi-static analysis of coupled microstrip lines, the calculation of even and odd
impedance must be employed. The integration path would be the same as the
capacitance calculation for single strip line, except now we have two different hot
electrodes. Odd mode is considered when the voltage is applied in both hot electrodes,
V/ and 712, but with different polarization as illustrated in Fig. 5.7 (V) = 10 V, V2= - 10
V). Even mode is the opposite of the odd, where both hot electrodes have the same

polarity (Vi = V2= 10 V). Therefore, according to the electrodes polarizations, we have

S.Flaxha@City.ac.uk 119


mailto:S.Flaxha@City.ac.uk

Chapter 5 Microwave properties of'the electrooptic modulators

even and odd characteristic impedance. On the bases of the quasi-TEM assumptions the

calculation of even and odd characteristic impedance is employed.

Fig. 5.7 Traveling-wave electrooptic modulator with coupled electrode (Vi and V2).

The odd and even impedances are expressed in terms of the capacitance as

M (5.27)

70dd

A,

re =g = M (5.28)

, =
y C"even”(Oeven
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where, CQidis calculated when, Vi = V2= 10V, and Caenis calculated when Vi =- 10 V
and V2 = 10 V. Usually Z# is almost twice the Zawen value. The variation of these
characteristic impedances for different structures such as LiNbCb electrooptic
modulator, semiconductor electrooptic modulator and for the electrooptic modulator

illustrated in the Fig. 5.7 will be shown in the results chapter.

5.7 Conductor loss calculation

Losses for nonmagnetic substrate are discussed in this subsection. Conductor losses are
losses caused by imperfect conductors, in this case metal (gold) electrodes. Conductor
loss or attenuation constant in this research work is investigated by using the
“incremental inductance rule” (Koshiba, 1999). In this method the series surface
resistance R per unit length is expressed in terms of that part of the total inductance per
unit length which is attributable to the skin effect, i.e., the inductance produced by the
magnetic field within the conductors.

The attenuation constant because of conductor loss (ohmic) loss is defined as:

Rs dL= Rs dZA) "~Bi"GHz.cm) (5.29)
2mZc dn 2ZdZC dn

where, Zc characteristic impedance and Zq free space impedance are defined under the
impedance calculation subsection, Rs is the surface resistance of the conductors at

frequency of 1 GHz is defined as:

(5.30)

and resistivity, or conductivity of'the gold is;

or=—=4.1x107— (5.31)
P m
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Electric field
dn e Magnetic field

Fig. 5.8 Recession of conducting walls of LINbCh modulator structure.

Fig. 5.9 Recession of conducting walls of GaAs modulator structure.
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The term dZC0/dn denotes the derivative of Zco with respect to the incremental

recession of the surface electrodes illustrated in the Fig. 5.8 for the LiNbCh modulator
structure and Fig. 5.9 for the GaAs modulator structure. Usually the unit for attenuation

constant is in neper where, \neper = 8.686dB . The amount of recession is equal to the

skin depth &8 =(2/co/uac)V2. The effects of the electrode design and the conductor

losses of both electrooptic modulators, LN and GaAs, are illustrated in the subsequent

chapters, where device performances are investigated in details.

5.8 Dielectric losses

Attenuation due to the dielectric loss of the media is caused by the molecular absorption
of the dielectric. If there is a loss in dielectric, the dielectric constant s is a complex

quantity. Thus,

e =e'-je" (5.32)

where, £+is the real part of the dielectric constant and A'is the imaginary part of the

dielectric constant.

jcazE =cos"E +jae'E (5.33)

Therefore, for relative permittivity yields,

£r=£r-j£" (5.34)

The loss tangent of'the dielectric material is given by;

tan8 =X - (5.35)
£r
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Microwave loss due to lossy dielectrics can be calculated by using the perturbation

theory (Pantic and Mittra, 1986).

a,. (5.36)

where Pd and Po are the time-averaged powers dissipated in the dielectrics and the total

power. From the scalar potential profile <5y ), the transverse components of the

electric fields Ex and Ey (defined above) may be calculated and these fields profiles can

subsequently be used to obtain Po and Pd as follows:

ds = QG (5.37)

S diel

where, tangent tan S is assumed to be very small in the way that perturbation fields can

be approximated to the fields for the lossless condition, £ 0, H 0, co= Inf'is the angular

frequency, and in our calculation,/= [GHz, and Sdéd is the area of'the dielectric.

PO =Re Jx HY)-zds (5.38)

S

where, § is complete cross section ofthe line. According to Maxwell’s equations;

E0=-V{=xEx+yE =-x-—3<E—y 0 (5.39)
dx " dy
whereas magnetic field is
H0=--|E Oxz =--(-yEx+xE)=xHx+yH (5.40)
r r
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After substituting equations (5.39) and (5.40) and applying the cross and dot product
yields:

(5.41)

After substituting equations (5.41) and (5.37) into equation (5.36) the dielectric loss can
be calculated for different dielectric layers, with its corresponding tan 5 . The dielectric
loss in this research work is calculated for LINbCh and GaAs electroptic modulators. For
electrooptic modulator dielectric loss is calculated for LN and SiCT layers, their tan S

are aIN=0.004 and xS0 = 0.016 (Minakata, 2001). For the semiconductor electrooptic

modulator dielectric losses are calculated separately for every GaAs/AlxGai xAs layer
and for the coating thickness of Taz2os, their tanj are: (Wu, 1991)

tanSGuyAGAs = 0.0003 and tanSZT0; = 0.053 (Khan, 1993). The effects of the

dielectric losses on the device performances for both electrooptic modulators, LN and

GaAs, respectively are illustrated under the subsequent chapters.

5.9 Bandwidth calculation

The potential bandwidth ofthe electrooptic waveguide modulators is, in practice, always
limited by distributed-circuit effects. The electrooptic effect is an electronic
phenomenon that has a sub-picosecond response time. The achievable modulation speed
depends upon several factors. The speed of the modulator is the speed at which the
modulator processes data, measured in Gb/sec. The speed of the modulator is dependent
on its bandwidth. A higher bandwidth yields higher speed modulator. The optical
response of a modulator is determined by the microwave propagation characteristics of
the electrode, namely, the effective index of the microwave, Nm the characteristic
impedance, Zc, and the overall propagation losses. The modulator bandwidth is primary
restricted by the velocity (speed) mismatch between microwave and optical carrier,
conductor loss impedance mismatch and dielectric loss (at high frequency modulation).

The mismatch between the electrical and the optical signals is very important in order to
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achieve maximum bandwidth. The general equation of the optical response is given

(Koshiba, 1999) as:

1-S 82
m(J) . . (5.42)
(1 +S2)[ejlu*- SxS2 lju-]

where
=-AN mTN.)-AZaL (5.43)
C
_ 5.44
3= 71+7C (544)
5, W2 C (5.45)
/\2 +

Where, L is electrode length, ¢ is the velocity of light in a vacuum, Zc, Zi, and Z: are the
microwave characteristic impedance, the microwave generator internal impedance, and
the shunted loaded impedance, respectively. Here Nmis microwave effective index, N0is
optical effective index, a represents overall microwave and dielectric losses, and c is the

velocity oflight. After applying mathematical formulas such as:

sinw = <M (5.46)
2j

Under the impedance matching condition Zc=Z/= Zj, which is often set to 50 fi, the

bandwidth is limited by the velocity mismatch and the total microwave loss, and thus the

optical response equation is reduced to:
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sin u+

m(f) (5.47)

u-+

Under both impedance and phase matched conditions Zc=Z/= Zj, and Nm=NOwhere NO
is often taken as 2.15 at X=1.55 /xm, for LINbCb modulator structure whereas for GaAs is
taken as 3.35 at \=1.55 /xm. The bandwidth is limited by the microwave loss only, and
then the optical response equation is further reduced, with the 3dB optical bandwidth, 4 f
and is given by (Minakata, 2001):

"6.84V

= 5.48
ladj (49

A/

where ac is conductor loss in dB per unit length normalized at 1 GHz. However, in the

estimation of the modulator bandwidth the critical factor is the velocity mismatch, and
when this is not achieved, the 3dB optical bandwidth, Af, is determined approximately
by (Minakata, 2001):

2C

= (5.49)
ANo-Kn\L

A/

The optical 3dB bandwidth corresponds to the electrical 6dB bandwidth. For optical
modulators operating beyond 40 GHz, the total dielectric loss will play a significant role
in the determination of the overall speed of the modulator. In the calculation of optical
bandwidth often only the conductor loss is considered. However, when the dielectric

loss is included, then the total frequency dependence loss may be given by:

a(f) =ac4f+adf (5-50)

If ac and ad are normalized at 1 GHz, then/ is given in GHz. Here ac is conductor

loss in dB/VGHz -cm and ad total dielectric loss in units of dB/GHz-cm. The

S.Haxha@City.ac.uk 127


mailto:S.Haxha@City.ac.uk

Chapter 5 Microwave properties ofthe electrooptic modulators

dielectric loss can arising from different lossy microwave regions and in this for LINbCL

electrooptic modulator case,

ad~adlL+adS (5.51)

where ad. and adS are the dielectric losses in the LN and SiCseregions respectively.

The dielectric loss arisen from different lossy microwave regions in semiconductor

electrooptic modulator case are;

ad - a AlGads/Gads - 0CTalO5 (5.52)

where aM@AslGiAs and a Ty are the dielectric losses in the AlGaAs/GaAs (layers) and

TaiOs regions, respectively.

The effect of the impedance mismatch, conductor loss, dielectric loss and velocity
mismatch on the bandwidth and subsequent attempt to match both Nmand Zc and their
effects on the bandwidth are presented in the subsequent chapters for both LN and GaAs

electrooptic modulators.

5.10 Velocity matching techniques

Travelling wave electrooptic modulators fabricated in the substrate materials for which
the optical and microwave velocities are equal offer the potential of very high
modulation bandwidth. However, for important materials such as lithium niobate and
gallium arsenide there is an inherent mismatch between the optical and microwave
velocities. As a result, the maximum achievable drive frequency decreases as the
modulator length is increased. Conversely, to lower the drive voltage and drive power, a
longer device length is required, which is reducing the device performances for high-
speed communications systems.

The velocity mismatch factor ud is defined as the difference between optical and

microwave group velocities, with N0 and Nmthe optical and microwave group refractive

indices, defined in the equation (5.22) where microwave and optical group refractive
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indices depend primarily on the dielectric constants involved in the modulator
fabrication and the modulator structure. For the LN electrooptic modulators considered
in this research work N0 = 2.15, whereas, Nmhas to be calculated from the eq. (5.20).
Also for deeply-etched semiconductor electrooptic modulator structure which is
investigated here the optical velocity is NO- 3.35.

In order to achieve velocity matching between two signals, for LN electroptic modulator
the microwave velocity has to be increased, whereas for GaAs electrooptic modulator

the microwave velocity has to be reduced.

Electrodes

X

Fig. 5.10 General principal work of the traveling wave phase LiNbCE electrooptic

modulator.

The optical response of a modulator is determined by the microwave propagation
characteristics of the electrode, namely, the effective index of the microwave, Nm the
characteristic impedance, Zc, and the overall propagation losses. The basic traveling
wave phase electrooptic modulator is illustrated in Fig. 5.10. Under the impedance
matching condition, Z¢Zi= Z2, which is often set to 50 fl, the bandwidth is limited by
the velocity mismatch and the total microwave loss, and thus the optical response
equation is given by equation (5.47). Ftowever, in the estimation of the modulator
bandwidth the critical factor is the velocity mismatch, and when this is not achieved, the

3dB optical bandwidth, 4f, is determined approximately by the equation (5.49).
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Several techniques which can be generally described as real-velocity matching and
artificial-velocity matching have been proposed for LN electrooptic modulators. In
artificial-velocity-matching techniques, one seeks not necessary to increase the
bandwidth of the modulator, but rather the shape and shift of the frequency response.
New design electrode configurations are proposed, which are refereed to as reverse
phase electrodes, where velocity matching is achieved by periodic phase reverse
electrode configuration (Alfemess, 1984). Also proposed, has been a combination of
phase reveres and intermittent interaction electrodes, to achieve velocity-matching.
Kawano and Noguchi (Kawano and Noguchi, 1991) proposed a shielded plane velocity-

matched LiNbCsgelectrooptic modulator.

Fig. 5.11 Cross-section of the LiNbC>g (@) un-etched and (b) etched Mach-Zehnder

modulator.
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In real velocity matching techniques once the structure is designed, then an attempt is
made to modify the effective propagation velocity of either optical or, more typically,
the electrical signal to equalize NO and Nm These techniques applied for LiNbogs
electroptic modulators include a high-index overlayer and etching of the lithium niobate
to increase electrical field into the lower-index air to speed up the electrical signal. Such
technique is applied in this research work, achieving the velocity matching and
impedance matching simultaneously, showing a significant increase of the bandwidth of
the modulator. Most high-speed modulators are based on the Mach-Zehnder approach
fabricated on Z-cut LN substrates and operating with a vertical electric field to utilize
the largest electrooptic coefficient rsg3 of LN, illustrated in Fig. 5.11 for etched and
unetched structures. The relative dielectric constants of z-cut LN substrate were 28 and
43 in the perpendicular and parallel directions to the substrate surface respectively. To
reduce optical loss due to lossy metal electrode, often a SiCxebuffer layer is used, which
also assists in the phase matching. The relative dielectric constant of the SiCF buffer
layer is taken as 3.9. The coplanar waveguide (CPW) electrode is commonly used as a
travelling-wave electrode for Ti:LN optical modulator because it provides good
connection to an external coaxial line.

Although GaAs electrooptic modulators suffer from a relatively smaller electrooptic
coefficient, compared to the traditional materials like LiNbCL this is however partly
compensated by their higher refractive indices. Often travelling-wave designs are
employed to increase the interaction length between the optical signal and the electrical
signal and thus reduce the modulator half-wave voltage (V7. These designs will increase
the interaction length up to a point, but they are still limited by the velocity mismatch
between the optical signal and the microwave signal. In this work, illustrated in Fig.
5.12, a newly proposed structure for a deep-etched electrooptic modulator is employed
where the velocity matching is achieved by introducing a tantalum pentoxide, Ta"Os,
coating which has a high relative dielectric constant at the microwave frequency,

£. - 27, but a low refractive index at the optical frequency, n=2.03. Tantalum pentoxide

(Ta2Cs) has been investigated over the past decade and is a low-absorption material,
suitable for optical coating. Two types of tantalum pentoxide Taz2o0s overlayers

arrangement structures have been investigated, designated” and B, shown in Fig. 5.12.

S.Haxha@City.ac.uk 131


mailto:S.Haxha@City.ac.uk

Chapter 5 Microwave properties ofthe electrooptic modulators

In the structure 4 as shown in Fig. 5.12 a, tantalum pentoxide is deposited all around the
mesa. In the structure B as shown in Fig. 5.12 b, the Taz205 thickness is deposited on the
two sides of the mesa. In these cases a 0.1 pm thick highly doped (1x1018)/cmg GaAs

layer below the lower cladding is considered as the ground electrode.

Fig. 5.12 Schematic diagrams of a deep-etched GaAs/AlGaAs of the semiconductor

electrooptic modulators for two types ofthe Ta20 5 overlayers arrangements, 4 and B.
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Various attempts have been made to achieve velocity matching, such as by placing a
GaAs superstrate over the GaAs (Nees, 1989) travelling-wave modulator, where the
velocity of'the electrical signal is reduced to that of optical signal. However earlier work
reported (Nees, 1989) indicates that the product of the half-wave voltage length product
VjL, was too high, at 288 V. The use of slow-wave electrodes, fabricated on undoped
epitaxial layers by Spikerman, 1996, has enabled the achievement of near velocity
matching, with an impedance Zo of 46+1 fi, a bandwidth greater than 40 GHz and a
value VjL product of 16.8 V. Another approach which combines p-i-n and coplanar
features has also been reported (Tan, 1990) with a bandwidth up to 15 GHz. A
travelling wave modulator with the bandwidth around 50 GHz and a value of V'Tin the
region of 10 volts at 1300nm has been reported by Walker, 1994, in which the velocity
matching was achieved by means of a loaded (slow-wave) transmission-line. Recently
(Craig, 1997) reported a technique to deposit an amorphous hydrogenated silicon cover
on the coplanar electrical waveguide of the electrooptic modulator, where the silicon
acts as both a cladding for the optical waveguide and a slow-wave structure to the
electrical signal and the approximate value of the bandwidth has been measured as 20
GHz, with the switching voltage being 54 Volts at 1.55/im and showing a velocity
matched intersection length of 8.3 milimeters.

To date, most of the work reported has focused only on obtaining the velocity matching
condition as one of the essential aims of the design process. For the next generation of
ultra-high-speed modulators, it is necessary to optimize the electrode structures to
achieve simultaneous matching of the velocity and impedance along with a reduced

overall microwave loss.

Summary

In this chapter an investigation into microwave properties of electrooptic modulators, in
particular LiNbCE and semiconductor modulators has been reported. Both types of
modulator structures have been presented in this section. An analytical approach using
quasi-TEM and FEM has been presented in the calculation of microwave parameters.
Starting with potential distribution for both structures, the electric field and magnetic

field components have been investigated in detail. The capacitance calculation through
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the line integral based on the divergence theorem (given in the Appendix 5) has been
presented in details in this chapter. Attenuation constants for both conductor loss and
dielectric loss have been explained, and their effects on the device performance briefly
discussed. The bandwidth calculation has been presented and the effects of conductor
and dielectric loss on the bandwidth calculation has also investigated. One of the most
important parameters in the overall bandwidth determination of the electrooptic
modulator is the velocity mismatch between the optical carrier and electrical signal,
carried in this chapter. The effect of the impedance mismatch on the bandwidth and a
subsequent attempt to match both Nmand Zq and their effects on the bandwidth have also
been presented. Based on the study in this chapter a future investigation of the
microwave properties, and velocity matching for both LiNbCh and GaAs modulators,

will be illustrated in subsequent chapters.
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Unetched Lithium Niobate Electrooptic Modulator

6.1 Introduction

Various studies have been reported concerning optical modulators that use titanium-
diffused lithium niobate (Ti: LiNbCE) for optical modulators that are applicable to high-
speed optical communication, optical information processing and optical sensing
systems. Optical modulators are essential components for digital and analog fibre optic
transmission. Even though there has been considerable interest in electrooptic
waveguides made from dielectric crystals such as LiNbog, over the past few decades,
there is still a strong demand for devices fabricated from this material because of its
advantageous properties such as its low transmission loss, large -electro-optical
coefficient, as well as the low chirp and high bandwidth with which it is associated
(Wooten, 2000). However, because of the nature of dielectric crystals, the material
cannot be integrated with other electro-optic materials such as semiconductors, and it is
because of this that LINbCE modulators are used for external modulation applications.
The guiding in LiNbCE is achieved by the introduction of another material, of which Ti-
indiffusion (Korotky, 1987) and annealed proton exchanges (APE) (Charczenko, 1993)
are the better known techniques. However, Ti-in diffusion is mainly used in LiNbCE-
based modulator devices and the technique which is used throughout research work in
etched and unetched structures.

The most important performances of the optical modulators are determined by optical 3
dB bandwidth, B (GHz), and the driving power, P (mW), where these two factors are in
a trade-offrelationship. Also, the main restriction in the broad-band improvement of LN
modulators is caused by phase velocity mismatch between microwaves and optical
waves. Impedance mismatch plays significant bandwidth reduction also.

There are many waveguide devices which are fabricated using LiNbCb such as
directional couplers (Anwar, 1999), Mach-Zehnder interferometers (Anwar, 2002),

amplifiers (Kawano, 1992), wavelength filters and switches (Pohlmenn, 1991). and
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polarisation controllers (Heismann, 1994). However, in this research work only the
design of LINbCL modulators is addressed.

Most high-speed modulators are based on the Mach-Zehnder approach fabricated on Z-
cut LN substrates and operate with a vertical electric field to utilize the largest
electrooptic coefficient ra of LN. The relative dielectric constants of Z-cut LN substrate
were 28 and 43 in the perpendicular and parallel directions to the substrate surface,
respectively. For modulators signal frequency to reduce optical loss due to lossy metal
electrode, often a SiCL buffer layer is used, which also assists in the phase matching.
The relative dielectric constant of the SiCse buffer layer is taken as 3.9. The coplanar
waveguide (CPW) electrode is commonly used as a traveling-wave electrode for Ti:LN
optical modulator because it provides good connection to an external coaxial line, a

schematic cross section of which is shown in Fig. 6.1.

Fig. 6.1 Cross section of Z-cut unetched lithium niobate electrooptic modulator.

S.Haxha@city.ac.uk 136


mailto:S.Haxha@city.ac.uk

Chapter 6 Broad-band and Low-driving-power LiNbo3g External Optical Modulator

The gold electrode thickness is identified with 7 (/xm), the SiCsebuffer layer thickness, B
(j(xm), G, represents the gap between the hot electrode and the ground electrodes (left and

right), in this case the hot central-electrode (strip) width is identified with S (/xm).

6.2 Modulator Fabrication

Lithium niobate has very large intrinsic modulation bandwidth, but the device switching
speeds are mainly limited by a variety of physical constraints. Modulation is produced
by applying voltage to the gold electrode, causing voltage-induced change in the
refractive index. The changed refractive index is very small; therefore either large
voltage or long electrode lengths are needed to obtain sufficient light modulation. For
the length that allows reasonable voltages, the capacitance of the lumped element gold
electrodes would limit the bandwidth to less than 1 GHz (Wooten, 2000).

A lithium niobate electrooptic modulator can usually be several centimeters long,
therefore preservation of the cross-section dimensions along the length of the device
presents a real challenge not only from the fabrication point of view, but also in the
choice, compatibility and reliability of the materials used. Characteristics of the Ti-
diffused LiNbCh electrooptic modulators depend very much upon crystal quality and
fabrication parameters. Required materials for lithium niobate electrooptic modulators
include the electrooptic substrate, electrode (gold) metal, electrode adhesion layer,
buffer layer and the dopant used for fabrication of the optical waveguides. Modulators
also require special packaging in order to minimize bias drift due to charge migrating

and buildup ofpyroelectric charges (interferences).

6.3 Titanium diffused waveguide fabrication

Lithium niobate has been material of choice for the fabrication of electroptic modulators
due to its high electrooptic coefficients and high optical transparency in the near infrared
wavelength used for telecommunications. Its high Curie temperature (1100 °C-1180 °C)
makes it practical for fabrication. It is also thermally, mechanically and chemically
stable and is compatible with conventional integrated-circuit processing technology
(Wooten, 2000). The fabrication procedure of titanium diffused waveguides involves

four steps. The process is straightforward, but precautions must be taken to suppress the
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out-diffusion of Li from the surface ofthe substrate, because the Li-diffusion surface can
result in unwanted planer waveguide for z-polarized light which can seriously affect
modulator performances. LiNbCL waveguides have been fabricated by indiffusion of Ti
usually near 1000 °C. The typical step to fabricate waveguides is by lifting-off

patterning as illustrated in the Fig. 6.2-6.5 (Alfemess, 1988)

Photoresist

LiNbO3

Fig. 6.2 Step one expose waveguide pattern.

Ti Metal Film

Fig. 6.3 Step two deposit titanium dopant.
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Fig. 6.4 Step three liftoffprocess.

Diffused Waveguide

Fig. 6.5 Step four diffused waveguide.
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LiNbCh waveguides have been fabricated by indiffusion of Ti usually near 1000 °C. The
typical step to fabricate waveguides is by lifting-off patterning as illustrated in Fig. 6.2-
6.5. The process of crystal cleaning is carefully done with photoresistor, and then a mask
with the desired waveguide pattern is placed in contact with the crystal as shown in Fig.
6.2 which is exposed to uv (ultra violet) light illustrated in the Fig. 6.3. Upon developing
to remove the exposed photoresist, a window corresponding to the waveguide pattern is
left in the photoresist shown in the Fig. 6.4. Titanium is deposited over the entire crystal
by rf sputtering, by e-beam deposition or by using a resistively heated evaporation
illustrated in the Fig. 6.5. After this process, the crystal is placed in a photoresist solvent
in order to remove the photoresist and the unwanted titanium, leaving the desired strip of
titanium. There is another way of patterning, instead of the liftoff process, the patterning
can also be achieved by depositing titanium over the entire, then selectively removing it
outside the desired waveguide region.

The crystal of LiNbC>g then is placed in a diffusion furnace for diffusion at temperatures
that range from 980° to 1050 °C for typical diffusion times of4-10 hours. After diffusion
process, cooling down is performed in flowing oxygen to allow reoxidating of the
crystal to compensate for oxygen loss during diffusion process. Typically, 80% relative
humidity in the flow gas is sufficient to eliminate unwanted guiding for diffusion
temperature below 1000°. However, the technique has been successfully used at
temperature as high as 1050 °C. Many techniques have been reported in order to
eliminate the unwanted guiding (outdiffusion), but none of them totally eliminates the
outdiffusion. They work sufficiently well to keep unwanted planar guiding from being a
problem under most circumstances.

Characteristics of the Ti-diffused LiNbC>3 optical waveguides largely depend upon
crystal quality and fabrication parameters such as waveguide depth, d, diffusion time, ¢,
diffusion temperature, 7, and to a lesser extent on the titanium strip width. With respect
to the former, the characteristics are related to the deviation of the Li/Nb ratio (or
refractive index) degree of induced defects, and impurities such as Fe in the wafer. With
respect to the latter, they are related to the Ti-film thickness and width deviations,

diffusion conditions (atmosphere, temperature and time), etc. In order to fabricate
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optical waveguide, while still maintaining excellent characteristics and good
reproducibility, it is necessary to control tightly each ofthese factors (Kawano, 1989).

The diffusion model for entire simulation process for LiNbCE electroptic modulator is
carried out using the Finite Element Method (FEM), and involves first finding the
refractive index profile, n(x,y), which is generally described in terms of the exponential

function (exp) and the error function (erf) (Korotky and Alfemess, 1987).

( v SW_py w_x"
C(x,y)=d EX]D Yy erf 2d +erf 2 6.1

s &ly ; X dx

where,
¢ the thickness of'the titanium layer as illustrated in the Fig. 6.2.
W width ofthe titanium layer or the effective width ofthe guide, Fig. 6.4.

dxy the diffusion length along the x, y axes

C (%, y) the titanium concentration profile in the transverse plane,
dxy = (6.2)

where, Dxy is the diffusion coefficients along the x, y axes respectively which follows

the Arrhenius law (Fouchet, 1987).

D.. =Dy (B (6.3)

where, D fyare the diffusion constants along x, y axes, which depends on the crystal
orientation (crystal cut), (Fukuma, 1980).
E fy the activation energies in the X, y directions;

k  the Boltzmann constant;

T the diffusion temperature in Kelvin;
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t  the diffusion time in hours.

These equations are with respect to a single waveguide, but for weakly coupled DC

devices the equation for Ti concentration C(x,y) becomes ((Januar, 1992).

7 W G) "( 174
Cix,y)=C IIX C B o 6.4
(x.y) 2 2 ij ! IX 2 2) ©4)

where, G is the gap between two waveguides of the modulator structure. In the optical
frequency range, the ordinary and extraordinary refractive index profiles of the Ti:

LiNbOi optical waveguide n0and ne are given by (Koshiba, 1999)

105

no =nos + "[/OOg0OOj (6.5)
ne = neS+ Anef(X)g(y) (66)
+ -
erf 2x + W cerf 2x-W
/() = \' 2dx J :/ 2dx J 6.7)
lerffw
| J
( 12
g(y) =exp 3’ (6.8)
y)

For the left waveguide, x is replaced by x - G . At operating wavelength 4 = 1.55;jin

noS—2.214 ,neS=2.138, Ana= 0.0062 ,Ane- 0.0146, when, W = 6 jml,
dx=4.850/jm, and dv=AA05/mi. The refractive indexes of the Z-cut crystal
orientation are given nx =nz = noand ny =ne and the refractive indexes of the SiCxe

buffer layer and gold electrodes are 1.45 and 0.379-j 10.75, respectively.
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Obviously, the expression for Ane is very nearly proportional to C (the Ti concentration)
and AnOhas a nonlinearity relationship with C and they are given (Korotky and

Alfemess, 1987).

An =bCn (6.9)
0.065
A)=0.552+ 6.10
6(A) 0 (6.10)
e T (W (6.11)
in dy j

An is the change in refractive index of the LiNbo3 due to titanium diffusion. Since
LiNbOs is a uniaxially anisotropic crystal, the refractive index is viewed as ne
(extraordinary refractive index) along the optic axis of the crystal (usually taken along
the Z axis of the crystal) and nQ(ordinary refractive index) along the other two axes. In
this research work, the expressions for ng n() Ane and An,, used for device simulation are
those given by Korotky and Alfemess and Fouchet and have been chosen because both
equations give a clear representation of the diffusion mechanism, since most ifnot all of
the diffusion parameters have been incorporated into these equations.

The refractive index profiles depend primarily on the fabrication parameters as
mentioned above and via the diffusion constants, dx and dy, which are adjusted to enable

an understanding of their effects on the modulator performance.

6.4 Fabrication of buffer layer Si02

It is obvious that Ti-diffused LiNbC>3 waveguide devices have characteristics of
instabilities due to DC and thermal drift (characteristic changes caused by environmental
temperature changes). These problems can be solved by optimising the buffer layer
properties of SiCF. When voltage is applied the DC drift occurs because electric charges

move on the surface of the LiNbCb crystal or with the buffer layer. When a DC electric
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field is applied between electrodes, then the effective electric field applied to the
waveguide decreases.

Buffer layer is needed to reduce current induced heating losses to the TM polarized
(light polarized perpendicular to the crystal). The silica buffer layer is deposited by
atmospheric chemical vapour deposition (CVD) (Alfemess, 1988). This method
decreases damage to the crystal, and permits formation of high-quality films at a low
temperature, and enables drastic changes in the characteristics by changing the film
forming conditions. The thickness (CVD) of SiCx layer eliminates measurable loading
loss. In general introduction of buffer layer thickness has significantly improved
modulator performances. However, the drift is always associated with the finite (and

deposition dependent) conductivity ofthe buffer layer.

6.5 Fabrication of gold electrodes

Gold is generally used for fabrication of high-speed lithium niobate electrooptic
modulators, because ofhigh purity metal, small grain size, minimum features distortion,
and reasonable plating rate. The fabrication of the RF gold electrode involves several

steps illustrated on the Fig. 6.6 (Alfemess, 1988).

Fig. 6.6 Fabrication steps of the gold electrodes for LiINbCb electrooptic modulator.
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For electrode-forming an electroplating method has been employed in order to reduce
conductor loss. A thin gold seed layer is deposited over the entire crystal in top of SiO2
buffer layer. The electrode pattern is then photolithographically defined. The photoresist
is spun, shown in the Fig. 6.2, and the electrode pattern aligned over the waveguides,
which open a window in the resist. Then, the crystal is placed in a plating bath and gold
plated to thickness of 2-3 fim. After this process, the gold seed layer is removed in the
gap region illustrated in the Fig. 6.3. Gold plate fabricated using this method has
conductivity comparable to bulk conductivity. A similar approach can be applied for
fabrication of the modulator design investigated in this research work with some small
difference in that this design involves two ground electrodes on left and right with the

hot electrode in the middle as illustrated in Fig. 6.1.

6.6 Dicing, polishing, pigtailing, packaging, and testing of

electroptic modulators.

The crystal end faces are cut at an angle to the waveguides in order to eliminate
reflections and are then polished to an optical finish (Wooten 2000). A good optical
finish and a sharp edge are necessary at both the input and output optical faces of the
modulator in order to ensure good fibre-to-waveguide coupling. Debris (scattered
fragments) from dicing (dice box) and particulates from polishing compounds during
fabrication process are contaminants which can negatively affect the modulator
performance and long-term reliability of the device. Therefore they must be removed
during chip cleaning operations. Applications ofthe LiNbCb in the real world require the
integrated-optic chip to be pigtailed (plait of hair hanging from the back of the head,
according to dictionary) and packaged in order that optical and electrical signals can be
effectively and efficiently directed into and away from the modulator. LiNbC>3 can be
packaged in either hermetic or nonhermetic housing depending upon the application and
environmental operation. Due to polarization dependence of the electrooptic effect, the
polarization state of the input light supplied from the laser to the modulator must be
carefully controlled and maintained in order to achieve optimum performance.
Packaging and installation in the real world requires numerous procedures and

precautions which have to be followed throughout the process. Key parameters that have
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to be measured during final test include: optical loss, switching voltage, optical on/off
extinction, bias stability and microwave properties such as Sn and Szi- Usually these

measurements are performed during the design verification and validation stages.

6.7 Simulated results for unetched lithium niobate waveguide

electrooptic modulators.

Based on the theoretical analysis performed in this section and in the previous chapters,
simulated results during this research work for unetched LiNbCb electrooptic modulator
are discussed in this section. The schematic and layout of the Z-cut Y-propagating
unetched LiNbCD electrooptic modulator used throughout this work is shown in Fig. 6.7.
In total, 22400 irregular triangular mesh have been used to represent more than 100 /xm
by 100 fhn transverse cross section of the modulator structure. Distribution of electric
and magnetic lines is illustrated in this figure. It is obvious that the electromagnetic field
around the hot electrode has reached the peak value. Finite element coordinate axes and
crystal orientation are also presented in this figure, including buffer layer thickness, B

gap between electrodes, G strip width, S and applied voltage, V = 5 voltage.

Electric field

Fig. 6.7 Schematic illustration of unetched LiNbCh electrooptic modulator.
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The relative dielectric constants of the Z-cut LN substrate are 28 and 43 in the
perpendicular and parallel directions to the substrate surface respectively. To reduce
optical loss due to lossy metal electrode, often a SiCx buffer layer is used, which also
assists in the phase matching. The relative dielectric constant of the SiCse buffer layer is
taken as 3.9. The coplanar waveguide (CPW) electrode is commonly used as a traveling-
wave electrode for Ti: LN optical modulator because it provides good connection to an

external coaxial line.
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Fig. 6.8 3D potential distribution for unetched LN electroptic modulator for V = 5 volts.
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The coplanar waveguide-type structure arrangement for the electrode (i.e., a “hot” or
central electrode with two ground electrodes) was chosen so that maximum interaction
takes place in the waveguide under the central electrode in this unetched structure.

The scalar potential, <>(xy)is calculated from the equation (5.9) using the FEM. As

expected the potential value is heavily concentrated around the hot electrode, with the

peak value almost 5 voltages, shown in Fig. 6.8 in 2 dimensional plane.

Electrode position
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Fig. 6.9 2-D illustration ofpotential distribution for unetched LN electroptic modulator.

Potential distribution depends critically on how the electrodes are designed. It is obvious
that the potential distribution for the structure presented in this research work is
symmetric in x and y direction. The potential distribution is exponential flattened
towards the ground electrodes (left and right) until is flattened with zero value, which is

exactly the voltage of the ground electrodes as illustrated in the Fig. 6.9 in one
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dimensional plane. Initially, parameters for this structure are chosen: the electrode gap
is, G=15 /un electrode width, S=8 /un, electrode thickness, T=5 /un, buffer layer
thickness, B=1.2 /xm, and the waveguide width is, W=9 /xm. Forced boundary condition

is employed around the structure, where the potential value is assumed to be zero.
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Fig. 6.10 3D illustration ofthe electric field concentration in x direction (Ex).

The x-component of the vector modulating electric field Ex(x, y), is calculated from the

scalar potential, (x,y), using the FEM eq. (5.13). Electric field concentration in x

direction is presented in three dimensional plane in Fig. 6.10. It can be seen that due to
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its asymmetry the field concentration is maximum and reaches the large peak value at
the edges of the hot electrode, and is exponentially decaying. Its minimum point (zero)
is in the middle of the hot electrode. Its maximum value is 0.9 (V//im) exponentially
decaying through zero value and reaches the minimum value at -0.6 (V//xm), illustrated
on the legend of this figure. From this presentation it is very clear that the symmetry of
the electric field is very accurate, which gives confidence in further calculation of other
parameters of the modulator structure. The field acting in the waveguide is very small,
almost zero, therefore its effect on the waveguide can be ignored. Its profile is also
illustrated in two dimensional plane presented in Fig. 6.11, where its symmetry is

depending on the electrodes design.
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Fig. 6.11 Two dimensional presentation of Ex(x, y) component.
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The change in the refractive index profile produced by this electric field is neglected,
because of its zero effect on the waveguide.
The y-component of the vector modulating electric field Ey(x, y) is also calculated from

the scalar potential, </){xy) using FEM eq. (5.13) and this, as well as the electrode

position, is illustrated here for, 3D and 2D plots Fig. 6.12 and Fig. 6.13, respectively.

Fig. 6.12 3D plot of the modulating electric field Ey(x, y) for unetched LN modulator.

As expected, the field is heavily concentrated under the hot electrode but evidence of a
lower concentration under the two ground electrodes is also present. It is obvious that,
due to the symmetrical placement of the gold electrodes, the modulating field acting in

the second waveguide, which is placed under the one ground electrodes seen here on the
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right, is small compared with that of the first waveguide, which is placed directly under

the hot electrode.
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Fig. 6.13 2D plot ofthe Ey(x, y) electric field for unetched LN electrooptic modulator.

Due to the presence of the SiCh buffer layer thickness, B, which is essential in order to
minimize the optical loss due to the metal electrodes for TM-polarization light, it can be
seen that a reasonable proportion of the modulating field is acting in the buffer layer,

because of the flatter profile of the modulating electric field. Therefore, the overlap
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between the optical and modulating electric field is not so high as would be the case if

no buffer layer were present.

Hx(x)

X in jam
Fig. 6.14 Variation of magnetic field component along x-direction, Hx.

Concentration of magnetic field along x- direction of the hot electrode is illustrated in
Fig. 6.14. It can be seen that the magnitude of the field along x direction reaches its
maximum value at 35 ;im, then it is decreasing until it is flattened at the center of the hot
electrode, after which it again starts to increase to its maximum value at the end of the

hot electrode, at 43 /xm. This field variation is prescribing the whole width of the hot
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electrode from left to right at exact value of the electrode width from 8 /xm. The
magnetic field is heavily concentrated on the edges of the hot electrode (left and right).
Due to its symmetry the magnetic field has two maximum peaks, left and right of the

strip.
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Fig, 6,15 3D plot of'the change in refractive index due to an applied electric field, for an

applied voltage of 5 V for unetched LiNbC:g electrooptic modulator.
After the voltage is applied the diffused extraordinary refractive index change profile is

calculated according to the equation (4.25). It can be seen that refractive change profile

is mainly concentrated in the first waveguide region under the hot electrode, as result of
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~-component modulating electric fded, £y, whereas its concentration is much smaller on

the second waveguide, because the field value in this region is weaker as a result of the

electrode position.

Position of electrodes
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Fig. 6.16 2D plot for refractive index change due to the electric field, for an applied

voltage of 5 V for unetched LiNbCb electrooptic modulator.
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Refractive index profile and the electrode position is illustrated in Fig. 6.16. It can be
seen that refractive index is heavily concentrated under the hot electrode, and largely
depends upon the electrode position. It is obvious that due to electrode symmetry the
refractive index profile is also symmetrically concentrated along x axe. Its concentration
is mainly in the desired waveguide region. As result of electric field applied in both

waveguides, "Plgf = 0.0000959 and k/3Rgt = -0.0000074, whereas the total change

is; &Plad = 0.0001033.

Electrode position
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Fig. 6.17 The optical field Hx contours of the quasi-TM mode for unetched LiNbo3

electrooptic modulator.

The optical field profile for TM-polarized light, where the is the quasi-TM

fundamental mode, is illustrated in Fig. 6.17 for electrode gap, G=15 /xm, buffer layer
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thickness, 5=1.2 /xm, center electrode width, S=8 /xm, electrode thickness, 7-5 /xm, and
waveguide width, W=9 /xm. The propagation constant for left waveguide, for this
LiNbCb unetched modulator structure with its parameters as defined here is

P =8.6765654, whereas for the right waveguide it is /3=8.6755614. It can be seen that,
due to the fact that the waveguide index profile, neo(x,y), is diffused, the optical mode

is not so well confined in the lateral dimension, yet it supports only the fundamental
mode for each polarization. For this mode, the dominant Hx optical field profile is in
only one of the guides for the unetched structure with its parameters determined above.
The position of electrodes and the buffer layer thickness role are also illustrated in this
figure. It has been confirmed that, for V=5 volts, when the buffer layer thickness 5 is
reduced to 0.75 jomthe propagation constant for left waveguide is /3=8.6765913 and for
the right waveguide is ;3=8.6755586. It can be noted that when buffer layer thickness is
increased the propagation constant is reduced on the left waveguide, whereas it is
increased on the right waveguide, which will increase the V"L product.

For the unetched structure with buffer layer thickness, 5=1.1 /xm, electrode gap, (7=15
/xm, electrode thickness, 5=5 /xm, width of center electrode, 5=8 /xm, and width of the
waveguide, W=9 /xm. When the voltage is zero the values of the propagation constant for
left and right waveguide modes are, 3,v=5=5.6764701 and @G v==8.6755610,
respectively. For the same parameters under the voltage applied the value of propagation
constant for left and right waveguides are, 3,v==8.6765702, (3 ~5=8.6755610. The
propagation constant changes due to electric field applied for left and right waveguides

are, ApL=PL/<0- PLI= =0.0001001, and APR=PRV')- pR/=5=0.0000082,

respectively. From these two values and using equation (4.50) from the Chapter 4, the
half-wave voltage length can be calculated, at which the phase difference between two
arms of the unetched MZI (Mach-Zehnder-Inferometeric) is irradian. The length of the
electrodes is one of the most important characteristics for guided wave electrooptic
modulators. The role of the buffer layer thickness is also essential in the modulator
design. The half-wave product usually decreases as buffer layer is decreasing, but at the
very small buffer layer thickness, the optical loss will be very high, therefore the optical

losses of the electrooptic modulators depend critically on the buffer layer thickness.
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Fig. 6.18 Variation of microwave index, Nm and characteristic impedance, Zc with the

buffer layer thickness, B.

Calculation of microwave index and characteristic impedance are performed by
employing the FEM based on the quasi-TEM analysis equation (5.20) and (5.23), given
in chapter 5. Fig.6.18 shows the variations of the Nm and Zc with the buffer layer
thickness, B, for various gold electrode thicknesses, 7. In this case the hot central-
electrode (strip) width, S, and gap width, G, were taken as 8 pm and 15 pm,
respectively. The results agree well with those reported by Kitawaza et al. 1992, which
are shown by dashed lines. It can be noted that Nmdecreases as B or T is increased. It
can also be noted that Zc increases as B is increased but Zc reduces when 7 is increased.
The wave velocity of the optical carrier wave or its equivalent parameter, the effective
index, N0, of a modulator structure depends on various fabrication parameters, such as
the titanium thickness, diffusion time and temperature. For unetched structure, this
parameter can be accurately calculated by using an optical modal solution approach,

such as the FEM; however, for this study it is assumed that a typical value would be 2.15
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for the purpose of its subsequent phase matching. It can be noted that for lower electrode
thickness, such as 7 = 0.5 pm, the buffer layer has to be very thick to achieve the
velocity matching. However, it is well known that as B is increased, the overlap between
the microwave and optical modes would reduce and as a consequence the VJL value
would also increase. To avoid this drawback, as can be noted from Fig. 6.18, the
electrode thickness could be increased, but that would also reduce Zc. It may not be easy
to match both Nmand Zc¢ simultaneously, however, for this case, when S= 8 pm and G =

15 pm, both ofthem could be satisfied ornly when 7= 8 pm and B is 1.7 pm.

@9%2

Tgeelre cas

Fig. 6.19 Variation of conductor and dielectric losses, ac and ctd, normalized at 1 GHz,

with buffer layer thickness, B for unetched LN structure.

Conductor loss or attenuation constant in this research work is investigated by using the

“incremental inductance rule” eq. (5.29). The amount of recession is taken equal to the

skin depth 5 - (2/cojuric )v ~of the conductor (gold) electrodes. The dielectric losses on
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the dielectric regions are calculated by using the perturbation theory equation (5.36) in
the Chapter 5. The conductor loss also strongly depends on the electrode thickness, T.
Variation of the conductor loss, ccc, and dielectric losses, ad, normalized at 1 GHz are
shown in Fig. 6.19. It can be seen as B is increased, ac reduces monotonically and this
value reduces considerably when a thicker electrode is used. The frequency dependent
surface resistance for gold, Rs, is calculated from its conductivity, a = 4.1 x 107 s/m. The
simulated results presented here agree well with the published work (Kitazawa, 1992),
which are also shown here as dashed lines. The dielectric loss in silica (buffer) layer,
ads, in the lithium niobate crystal, a/i, and the total dielectric loss, @/, for T= 10 pm are
shown in Fig. 6.19. In this work, the loss tangent values for LN and silica are taken as
0.004 and 0.016 (Noguchi, 1998). It can be observed that adi reduces and ads increases,
as the B is increased. It can be also noted that for typical buffer layer thickness losses in
the silica layer are much higher than that of the LN crystal, similar as reported by
Noguchi, 1998. It can also be observed that, when electrode thickness is reduced to 1.0
pm, total dielectric loss is increased, due mostly to additional loss in the buffer layer. At
1 GHz, for this structure the conductor loss is two orders of magnitude larger than the

dielectric loss. However, as the dielectric loss is proportional to the operating frequency,
f compared to the conductor loss, which is proportional to the -Jf, so at 100 GHz they

would be comparable. A high-speed optical modulator with a thicker buffer layer
dielectric loss would increase further, and in this case at 100 GHz with 5=1.5 pm, the
conductor and dielectric losses would be 4.5 dB/cm and 0.7 dB/cm, respectively.

Besides the buffer thickness, B and electrode thickness, 7, the electrode gap, G the width
of the center (hot) electrode, S, also play an important role in the design and
performance of optical modulators. Variations of effective index, Nm and the
characteristic impedance, Zc with the central electrode’s width, S, for various gaps

between the electrodes, G, are shown in Fig.6.20.
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Fig. 6.20 Variation of microwave effective index, Nmand characteristic impedance, Zc

with central electrode width, S.

It can be observed that microwave effective index, Nmincreases as the centre electrode
width S is increasing; however, when the width of the centre electrode is increasing the
characteristic impedance, Zc is decreasing. On the other hand effective index Nm and
characteristic impedance Zc increase when the gap between electrodes G is increased.
The results obtained in this study agree reasonably well with previous work published by
Zhang and Miyoshi, 1995, which are also illustrated here in this graph with dashed lines.

It can be noted that in this case the dominant loss component of conductor loss, ac does
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not depend strongly on width ofthe centre electrode S but its value reduces considerably

with the increase ofthe gap between electrodes, G
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Fig. 6.21 Required electrode thickness, 7, and buffer layer thickness, B, values for

simultaneous matching of Nmand Zc¢ with the electrode width, S.

Next, the simultaneous matching of both the microwave effective index, Nm and the
characteristic impedance, Zc, is performed. For two values of gap between electrodes, G,
equal to 15 pim and 10 pim, variations of the electrode thickness, 7, and buffer layer
thickness, B, are evaluated in order to achieve simultaneous matching for both, A, and
Zc- The necessary centre electrode width, S, under simultaneous matching condition is
illustrated in Fig. 6.21. It can be observed that as centre electrode width, S is increased,

the necessary electrode thickness is reduced, but the required buffer layer thickness is
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increased and consequently the VJ, value would also increase. The required buffer layer
thickness, B, does not depend strongly on the electrode gap, G, however as the gap, G is
increased the necessary metal electrode thickness, 7, would increase. However, an
increase in electrode gap, G, is expected to increase the product of the half-wave voltage

length, VL.
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Fig. 6.22 Variation of the ac and «/ with S when both Nmand Zc are simultaneously

matched.

It is also essential to identify the dielectric and conductor losses under simultaneous
matching condition for microwave effective index, Nm and characteristic impedance, Zc-
Variations of total dielectric loss ad and electrode loss ac with width of centre electrode
S and electrode gap G are performed in Fig. 6.22. It can be noted that by increasing both

width of hot electrode S and gap between the electrodes G conductor loss can be
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significantly reduced. However, it should be noted that an increase in S would also
increase the buffer layer thickness required (as shown in Fig.6.21), which would require
a higher half-voltage length product, V7. value. Obviously, the overall bandwidth of the
modulator depends critically on the simultaneous matching of both microwave index,
Nm and characteristic impedance, Zc. However, the conductor loss and dielectric loss at
high frequency plays a significant role on the device bandwidth. Therefore, their
behaviour under the simultaneous matching condition of both Nmand Zc are illustrated

in this research work presented in the Fig. 6.22.
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Fig. 6.23 Variation of the modulator bandwidth, A/~and half-wave length product V7L

with buffer layer thickness, B.

From variation of the bandwidth Al~with buffer layer thickness, B for three different

values of the electrode gap G equal to 10 /xm, 20 /xm and 25 /xm, it can be observed that
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when only conductor loss is considered, for electrode gap, G=25 /xm the bandwidth is
significantly high and it reduces when the buffer layer thickness is decreased. Its
magnitude has reached the maximum point at buffer layer thickness, 5=0.25 /xm, but at
this buffer layer thickness, the optical loss will be very high; therefore an optimum
buffer layer thickness would be around 1.0 /xm. Variation of the bandwidth with buffer
layer thickness, when the conductor loss and impedance mismatch are considered, is
illustrated with dashed line in the Fig. 6.23. It can be seen that the impedance mismatch
has negative impact on the device bandwidth, therefore its effect cannot be ignored.
When conductor loss and dielectric loss are taken into consideration, the bandwidth
versus buffer layer is performed with dashed lines and it can be noted that when the
buffer layer thickness is increased the bandwidth decreases. Significant bandwidth
reduction happens when conductor loss, dielectric loss and impedance mismatch are
taken into consideration; it can be seen that its reduction is almost (30-40) %. Electrode
gap design is essential for the modulator, for the same parameters when the gap between
electrode is increased from 20 /xmto 25 /xm the bandwidth has been increased for 30 %.
Variation of the bandwidth when conductor loss, diclectric loss and impedance
mismatch are included is illustrated in this graph for three different values of electrode
gap, 10 /xm, 20 /xm and 25 /xm. Based on this study it is necessary to design a modulator
where velocity and impedance matching are achieved simultaneously.

Variation of the half-wave product VJL for electrode gap, G=20 /xm, with buffer layer
thickness, B, is illustrated on the right-hand side of this graph. It can be seen that when
the buffer layer thickness 5 is increased the V¢L product is increasing. The lowest value
ofthe VjL product is achieved at buffer layer value of 0.27 /xm, but as mentioned above
at this point the optical loss would be very high. The length of the modulator for this
investigation is taken at 2.7 cm.

When the phase matching and impedance matching are achieved, by varying electrode
thickness 7 and electrode width S, the overall bandwidth depends on the total microwave
losses (Minakata, 2001). Variations of the 3dB optical bandwidth for unetched LN
modulator with the buffer layer thickness, B, are shown in Fig. 6.24. Variation of the 3
dB optical bandwidth with buffer layer thickness when only the conductor loss is

considered under velocity and impedance matching conditions is illustrated by dashed
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lines. It can be seen that when the buffer layer thickness is increasing the bandwidth is
also increasing under this condition. However if this dielectric loss is included, the
resulting bandwidth can be calculated from the conductor loss and dielectric loss, by
using a simple iteration approach to estimate the effective loss coefficients, which are
shown by solid lines. It is obvious that when the dielectric loss is included the bandwidth

is reduced and its reduction is more visible when the buffer layer thickness is increased.

Fig. 6.24 Variation ofthe modulator bandwidth with the buffer layer thickness, B, and
Variation of the product Vul with buffer layer thickness, B, under velocity and

impedance matching conditions.

Variation of the product V¢L with the buffer layer, B, for electrode gap, G=15pm under
the velocity and impedance matching condition is performed in this figure also. With
respect to the J”L product under velocity and impedance matching condition, as a result
the driving power of the modulator is reasonably increased. Therefore the study that has

taken place in this research work was mainly concerned in simultaneous matching of
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both velocity and impedance in order to achieve a high-speed electro optic modulator

which is essential for optical communications systems.

Width of center electrode, S (//m)

Fig. 6.25 Variation of the modulator bandwidth with the electrode width, S under

velocity and impedance matching conditions.

When phase and impedance matching are achieved by varying the electrode thickness,
T and buffer layer thickness, B, the overall bandwidth depends on the total microwave
losses. Variations of the 3dB optical bandwidth for a 2 cm long unetched LN modulator
with the strip width, S, are illustrated in Fig. 6.25. Variation of the 3dB optical
bandwidth with hot electrode width when only conductor loss is included is illustrated
by dashed lines. However if the dielectric loss is included in this calculation, the
resulting bandwidth can be calculated from the total loss, a, by using a simple iteration
approach to estimate the effective loss coefficients, which are shown by solid lines. It
can be noted when dielectric loss is ignored the overall bandwidth can be overestimated
by nearly 50%. From this study it can be seen that when the width of centre electrode is

increased the bandwidth is also increasing, and when the gap between electrodes is
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increased the 3dB optical bandwidth is increased. Based on this study a higher gap
between electrodes and higher width of the hot electrodes have positive impact on the

device performance.

Summary

In this chapter thesis details of unetched LiNbCfi fabrication procedures have been
explained starting from Ti-diffusion technique for obtaining low-loss waveguide and
high-quality buffer layer SiCL thin film fabrication and electrode fabrication techniques
have been performed in sequence steps in this study.

A numerical approach based on the efficient finite element method is developed to study
some of the key unetched LN modulator parameters. In this section we have investigated
the unetched LN electrooptical modulators, which have the feature that use the buffer
layer of Sio2 in order to reduce velocity mismatch between microwave and optical
waves as well as employing coplanar waveguide travelling-wave electrodes to improve
impedance and propagation mode mismatch between the electrode and the external
circuit. Potential distribution, electromagnetic fields, microwave effective index,
characteristic impedance, conductor loss, dielectric loss, bandwidth calculation and the
product of half-wave voltage length have been investigated in order to improve the
modulator performances. Details of different modulator parameters have been also
widely investigated.

The effects of various key device parameters such as buffer layer thickness, centre
electrode width, electrode thickness and gap between electrodes, for simultaneous
velocity and impedance matching are considered in this chapter. The effect of conductor,
loss impedance mismatch and dielectric loss in the bandwidth determination for
unetched LN electrooptic modulator have also been presented. The research shows that
dielectric loss in buffer layer is much higher than that in the lithium niobate substrate
and, for optical modulators operating beyond 40 GHz, the total dielectric loss will play a
significant role in the determination of the overall speed of the modulator. Software
implementation of FEM, LSBR and quasi-TEM analysis are illustrated in the Appendix
3.
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Ultra-Broad-Band LiNb03optical Modulator
with Ridffe Structure

7.1 Introduction

The most important factors for an effective electrooptic modulator are the optimization
of the modulator bandwidth and the driving voltage. The bandwidth of a high-speed
optical modulator with a traveling-wave electrode is primarily limited by the velocity
mismatch between the optical carrier wave and the modulating microwave signal. The
lack of a velocity-mismatch between the optical and the microwave signals is the
dominant problem which prevents the design and fabrication of optimized high-speed
electrooptic modulators. Various attempts with different electrode designs and different
structures have been reported to achieve velocity-matching and low drive voltage
electrooptic modulators. Noguchi et al 1993, employed ridge a structure with a
shielding plane with a relatively low microwave propagation loss and a large interaction
between the optical and the microwave signals. Recently Yoshida, 1999, introduced an
unetched LN electrooptic modulator with a shielded plane using a superconductive
electrode in order to achieve velocity matching. A ridge structure with coplanar
waveguide electrode (CPW) proposed by Mitomi, 1995, can provide a broader
bandwidth, lower driving voltage and is relatively easy to fabricate. It has been reported
relatively recently (Mitomi, 1995, Noguchi, 1998, Dagli, 1999, Wooten, 2000, Minakat,
2001) that in the case of this ridge type modulator with an etched LN substrate, the

overlap between the optical and modulating fields can be significantly increased and, as
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a consequence, for a given operating voltage the interaction length can be shortened

which will also increase the modulator bandwidth. The cross-sections of an etched

modulator shown in Fig. 7.1.

V=5[V1

Fig. 7.1. b)

Fig. 7.1 3-D and 2-D cross sections ofridged structure LiNbC>g electrooptic modulator
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7.2 Etching substrate fabrication

Optical waveguides can be fabricated in the z-plane of a LiNbo3 substrate by diffusing
Ti patterns at 1000°C for 10 hours in a wet O2 atmosphere. The LiNbog substrate is
etched using an RF -biased electron cyclotron resonance (ECR) system with Ar and
C2F6 gases to form the ridge, with a typical etching rates of 15 nm/min. The substrate is
etched to form ridges with dimension of 9 /xm wide and 3.6 /xm high (Noguchi, 1994).
During the etching of LiNbog substrate some of the ridge ends up with some range of
tilt (a rough surface) which has some small effect on the microwave properties. After the
mask is removed in hydrofluoric acid, a dual buffer layer of SiCh is deposited on the
etched substrate in order to improve the thermal stability of the modulator. The
thicknesses of the lower and the upper layer can be of the order of 1.0 and 0.2 /xm. After
that a thick gold plate CPW electrode could be formed following the steps given in
Chapter 6. The ridge width is chosen to be slightly more than the optical waveguide
width in order to make the degradation of the optical propagation loss negligible in
comparison with that of the conventional planar (unetched) waveguide. The substrate
then is cut into chips and its end faces are then polished. After that the modulator can be
pigtailed with polarized maintaining (PANDA) fibres using an ultraviolet cured

adhesive. .
Etched reeion

Fig. 7.2 Picture of a LINbCb electrooptic modulator.
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With respect to the fabrication procedure involved in the Ti: diffusion, buffer layer,
forming of gold electrodes, polishing and testing steps more details can be found in

Chapter 6 of this thesis.

7.3 Simulated results for ridge electrooptic modulator and its

advantage over conventional planar structure.

This study has concentrated on the ridged electrooptic modulator and in particular a
comparison between the etched and unetched structure is carried out using the finite-
element method (FEM), which is one of the most versatile and powerful methods for
modelling optical devices ofany complexity.

The high-speed electrooptic modulator represented in this study is based on the Mach-
Zehnder approach and is fabricated on Z-cut LN substrates, operating with a vertical
electric field to utilize the largest electrooptic coefficient, »”*, of the LN. The relative
dielectric constants of the Z-cut LN substrate were 28 and 43 in the perpendicular and

parallel directions to the substrate surface respectively.

Fig. 7.3 Ridged LiNbCL electrooptic modulator
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To reduce the optical loss due to the lossy metal electrode, a SiCL buffer layer is often
used, which also assists in the phase matching. The relative dielectric constant of the
Si02 buffer layer is taken as 3.9. In the calculation, the etched regions are buried by
silicon oxide. The coplanar waveguide (CPW) electrode is commonly used as a
travelling-wave electrode for a Ti: LN optical modulator because it provides a good
connection to an external coaxial line. It has been reported relatively recently (Mitomi,
1995) that for a ridge type modulator with an etched LN substrate, the overlap between
the optical and modulating field can be significantly increased and as a consequence, for
a given operating voltage, the interaction length can be shortened which will also
increase the modulator bandwidth. In this paper the important optical and microwave
properties of an etched Z-cut LN modulator are presented. The cross section of ridged
LN electrooptic modulator with its crystal orientation and its parameters such as
waveguide width, W, electrode gap, G, electrode width, S, ridge height, H, and buffer

layer thickness, B, is illustrated in Fig. 7.3.

- 4.950
- 4.500
- 4.050
- 3.600
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- 0.900
- 0.450

Fig. 7.4 3-D potential distribution for ridge LN electrooptic modulator at V=5 voltage.
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The ridge type coplanar waveguide (CPW) structure arrangement for the central
electrode with two ground electrodes on the sides was chosen so that the maximum
interaction takes place in the waveguide under the central electrode. The scalar potential,
A(x,y)is calculated from equation (5.9) using the FEM at ridge height, H=3 pm,
electrode gap, G=15 /xm, strip width, 5=8 pm, buffer layer, 5=1.2 pm, electrode
thickness, 7=5 pm, and waveguide width, W=9 pm. The potential value is heavily
concentrated in and around the hot electrode, with the peak value almost 5 V which is
equal to the voltage applied to the hot electrode, shown in the Fig. 7.4. in a 2

dimensional plane.

[Eul}
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-0.900
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Fig. 7.5 2-D and 3-D (small scale) illustration of the electric field concentration in x

direction (£X).
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The x-component ofthe vector modulating electric field Ex(x, y), may be calculated from

the scalar potential, V<j)(x,y), using the FEM eq. (5.13). The electric field concentration

in x direction is presented in the 2 and 3 dimensional plane in Fig. 7.5. It can be seen that
due to its a symmetry, the field concentration is maximum and reaches the large peak
value at the edges of the hot electrode and is exponentially decaying, with its minimum
point (zero) in the middle of the hot electrode. Its magnitude taken from the figure 2-D,
is 1.800 (V//xm) and exponentially decays through the zero value, reaching the minimum
value at -1.200 (V//xm), as illustrated on the legend of this figure, compared to the
unetched structure given in Chapter 6, (Fig. 6.11) where these peak values show a
maximum of 1.750 (V/jUm) and a minimum o f-1.750 (V//xm). From this presentation it
is very clear that the symmetry of the electric field is very accurately represented and the
electric field in the x direction is slightly higher than the electric field for unetched
structure. In a similar way to the unetched structure, the field acting in the waveguide is
small and, being positive and negative in two sides ofthe waveguide its overall effect on
the waveguide can be ignored. Its 2-D and 3-D profiles are also illustrated in the same
figure where its symmetry depends on the electrodes design.

The y-component of the vector modulating electric field, Ey(x, y), calculated from the

scalar potential, <>{x)), using the FEM equation (5.13), as well as the electrode position

is illustrated for 2-D and 3-D plots in Fig. 7.6. The field is more concentrated around the
centre electrode, and therefore in the waveguide directly placed under this electrode, for
this etched structure compared with the unetched structure given in Chapter 6, (Fig.
6.13). It is evident the electric field of a lower concentration under the two ground
electrodes is also present. It is obvious that, due to the symmetrical placement of the
gold electrodes, the modulating field acting in the second waveguide, which is placed
under the one ground electrode seen in Fig. 7.6 on the right, is small compared with that
of the first waveguide, which is placed directly under the hot electrode. Hence most of
the modulating electric field is acting in the first guide with virtually no field present in
the second waveguide, and this has a much less “push-pull” effect than in the case of'the
unetched waveguide electrooptic modulator. Due to the presence of the SiCsebuffer layer
thickness and its low refractive index on the sides of the waveguide, which is essential

for the modulating field, it can be seen that a reasonable proportion of the modulating
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field is acting in the buffer layer. Therefore, the overlap between the optical and

modulating electric field is much higher than compared to the unetched structure.

Moo
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030
0
00
0»
0100

Fig. 7.6 2-D and 3-D (small scale) plot ofthe Ey(x, y) electric field for ridge electrooptic

modulator.

The y component of electric field Ey(x, y) is selected in order to calculate the refractive
change under the applied voltage. Therefore based on this approach a further

investigation ofthe ridge modulator structure has been carried in this study.
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Fig. 7.7 The change of refractive index due to an applied electric field for ridge
structure, H=3 /xm, 3-D plot a) and 2-D plot b).
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When the voltage is applied the diffused extraordinary refractive index change profile is
calculated from the equation (4.25). It is obvious that the refractive change profile is
mainly concentrated in the first waveguide region under the hot electrode, as a result of
the y-componcnt of the modulating electric field, £y, whereas its concentration is much
smaller on the second waveguide, because the field value in this region is weaker as a
result of the electrode position. The refractive index change profile for the right
waveguide and the electrode position is illustrated in the Fig. 7.7. It can be seen that
refractive index is heavily concentrated under the hot electrode and largely depends
upon the electrode position and ridge depth. It is obvious that, due to electrode
symmetry, the refractive index profile is also symmetrically concentrated along x axis
and is mainly in the desired waveguide region. The refractive index change in the first
waveguide is much higher and better confined in the ridge area than for the unetched
structure shown in the Fig. 6.15 of Chapter 6. As a result of electric field applied in both
waveguides, left and right, the refractive index change profile calculated from equation

(4.46) is knldf =0.0001437 and &nRgr =-0.0000167, whereas the total refractive

index change is AnTad = 0.0001607.

It can be observed that the maximum refractive change under the voltage applied for the

etched left waveguide is Anmmlgl = 0.00004 and for the unetched A«wmnax Igf = 0.00002.

As a result of this difference, the half-wave voltage will be much lower for etched
structure, which is a significant advantage for etched LN modulators over unetched LN
modulators. Next to be considered is the optical field profile for TM-polarized light for
the etched modulator shown in Figure 7.8. The optical field profile for the TM-polarized
light, where the 77,) is the quasi-TM fundamental mode, is investigated for an electrode
gap, G=15 /xm, a buffer layer thickness, 5=1.2 /xm, a centre electrode width, 5=8 /xm, an
electrode thickness, 7=5 /xm, a waveguide width, W=9 /xm and a ridge height, 77=3 /xm.
The propagation constant for the left waveguide, for this LiNbCb etched modulator
structure with its parameters as defined here, is ;3- 8.6782526, whereas for the right
waveguide it is /3=8.6778874. It can be seen that due to the fact that the waveguide index

profile, neo(x,y), is diffused, the optical mode is very well confined in the lateral
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dimension. For this mode, the dominant Hx optical field profile is only one ofthe guides
for the etched structure with its parameters determined above. The position of the
electrodes and the buffer layer thickness role with its ridge are also illustrated in this

figure.
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Fig. 7.8 The optical field Hx contours ofthe quasi-TM mode for an etched structure with
ridge height, H=3 ;im.

It has been confirmed that propagation constants for the ridge structure are

BEHOY - 8.6781145 and Pv=ildf = 8.6782526the A/3uft = 0.0001381, whereas for the

right waveguide are fiv=O0Righl = 8.6779031 and Pv=sRgr = 8.6778874,
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APRgt = -0.0000157 and the total APTdd = 0.0001538. The optical mode is much more

confined for this structure due to the nature of the ridge waveguide, as can be seen in

Fig. 7.8.

X (/¢ym)

Fig. 7.9 The optical field Hx contours of quasi-TM modes for left and right waveguides.

The TM modes for both waveguides, at ridge height, H=3 /xm are illustrated in Fig. 7.9.
The unetched high-speed electro-optic modulator considered here is based on the Mach-
Zehnder approach and fabricated on Z-cut LN substrates, operating with a vertical
electric field to utilize the largest electrooptic coefficient, x33, of the LN. The relative

dielectric constants of the Z-cut LN substrate were 28 and 43 in the perpendicular and
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parallel directions to the substrate surface, respectively. To reduce the optical loss due to
the lossy metal electrode the SiCx buffer layer is used, which also assists in the phase
matching. The relative dielectric constant of the SiCse buffer layer is taken as 3.9. The
coplanar waveguide (CPW) electrode is commonly used as a travelling-wave electrode
for a Ti:LN optical modulator because it provides a good connection to an external
coaxial line. It has been reported relatively recently (Mitomi, 1998) that for a ridge type
modulator with an etched LN substrate, the overlap between the optical and modulating
field can be significantly increased and as a consequence, for a given operating voltage,
the interaction length can be shortened which will also increase the modulator
bandwidth. In this paper the important optical and microwave properties of an etched Z-

cut LN modulator are presented.
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Fig. 7.10 Variation of the microwave index, Nmand the Characteristic Zc with the buffer

layer thickness, B.
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The buffer thickness, B, is an important parameter in the design of an optical modulator.
Variations of Nm and Zc¢ with the buffer layer thickness, B, for various electrode
thickness, 7, are shown in Fig.7.10. In this case, the ridge height, 77, the hot-electrode
(strip) width, S, and the gap between the electrodes, G, are taken as 3.0 pm, 8.0 pm, and
15 pm, respectively. It can be noted that Nmreduces and Zc increases with the increase
of B. It can also be observed that the microwave index, Nm and the characteristic
impedance Zc¢ decrease as T is increased. The velocity of the optical carrier wave or its
equivalent parameter, the effective index, N of a modulator structure depends on
various fabrication parameters, such as the titanium thickness, the diffusion time and the
temperature. For a given structure, this parameter can be accurately calculated by using
an optical modal solution approach, such as the FEM; however, for this study a typical
value of 2.15 is assumed for the purpose of phase matching.

It can be observed from Fig. 7.10 that for T = 5 pm, the buffer layer has to be thicker
than 1.5 pm to match the phase velocity. On the other hand, as T is increased, a thinner
buffer layer would be adequate to match the phase velocity. In this particular case, when
T equals in from 10, 15, and 20 pm, the necessary buffer layer thicknesses are 1.31, 0.84
and 0.53 pm, respectively, for the phase matching. Similarly, for electrode thicknesses
of 5 and 10 pm, buffer layer needs to be 0.57 and 1.32 pm respectively, for impedance
matching. However, the buffer layer needs to be thicker than 1.32 pm when the
electrode thickness is more than 10 pm. At the same time, it is well known that as B is
increased, the overlap between the microwave and optical modes is reduced and as a
consequence the J#l value would also increase.

Variations of the microwave index, Nm and characteristic impedance, Zc, with the etch
depth, 77, for various gold electrode thickness, 7, are illustrated in Fig. 7.11. In this case
the hot central-electrode (strip) width, S, gap width, G, and buffer layer thickness, B,
were taken as 8 pm, 15 pm, and 1.2 pm respectively. It can be noted that Nmdecreased
as the ridge height, 77, increases; also it can be observed from this figure that the
electrode thickness, 7, is increasing when the ridge is increased. It can also be noted that
the characteristic impedance, Zc, increased as 77 was increased but the value of Zc
reduced when the electrode thickness, 7, was increased. Our results agree well with

those reported by Mitomi et al. (1995), which are illustrated by dashed lines on the
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figure. It is essential that for an electrode thickness, 7=5 /;m, the velocity and impedance
matching cannot be achieved at any value of ridge depth, whereas for an electrode

thickness 7M 0 /xm, it can be achieved relatively easily.
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Ridge depth, H (/xm)

Fig. 7.11 Variation of the microwave parameters Nmand Zc with ridge depth, //.

Fig. 7.12 Variation of microwave parameters Nmand Zc with the central electrode, S.
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Besides the ridge depth, H, the buffer layer thickness, B, and the electrode thickness, T,
the hot-electrode and gap the widths also play important roles in the design of optical
modulators. Variations of Nmand Z¢ with the width, S, of the hot-electrode for two gaps
between the electrodes, G, are shown in Fig.7.12. It can be observed that Nm increases
with the S, however Zc decreases. On the other hand both Nm and Zc increase with the
increase of the gap between the electrodes G. It can be noted (is not shown here) that in
this case the dominant loss component, ac, does not depend strongly on S, but this loss

reduces considerably with the increase of G

M<g o mreghropy F T

Olog

Fig. 7.13 Variation of the microwave index, Nm the characteristic impedance, Zc as a
function of the buffer layer, B, for an electrode gap, G=20 pm and G=25 pm and for the
ridge depth, H=0 pm and //=3pm when the electrode thickness, 7=5 pm.
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In the design of the optical modulator, besides the minimization of VJL, the microwave
parameters Nm and Zc play an important role in determining the bandwidth of the
modulator. Variations of N,, and Zc with the buffer layer thickness, B, are shown in Fig.
7.13. In this case the electrode thickness, 7, and the waveguide width, W, were kept
constant at 5.0 pm and 9.0 pm, respectively. Results for ridge heights of 0 pm and 3.0
pm are shown by dashed and solid lines respectively, for two values of G. It can be
observed that N,, reduces and Zc increases as B is increased. On the other hand, both Nm
and Zc reduce as G is reduced. It can also be observed that Nmreduces but Zc increases,
as H is increased. The wave velocity of the optical carrier wave or its equivalent
parameter, the effective index, N0, of a modulator structure depends on various
fabrication parameters, such as the titanium thickness and the diffusion time and
temperature. For this study it is assumed that a typical value would be 2.15 for the
purpose of subsequent phase matching. For the range considered here, it can be noticed
that for none of the cases is Nmmatched. By considering a higher value of B, it should be
possible to match Nm but as a consequence Vil would also be larger. Flowever, it can be
observed that by etching the LN substrate, since Nmis also reduced, it would then be
easier to match the value of Nmwith a lower value of B. It can also be noted that in most
cases it is not possible to match both Nm and Zc¢ simultaneously by adjusting only B,
unless the other parameters are carefully tailored.

For high-speed LN electrooptic modulators, when the phase matching between the
optical and the microwave signals are achieved, then the overall modulator bandwidth
depends on the total microwave loss. Variations of ac and normalized at 1 GHz,
with the buffer layer thickness, B, are shown in Fig. 7.14. It can be observed that the
dominant loss factor, ac, reduces slightly as the buffer layer thickness is increased and
this coefficient also reduces if the electrode thickness, 7, is increased. On the other hand,
the dielectric loss in the LN layer, ail reduces, but Qi and the total dielectric loss, QJ
increase as the buffer thickness is increased. It can be noticed that the dielectric loss in
the silica layer is much higher than that in the LN substrate. The total dielectric loss, ad,
is also reduced when the electrode thickness, 7, is increased. Conductor loss, ac, being
dominant at the low frequency operation and particularly at 1 GHz, has a value between

20 to 70 times higher than that of the total dielectric loss. It can be noted that conductor
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loss calculated here in this study agrees well with the conductor loss reported by

Noeuchi 1998, illustrated on the figure with dashed lines.
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Fig. 7.14 Variation of the conductor loss and dielectric loss with buffer layer thickness

normalized at 1 GHz, for ridge height, H=3 /xm.

It is essential to notice that the results of the conductor loss calculated in this figure are
for four different values of'the electrode thickness, 7, 5 /xm, 10 /xm, 15 /xm and 20 /xm. In
this work, the loss tangent values for LN and the silica are taken as 0.004 and 0.016
(Noguchi 1998). It can be observed that both odL and ad increase slightly, as the value of
H is increased. It can be also noted that for typical buffer layer thicknesses, the losses in
the silica layer are much higher than that of the LN crystal, similar to that reported in
Noguchi, 1998.

The variations of the conductor loss, ac, and dielectric losses, aé (normalized at 1 GHz)

with the etch depth, H, are shown in Fig. 7.15. The frequency dependent surface
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resistance for gold, Rs, is calculated from its conductivity, a = 4.1 x 107 s/m. It can be
observed that as H is increased, ac reduces slightly. The conductor loss depends
strongly on the electrode thickness, 7, and reduces considerably when a thicker electrode

1s used.

Tg th'"o oG8

Ridge depth, H (¢¢m)

Fig. 7.15 Variation of'the conductor loss and dielectric losses with the ridge depth.

The simulated results presented here agree reasonably well with that in the published
work (Noguchi, 1998), also shown here by dashed lines. The dielectric loss in silica
(buffer) layer, adS in the lithium niobate crystal, and the total dielectric loss, ai for
T= 10 pm are also shown in this figure.

The conductor loss has significant impact on the bandwidth determination; however,
when the operating frequency is higher, the dielectric loss also plays an important role in
determining its bandwidth. It can also be observed in Fig. 7.16 that the dielectric loss, ad
increases as the buffer layer is increased, as more of the modulating field is confined in

the silica layer, which has a higher loss coefficient. It can be observed that the dielectric
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loss, ad, is increased as the electrode gap, G, is reduced, or the ridge height H is
increased. The results presented in this work on dielectric losses agree well with the
results of a similar study reported by Gopalakrishnan et al. 1993, indicating that, as the
operating frequency of the next generation of ultra-high-speed modulators is increased

the effect of dielectric loss would increase significantly.

*10'2

Fig. 7.16 Variation of conductor loss and dielectric loss with the buffer layer thickness,
normalized at 1 GHz, for an electrode gap, G=20 pm and G=25 pm and for the ridge

depth, H—0 pm and H=3pm when the electrode thickness, 7=5 pm.

At 1 GHz, for this structure, the conductor loss is two orders of magnitude larger than

the dielectric loss. However, since the dielectric loss is proportional to the operating
frequency, f compared to the conductor loss, which is proportional to , for ultra-

high-speed modulators the dielectric loss cannot be neglected. It can be noted that both

conductor loss and dielectric loss are reduced when electrode gap G is increased, and
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this parameter plays an important role in bandwidth determination for high-speed LN

electrooptic modulators.

Fig. 7.17 Variation of conductor loss, at diclectric loss, % and total dielectric, ar loss

with the operating frequencyf

At 1 GHz, for etched and unetched structures the conductor loss is two orders of
magnitude larger than the dielectric loss. However, since the dielectric loss is

proportional to the operating frequency, f compared to the conductor loss, which is
proportional to the J f, so for ultra-high-speed modulators dielectric loss cannot be

neglected. The variation of the conductor loss, dielectric loss and the total microwave
losses with the operating frequency are illustrated in Fig. 7.17, by dashed, dotted, and
solid lines, respectively. It can be observed noted that at 100 GHz, dielectric loss could
easily be 15% of the total loss, and this loss cannot be neglected in the calculation of the
modulator bandwidth. This research work has confirmed that the effect of the etched

compared to unetched modulator structure is significant. Fig. 7.17 investigates the effect
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ofthe total conductor loss for three different buffer layer thicknesses, with the operating
frequency. It can be observed from this figure that, at high operating frequency, the

effect of etched structure is positively significant.

°RepdeB © moeelEeg % °

Buffer layer thickness, B (/xm)

Fig. 7.18 Required electrode thickness to achieve the phase matching and the

corresponding characteristic impedance, Zc¢ for certain buffer layer thickness, B.

It is possible to match the most important parameter for a travelling wave modulator, the
microwave effective index, Nm by varying fabrication parameters. The electrode
thickness necessary to achieve the phase matching for a given buffer layer thickness is
shown in Fig. 7.18, for both H = 0 (unetched structure) and 3 pm (etched structure). It
can be observed that as buffer layer is reduced a much thicker electrode is necessary to
match the phase velocity. It can also be noted that it is easier to match phase velocity for
etched structure as a considerably reduced metal thickness would be necessary. The
variation of Zc¢ with B, when phase velocity is matched is also shown in this figure. It

can be noted that, although Nmis matched, however, mostly Zc is not matched to 50 Q,
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except only for H= 3 pm, when B —1.30 pm and 7= 10 pm, where both phase velocity
and Zc are matched simultaneously. When etched LN structure is employed (//=0pm), it
can be noted that necessary buffer thickness and electrode thickness would be 1.7 pm

and 10 pm respectively for simultaneous matching of Nmand Zc.

(e}
o
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Buffer layer thickness, B(/xm)

Fig. 7.19 Required electrode thickness, 7, to achieve velocity matching, Nm=2.15 and
the variation of'the characteristic impedance, Zc, under this condition as a function of the

buffer layer, B.

In the design of such high-speed modulators first of all it is necessary to match the
microwave impedance to the optical impedance. Amongst the other parameters, this can
easily be achieved by increasing the electrode metal thickness, 7. Moreover, the /"L
product does not change significantly with electrode thickness. However, the electrode
thickness is a key parameter to optimise the velocity and impedance matching. The

variations of electrode thickness, 7, necessary to match the value of Nm (= 2.15), for
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different buffer layer thickness, B, are shown in Fig. 7.19. It can be noted that as the
buffer layer thickness is reduced to a lower VA product, the value of T required would
be higher to achieve the phase matching. However, it can also be observed that for an
etched LN the required metal thickness is smaller than that of unetched LN for the same
buffer layer thickness. Variations of Zc with the buffer layer, when the structure is phase
matched, are also illustrated in this figure. It is demonstrated that when the buffer layer
1s increased, Zc is increased. It can be noted that in most cases, when the modulator is
phase matched, the impedance is not matched. The impedance matching is slightly
worse when the LN is not etched. Phase matching depends strongly on the ridge depth,
H, and this figure shows that for a certain buffer layer, B, and electrode gap, G, the
required electrode thickness, 7, is higher for an unetched structure. For a ridge height
H=3 pm, it is possible to achieve both phase and impedance matching when the buffer
layer thickness 5=1.49 pm: however for H=0 pm both impedance and phase matching is
not achievable for these particular parameters. The electrode gap, G, does not have
significant role in impedance matching, but when the electrode gap G is higher, a higher

electrode thickness is required to achieve phase matching, which reduces the conductor

loss.

Fig. 7.20 Variation of conductor loss, dielectric loss in LN and SiCse with buffer layer

thickness, under velocity matching condition.
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Variations ofthe conductor loss, ac and dielectric loss, aa with the buffer layer, B, under
velocity matching condition, Nm is illustrated in Fig. 7.20. It can be observed that for
both unetched, H = 0 pm, and etched structures, 3 pm, conductor loss, ac, is increased
when the buffer layer thickness, B, is increased. It can also be observed that dielectric
loss in the LN substrate, reduces, but both dielectric loss on SiCx buffer region Cfe
and total dielectric loss (sum of dielectric loses of LN and SiCh regions) ad are increased
when buffer layer is increased. It can also be noted that for etch depth 3.0pm, ac is

slightly higher than that for when LN is not etched.

Buffer layer thickness, B (pm)

Fig. 7.21. Variation of the conductor loss and the dielectric loss with the buffer layer
thickness, B, normalized at 1 GHz for an electrode gap, 20 pm and 25 pm and ridge

depth 0 pm and 3 pm under the velocity matching condition.
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In Fig. 7.21. are illustrated the variation of the conductor loss at, and the dielectric loss,
dd normalized at 1 GHz with the buffer layer thickness, B, when the electrode thickness,
T has been adjusted to achieve phase matching. Solid and dashed lines shown are for
H=3 pm and 0 pm, respectively. It can be observed that for a given ridge height value
and a fixed electrode gap, G the value of at is increased when the buffer layer
thickness, B, is increased. This increase of conductor loss is due to the reduced electrode
thickness necessary for the phase matching. The electrode gap, G has a significant role
on the conductor losses, when electrode gap, G is increased from G=20 pm to G=25
pm. The conductor losses, at, are reduced by nearly 20% for a fixed ridge height, II.
The dielectric losses are increased when the buffer layer thickness, B, is increased for a
value of the ridge height and a fixed electrode gap, G. It can be seen that when the
electrode gap, G, is increased, the dielectric losses, dd is decreased, in a similar way to
the conductor loss. Hence a larger electrode gap, G, is expected to increase the

modulator bandwidth.

80 o3

o
c

Fig. 7.22 Variation of the electrode thickness 7 and electrode width S with the buffer

layer thickness B under the simultaneous matching condition of Nmand Zc.
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It has been confirmed that simultaneous matching of both Nmand Zc is not possible by
varying only one parameter such as the ridge depth, 77, buffer layer thickness, B, or
electrode thickness, 7, at a time. But it is also investigated that for a specific
combination of 7 and B, it may be possible to match both of them simultaneously. In
general, by changing any of the two parameters from B, 7, 77, S and G it may be
possible to match both Nmand Zc¢ simultaneously. Next, the simultaneous matching of
both the Nmand Zc is undertaken. For each buffer layer thickness, B, both the electrode
thickness, 7, and the hot-electrode width, S, are varied together to match Nm and Zc
simultaneously. Simulated results are shown in Fig. 7.22, for two values of the gap
between the electrodes, G, 15 and 20 pm, and for two values ofridge depth, 77, opm and
3 pm, respectively. It can be observed that the necessary electrode thickness, 7, is
increased and the electrode width, S, is reduced when buffer layer thickness is reduced.
With respect to simultaneous matching it has been observed that when G is increased,
electrode thickness necessary for the phase matching is also increased. When an etched
LN is used, the necessary 7T value is slightly reduced. It can be noted that as G is
changed, necessary hot-electrode width, S, does not change much. However, one
important factor can be noted here that, for etched LN structure (77= 3 pm), for a given
hot-electrode width, S, buffer layer could be thinner. It should also be noted here that, to
match the optical spot-size of the modulator to that of a single mode fibre, it is often
necessary to have the LN ridge width and also the hot-electrode width, S, in the range of
6-10 pm, which would also restrict the centre electrode width S.

It is also very important to identify the dielectric and conductor losses under velocity
and impedance matching condition, Nm and Zc respectively. The variation of conductor
loss, ac and dielectric loss, ad with the buffer thickness, B, are illustrated in Fig. 7.23,
when both Nm and Zc are matched simultaneously. It can be noted that as buffer
thickness is reduced the ac is increased, which would reduce bandwidth if length of the
modulator is fixed. However, when thinner buffer layer is used, the corresponding Vil
will be significantly reduced; hence the modulator length can be reduced to increase the
optical bandwidth. It has been confirmed that conductor loss ac reduces as electrode
gap, G is increased, but this value reduces significantly when a ridge structure is used (77

=3 pm) compared to planar LN structure (77= 0 pm).
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Sg °,®oF® & BB zm

Fig. 7.23 Variation of the conductor loss and dielectric loss with buffer layer thickness

under simultaneous matching condition of Nmand Zc

It should be mentioned that both VK. and ay reduce when etched LN electrooptic
modulator is considered, which can positively impact on the performance of the
modulator. The term VA is the product of the half-wave voltage, Vm and the interaction
length, L, of the device and it is the key parameter of an electrooptic modulator. Fig.
7.24 shows the variation of VJ., as a function ofridge depth, H, for two different values
of the buffer layer thickness, B. It can be observed that for the electrode width, S=8 /xm,
a waveguide width, W=9 ;xm, and the electrode gap, G=15 jam, the product VJL
decreases as the ridge depth H is increased from zero and reaches its minimum value
when H is between 3 pm to 5 /xm where the present optimum value is consistent with the
observations reported earlier by various authors such as Minakata, 2001 and Mitomi,
1995. The decrease of V,L is due to the optical field being more confined in the lateral

direction, and consequently showing an increased overlap with the modulating electric
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field. It can also be observed that the product Vzil reduces as the buffer layer is reduced

from 5=1.2 pm to 0.75 pm.

0 1 2 3 4 5 6
Ridge depth, H (/xm)

Fig. 7.24 Variation of the product VjL as a function of the ridge depth, H for two

different buffer layer thicknesses, B and the structure ofmodulator.

Results for similar types of structures, as reported by Mitomi et al. 1995 are shown by
dashed lines: however, an exact comparison was not carried out due to the lack of the
key optical parameters necessary for the optical simulations. Since further reduction of
H may not reduce VK, considering these results and the ease of fabrication, the optimum
ridge depth is often set to 3.0 pm for comparison with the planar LN structures and also
for further optimization of'the microwave characteristics.

The buffer thickness, B, is an important parameter in the design of an optical modulator.
The variations of the VI product with the buffer layer thickness, B, for three ridge
depths, H, and two electrode gaps, G, are shown in Fig. 7.25. It shows that V"L decreases

linearly as the buffer layer thickness B is reduced, but for a very small buffer layer

S.Haxha@city.ac.uk 197


mailto:S.Haxha@city.ac.uk

Chapter 7 Ultra-Broad-Band LiNbCh optical Modulator with Ridge Structure

thickness, the penetration ofthe optical field into the metal electrode would also increase

the optical losses, as shown in previous work by Anwar, 2002.

Buffer layer thickness, B (/tm)

Fig. 7.25 Variation of FX¥ as a function of the buffer layer, for an electrode gap, G=15
pm and G=25 pm for etched, (77=3 pm, 774 pm) and unetched, (77=0 pm) structures.

It can be observed that by increasing the ridge depth from 0 pm to 4 pm, the VIL
product decreases by more then 30% over the range of B considered here. It can also be
observed that by increasing the electrode gap, G, from 15 to 25 pm and keeping the
other parameters fixed, the product VIL increases slightly. This observation is consistent
with the results reported by Mitomi et al. 1995, for a similar type of structure, shown
here by a dashed line for a ridge depth of 77=3 pm.

Although the gap between electrodes, G, does not play a significant role in determining
the VjL product, it will be shown later, that the electrode gap, G does influence other
microwave parameters such as the microwave losses and bandwidth. The variations of
the UZ product with the electrodes gap, G, are shown in Fig. 7.26. For 77=4 pm the
product FtZ reduces as the electrode gap reduces until G is very small. In this case,

when the electrode gap, G is below 5 pm, the Mach-Zehnder section behaves rather like
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a directional coupler due to the evanescent coupling between the two adjacent optical

waveguides.

Fig. 7.26 Variation of the product /L with the electrode gap, G for values of ridge
depth, H=0 pm, H=3 pm and H=4 pm.

Since for H=0 pm, the resulting product VjL is quite large, its variation with the
electrode gap, G, is shown by a dashed line with its scale on the right hand side. For the
ridge depth H—0 pm, this mode coupling between the arms can be detected even when
the electrode gap, G is around 15 pm, due to the much weaker lateral confinement of
the modal fields of the unetched guides. As in this situation there is a significant
coupling between the two arms of the Mach Zhender branches, and a simple value 4f5
for the two isolated waveguides would not give the correct VzL product.

The optimization of the waveguide and the hot-electrode width are also important. Fig.
7.27 shows the dependence of the VL product on the width of the central hot-electrode,
S, for different waveguide widths. The other parameters, such as 5=1.1 pm, G=15 pm,

T=5 pm and H=3 pm are kept fixed. It can be observed that the VL product is reduced
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as the electrode width, S, is increased for a given waveguide width, W. As § is increased,
the peak value of An (due to electrooptic effect) spreads outward and the overlap

between the optical field increases.

4 5 6 7 8 9 10
Width of center electrode, S (/xm)
Fig. 7.27 Variation of the product VjL with the width of center electrode, S, for a

waveguide width, =8 pm, W=9 pm and W- 10 pm.

The Vjd. product keeps decreasing as the width of center electrode, S, increases until it
equals that of the ridge width. It can also be observed that when the width of the
waveguide is reduced, the VJ, product is also reduced, as the optical field is more
confined in the guide. However, it is interesting to observe that when S and W are equal,
i.e. when the electrode covers the whole waveguide width, the VA values are the lowest
and nearly constant for the range of values of S and W considered here. For H lower than

3 pm, the trends are similar but the /'L values would be larger.
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The modulator bandwidth primarily depends on the mismatching between the optical
and microwave phase velocities. However, when they are matched, the maximum
optical bandwidth can be achieved, and this maximum value depends on the microwave
loss. The variations of the 3 dB optical bandwidth with the buffer layer thickness for
different electrode thickness are shown in Fig. 7.28. The length ofthe electrodes is taken
as L= 2.7 cm, the waveguide width, W=9 pm, the electrode width, S=8 pm and the
electrode gap, G=15 pm. In this case the effects of phase and impedance mismatching

and electrode losses are considered.

Fig. 7.28 Variation of the 3dB optical bandwidth, with buffer layer thickness, B, for

different values of electrode thickness, T

When only the conductor loss is considered and the dielectric loss and impedance
mismatch are neglected, the bandwidths calculated by using equation (5.48) (Chapter 5)
are shown by the solid lines. It can be noted that for 7= 20 pm, a 38 GHz maximum
bandwidth is achieved when Nm = N at the buffer layer thickness, B, equal to 0.52 pm.

It can be also noted that for 7= 15 pm, the maximum bandwidth of 35 GHz is achieved
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when B = 0.83 pm, as the microwave loss in this case increases. The dashed lines show
the variations of the optical bandwidths with the buffer layer thickness, B, when the
effect of the dielectric losses is included. It can be noted that by neglecting the dielectric
loss, the optical bandwidth could be over estimated by as much as 30%. This error will
be even higher when the operating frequency is also higher as the dielectric loss
increases faster than the conductor loss with the operating frequency. It is obvious that at
higher operating frequencies, when the dielectric loss is ignored, the total microwave
loss can be significantly underestimated. The dotted line represents the variation of the
Af’ bandwidth with the buffer layer thickness, B, when the conductor loss, the dielectric
loss and also the effect of impedance mismatch are considered, and it can be observed
that the maximum value of the bandwidth has been reduced significantly, by almost
45%. It can be noted that for an electrode thickness, 7-5 pm, the maximum bandwidth

can be achieved, but at a large value of buffer layer thickness, B.

0.25 0.5 0.75 1.0 1.25 1.5
Buffer layer thickness, B (pm)
Fig. 7.29 Variation of the 3dB optical bandwidth for etched and unetched structures,

with the buffer layer thickness, B, at a fixed voltage V=5 V under the velocity matching

condition.
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Since VjL varies strongly with buffer layer thickness, B, it is also important to evaluate
the design developed for a fixed operating voltage, by adjusting the device length. In this
case it is assumed that the operating voltage is 5 V and the electrode thickness, 7, is
adjusted to achieve phase matching as illustrated in Fig. 7.29. The variations of the
bandwidth, 4 f with the buffer layer thickness, B, are shown in Fig. 7.30, after taking
into account the effects of the conductor loss, ac, dielectric loss, and the impedance,
Zc, mismatch. It can be noted that the bandwidth, A4 f increases as the buffer layer, B,
decreases. It is also obvious that the bandwidth increases as the electrode gap, G
increases. Flowever, as B is reduced, the optical loss at the metal electrode would also
increase. It has been demonstrated that for a ridge depth, A=3 pm, the overall

bandwidth, 4 f increases significantly, compared with the unetched structure.

V om

Fig. 7.30 Variation of the 3dB optical bandwidth and the product /'L with buffer layer

thickness, B, under velocity and impedance matching conditions.
Next, a study of the simultaneous matching ofboth Nmand Zc is undertaken. In general,

by changing any of the two parameters from the group B, 7, H, S and G it may be

possible to match both Nm and Zc simultaneously. In this study, for each buffer layer
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thickness, B, both the electrode thickness, 7, and the hot-electrode width, S, are varied
together to match Nm and Zc simultaneously. The waveguide width, W, is kept 1 pm
higher than the electrode width, S. Results for both fixed device length (Z=2.7cm) and
fixed operating voltage (V=5V) are shown. The variation of the parameter JAL is also
shown in Fig. 7.30, by the dashed lines, under velocity and impedance matching
conditions. In this case the electrode length, L, is kept at 2.7cm, the ridge height, H, is 3
pm and the electrode gap, G, is 25 pm. In the bandwidth calculation the effect of the
conductor loss and the dielectric loss are considered under velocity and impedance
matching conditions. By adjusting the electrode thickness, 7 and the electrode width, S,
the matching condition can be achieved, but only for particular values of buffer layer
thickness. It has been confirmed that for a buffer layer thickness, B, less than 0.70 pm,
the device does not behave as a Mach-Zehnder modulator because of the coupling
between the waveguides. This is due to the small waveguide width, #, which is required
to achieve phase and impedance matching simultaneously. It can be noted that the
product VjL increases when the buffer layer increases under the velocity and impedance
matching conditions shown by the dashed line. The solid line represents the variation of
the product VIL with the buffer layer thickness under the velocity matching condition
only.

The variation of the bandwidth with the buffer layer thickness, B, when the voltage V is
fixed at 5 V, rather than the electrode length, is shown also in this figure by a dot line for
the electrode gap, G=25 pm, and a ridge depth, H=3 pm. It can be seen that by keeping
the voltage fixed under the velocity matching condition, the bandwidth has been
increases significantly, and it decreases rapidly with the buffer layer thickness. In this
case the effect of the conductor loss, the dielectric loss and the impedance mismatch are
included. The variation of the bandwidth with the buffer layer thickness, B under the
velocity and impedance matching condition is also shown by the dashed lines. Under
these velocity and impedance matching conditions for a buffer layer thickness, B, less

than 0.70 pm, the device cannot operate as a modulator.
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0.25 0.5 0.75 1.0 1.25 L:

Buffer layer thickness, B(/xm)

Fig. 7.31 Variation of the driving power with buffer layer thickness under velocity and

impedance matching condition for etched and unetched structure.

Next the driving power is calculated from the equation (4.52). As stated before the
driving power primarily depends on the product of half-wave voltage length VjL and the
characteristic impedance, Zc. Obviously a low half-wave voltage and characteristic
impedance value close to 50 fl are required in order to achieve low driving power. For
this reason many LN electrooptic modulators are designed and their electrodes are
optimized in order to achieve impedance matching and low half-wave voltage. Fig. 7.31
shows variation of the driving power under velocity matching condition for both
structures, etched and unetched. It can be seen that the value of driving power for the
same parameters under velocity matching condition for unetched structure is very high
compared to etched, its value being almost 60% higher at the desirable buffer layer
thickness, 5=1.25 ;im. The driving power increases when the buffer layer increases as a

result of the impedance mismatch and increased half-wave voltage length. Also its value
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increases slightly when the gap between electrodes is increased. From this figure it is
essential to confirm that the lowest value for the driving power is under velocity and
impedance matching condition at electrode gap, G=25 fim for etched structure,
illustrated with a dotted line. It is very important to see that the required buffer layer
thickness for low driving power LN electrooptic modulator with its length L=2.7 cm is

in the rage between 0.6 /mi and 1.5 /mi.

0.25 0.5 0.75 1.0 1.25 1£
Buffer layer thickness, B (¢¢m)

Fig. 7.32 Variation of the optical loss with buffer layer thickness for different electrode

thickness and gap between electrodes.

Electrode design is an important consideration in minimizing the overlap between the
optical and modulating fields. The buffer layer thickness is required to reduce the optical
loss due to the lossy metal electrodes, particularly for TM-polarized light. The
calculation of the optical loss due to the electrode is determined using the perturbation
method, in conjunction with the FEM (Themistos, 1995). Variation of the optical loss
with buffer layer thickness for electrode thickness, T equal to 0.1, 1.0 and 5.0 /;m for

electrode gap, G equal to 20 and 25 /;m is illustrated in the Fig. 7.32. It can be seen that
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optical loss decreases when the buffer layer thickness increases, also optical loss
increases when the electrode thickness is decreased and electrode gap is decreased. This
reduction of optical loss is due to a decreasing penetration of the optical field into the
metal electrode, the source of the optical loss, due to increase in the buffer layer
thicknesses, there is a trade-off between loss due to the electrode and half-wave voltage
ViL. However there is a slight increase of optical loss when the electrode thickness is

increased.

7.4 Summary

In this chapter a numerical approach based on the efficient finite element method has
been established to study some of the key etched and unetched modulator parameters.
Simulated results are illustrated including the potential distribution, capacitance
calculation, electric and magnetic field distribution, microwave index, characteristic
impedance, optical field confinement, conductor loss, dielectric loss for different regions
of the substrate, half-wave voltage length, bandwidth, driving power and optical loss,
investigated for etched structure. Results of etched and unetched structures are also
investigated, in particular the advantage of etched over unetched structure on the device
performance. The material and structural dispersion of CPW LN has been reported to be
almost constant at frequencies up to 200 GHz so a quasi-static approach is considered
here. The effects of various key device parameters to achieve simultaneous velocity and
impedance matching are presented. The lack of velocity and impedance mismatch which
is the dominant problem preventing the modulator high performance is also thoroughly
investigated. For optical modulators operating beyond 40 GHz, the total dielectric loss
will play a significant role in the determination of the overall speed of the modulator. It
is shown that the etch depth plays an important part in reducing the voltage, or driving
power. It also reduces the device length and increases the optical bandwidth. It is further
shown that the electrode gap width plays an important role in the bandwidth of a high-
speed modulator. The effect of the impedance mismatch on the bandwidth and
subsequent attempt to match both effective index, Nm and characteristic impedance, Zc,

and their effects on the bandwidth are also presented in this chapter.
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Deeply-Etched Semiconductor Electrooptic Modulator

8.1 Introduction

External high-speed optical modulators of multi-gigahertz bandwidth and high optical
power handling capacity are key components (Walker, 1991) in current optical
communications systems and valuable for future optical signal processing technology.
Excellent external modulators, made from titanium-diffused lithium niobate in a Mach-
Zehnder type structure with a travelling-wave electrode (Mitomi, 1995) are available as
standard commercial products and 40 Gb/s modulators are also emerging on the market
after successful prototype demonstrations due to their large electrooptic coefficients, low
bias drift, and zero or adjustable frequency chirp. However, these is a continued demand
for the design of more efficient ultra-high-speed semiconductor electrooptic modulators,
(Walker, 1991), (Wang, 1988), (Khan, 1993) and GaAs/AlxGai xAs travelling-wave
electrooptic modulators offer the obvious advantage of monolithic integration of
active/passive photonic and electronic devices to form opto-electronic integrated circuits
(OEIC) and/or laser sources. GaAs is the material of choice in many optoelectronic
components such as lasers and detectors. Although GaAs electrooptic modulators suffer
from a relatively small electrooptic coefficient, compared to the traditional materials like
LiNbogs this is however partly compensated by their higher refractive indices. Often
travelling-wave designs are employed to increase the interaction length between the

optical signal and the electrical signal and thus reduce the modulator half-wave voltage
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(Vj). These designs will increase the interaction length up to a point, but they are still

limited by the velocity mismatch between the optical signal and the microwave signal.

8.2 Design and fabrication of deeply-etched semiconductor

waveguide electrooptic modulator

The schematic diagram of the deeply-etched semiconductor electrooptic modulator is
illustrated in Fig. 8.1. The parameters of this structure are a 0.2 7m 10%AIlGaAs layer, a
thick GaAs core with a height, H(/xm), and a buffer layer thickness AlGaAs with an
aluminium concentration of X/% and its height, deposited on a 2 /xm thick 5%

AlGaAs spacer layer.

V=5 volt *

Hot electrode,

X, % AlGaAs, Buffer
Layer B(fim)

GaAs Core
H (jm)

10% AlGaAs
cladding 0.2 (jm)

Ground electrode -t

0.1 (fun)

5 % AlGads
2 (\xm)

GaAs
Substrate

Fig. 8.1 Deeply-etched AlGaAs/GaAs semiconductor electrooptic modulator.

S.Haxha@city.ac.uk 209


mailto:S.Haxha@city.ac.uk

Chapter 8 Semiconductor (GaAs) Electrooptic Modulator

The whole structure is deposited on the very thick insulating GaAs substrate. In these
cases a 0.1 /xm thick highly doped (1x10 )/cm GaAs layer below the lower cladding is
considered as the ground electrode, with /= 0 placed between the 10%AlGaAs layer
and the substrate, while the hot electrode , V' t”Q, is deposited on the top of the buffer
AlGaAs layer. The waveguide width is W (/xm), while the electrode width is Wei (/xm)
and the modulator operating wavelength is taken as A=1.55 /xm. Deeply-etched
waveguide structures are known to suffer from lower bending loss, therefore more
compact system design is possible than that for the shallow-etched counterparts.
Theoretically this waveguide structure is multimoded, when the waveguide width is
greater than 2.5 /xm. However, from the practical point of view, the use of a high index
of GaAs substrate leads to a situation where these higher order modes suffer very high
leakage radiation losses into the substrate, while the fundamental mode shows virtually
no leakage loss (Heaton, 1999), so effectively behaving like a single-moded guide.

In this research work the deeply-etched semiconductor electrooptic modulator is
theoretically investigated. As far as fabrication procedure is concerned, it is assumed to
be similar to the deeply-etched waveguide fabrication (Heaton, 1999), where the wafers
were grown by both metallorganic vapour phase epitaxy (MOVPE) and molecular beam
epitaxy (MBE). It is difficult to grow 1%AlGaAs by MOVPE procedure, because in
some reactors this procedure involves using an aluminium precursor gas flow rate which
is very close to the limit. Therefore, the core in wafer design which is grown by MOPE
is 5%AlGaAs, rather than GaAs, to achieve the required small core/cladding index step
with greater accuracy. Most of the AlGaAs alloy concentration compositions are not
very critical, which is an advantage of this deeply-etched waveguide. The upper
cladding B (/xm) is used to keep the light away from any possible attenuating metal
(gold) electrodes on the top ofthe surface of the guide, which usually does not need very
accurate Al mole fraction and thickness. The core, H (/xm), is usually undoped GaAs
with its refractive index well defined, and has not much effect on the number of
horizontal modes supported. First 0.1 /xm and second 0.1 /xm lower claddings Al mole
fraction are also not critical and is not difficult to fabricate. In particular they have to be
thick enough to prevent too much light leaking from the fundamental mode into

substrate.
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The only critical parameter in designing this deeply-etched waveguide is to determine
guide width for a given wafer.

The waveguide pattern is formed on each wafer in photoresist using the standard
photolithography and then etched using SiC14 RIE machine. This machine (RIE) has a
laser reflectometer attachment which can detect changes from one AlGaAs alloy
composition to another during the etching process. After etching and removing the
resist, a Dektak surface profile measurement has to be used to determine the etched
depth. In order to give chips with high-quality input and output faces, the wafer has to be

skipe-scribed and cleaved.

Xi(%) Al mole concentration on the (%GaAs) Optical refractive index n

GaAs or 0% 3.376
5% 3.353
6% 3.346
9% 3.334
10% 3.329
11% 3.324
15% 3.305
20% 3.281
25% 3.256
30% 3.232
40% 3.183
50% 3.158
60% 3.134
70% 3.109
80% 3.084

Table 8.1 Al mole concentration on the %GaAs composition.

S.Haxha@city.ac.uk 211


mailto:S.Haxha@city.ac.uk

Chapter 8 Semiconductor (GaAs) Electrooptic Modulator

The AlGaAs alloy composition is calculated from;

sSIAT=13.18-3.12 -X, % 8.1

Where, X/% is the percentage of the Al mole concentration, however the optical

refractive index for the corresponding value ofX/% is taken from the Table 8.1.

8.3 Velocity matching techniques for the semiconductor

electrooptic modulator

In this research work, a newly proposed structure for a deep-etched electrooptic
modulator is employed where the velocity matching is achieved by introducing a
tantalum pentoxide, '*O s, coating which has a high relative dielectric constant at the
microwave frequency, er =27, but a low refractive index at the optical frequency,
«=2.03 (Khan, 1993). Tantalum pentoxide (TaiOs) has been investigated over the past
decade, and is a low-absorption material, suitable for optical coating. Previously Khan et
al. 1993 have reported velocity matching by using a Ta20s coating. However, as they
used the less flexible finite difference approach with a regular grid, the solution accuracy
they achieved was rather limited. The bandwidth of a high-speed optical modulator is
primarily limited by the velocity mismatch between the optical carrier wave and the
modulating microwave signal. For high-speed modulators, when velocity matching is
achieved, the next limiting factor is the overall microwave propagation losses. At lower
operating frequencies, the electrode conduction loss, ac, dominates; however, as the
operating frequency is extended beyond 40 GHz, the dielectric loss, ad, is expected to
play an increasingly important role in the bandwidth determination (Haxha, 2002,
Haxha, 2003). In practical applications, the characteristic impedance, Zc, of the
electrode also affects the performance of a high-speed modulator, which is typically
matched to an external circuit of impedance 50Q.

Various attempts have been made to achieve velocity matching, such as by placing a

GaAs superstrate over the GaAs (Nees, 1989) travelling-wave modulator, where the
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velocity of the electrical signal is reduced to that of optical signal. The same structure is

investigated in this study shown in Fig. 8.2.

0.5mm

0.5/im

0.8/xm

3.5/xm

0.5mm

Fig. 8.2 a) Cross section (Nees, 1989) of the GaAs electooptic modulator and b)
variation of the effective index, Nm and characteristic impedance, Zc, with electrode

thickness, 7, with and without GaAs substrate placed in top ofthe structure.

Fig. 8.3 Variation of the characteristic impedance a) and microwave index b) with
electrode thickness for different value of gap between electrodes, G, and electrode

width, S, when GaAs substrate is placed in top ofthe structure.
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The effect of the substrate GaAs layer placed on the top of the structure on the
microwave effective index and characteristic impedance can be seen in Fig. 8.2 and Fig.
8.3. Further investigation on this structure (Nees, 1989) has been done with respect to
velocity matching for various electrode thickness, 7, electrode width, S, and gap
between electrodes, G, as illustrated in Fig. 8.3. It can be seen that velocity matching can
be achieved easily, when the GaAs substrate is placed on top of the structure, however
the characteristic impedance deteoriates. Also the value of Zc can be slightly improved
for smaller electrode width, S. Our simulated results agree with the experimental results
reported by Nees, 1989. A similar idea has been employed in this research on deeply-
etched electrooptic modulator, but with different coating thickness material. However
earlier experimental work reported (Nees, 1989) indicates that the product of the half-
wave voltage length product V"L, was too high, at 288 V. For the comparison reason our
result simulation on FVjL was 285 V which agrees well with their work. Their (Nees,
1989) simulation results did not match with experimental one.

The use of slow-wave electrodes, fabricated on undoped epitaxial layers by Spikerman
et al. (1996) has enabled the achievement of near velocity matching, with an impedance
Zo of 461 0, a bandwidth greater than 40 GHz and a value VjL product of 16.8 V.
Another approach which combines p-i-n and coplanar features has also been reported by
Tan et al. (1990) with a bandwidth up to 15 GHz. A travelling wave modulator with
bandwidth around 50 GHz and a value of V7 in the region of 10 volts at 1300nm has
been reported by Walker (1994) in which the velocity matching was achieved by means
of a loaded (slow-wave) transmission-line. Recently Craig et al. (1997), reported a
technique to deposit an amorphous hydrogenated silicon cover on the coplanar electrical
waveguide of the electrooptic modulator, where the silicon acts as both a cladding for
the optical waveguide and a slow-wave structure to the electrical signal and the
approximate value of the bandwidth has been measured as 20 GHz, with the switching
voltage being 54 Volts at 1.55/xm and showing a velocity matched intersection length of
8.3 milimeters.

To date, most of the work reported has focused only on obtaining the velocity matching

condition as one of the essential aims of the design process. For the next generation of
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ultra-high-speed modulators, it is necessary to optimize the electrode structures to
achieve simultaneous matching of the velocity and impedance along with a reduced
overall microwave loss. In this research work, using the numerically efficient and
versatile finite element method, for a new proposed structure of deep-etched electrooptic
modulator, the velocity matching is achieved by introducing a coating of tantalum
pentoxide, Tazos. Besides the calculation of the dominant conductor loss, ac, the
dielectric loss a which is not small for a high-speed modulator, has also been
calculated and its effect of the bandwidth estimation is illustrated. Numerically
simulated results are shown for the deep-etched electrooptic modulator and various types
of Ta2Cs overlayer arrangements have been considered. Optimization of their

microwave and optical characteristics are also addressed in this study.

8.4 Simulated results for deeply-etched semiconductor

electrooptic modulator
The solution of the Laplace equation given under the Chapter 5 equation (5.1) is

essential to calculate the potential distribution for entire deeply-etched semiconductor

electrooptic modulator illustrated in Fig. 8.4.

Fig. 8.4 Schematic illustration of cross section of the deeply-etched semiconductor

electrootic modulator.

S.Haxha@city.ac.uk 215


mailto:S.Haxha@city.ac.uk

Chapter 8 Semiconductor IGaAs) Electrooptic Modulator

Once the potential distribution is calculated, x component of the electric field, Ex(x, )
can be calculated using equation (5.13). Figure 8.5 shows the contour plot of the
horizontal electric field profile, Ex(x, y) under the voltage applied of 5 volts, when the
waveguide width is 5 /mi, the electrode width is 4.9 /mi, the core height is 1.5 /mi, the

buffer layer thickness is 1.1 /mi with its Al mole concentration of 30%.

Position of'the electrodes

Width(yU,m)

Fig. 8.5 Horizontal or x component of'the electric field profile Ex(x, y)

It can be observed that electric field Ex(x, y) is asymmetric and nearly zero in the desired
waveguide region, with its maximum around the left and right comers of the hot
electrode. Therefore the refractive index change on the x direction is almost zero and it
can be neglected.

Contour plot of the electric field y component is illustrated in the Fig. 8.6. It should be
noted that the electric field Ey(x, y) is heavily concentrated and symmetric, nearly

uniform to the desired core waveguide region. The vector field profile would be nearly
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vertical, except close to the left and right edges of the hot electrode. According to the
equations (5.13), (4.42) and (4.43), Et or Exmodes are mainly affected due to refractive
index change in the x direction.

Position ofthe electrodes y=j v V=0v

It would appear that the refractive index change is according to the equation (4.42) Atixx
which is directly proportional to y component of the electric field Ey(x, y). On the other
hand the EE or Ey modes are directly related to the refractive change in the y direction,
Atiy, which in this case is zero. This is the reason why only the EE mode (quasi-TE) will
be considered throughout this research work. If an asymmetry has been brought to the
structure, then the horizontal field component Exwill not be symmetric, which gives rise
to a nonzero Anmx; an off-diagonal refractive index component which will cause a
coupling between the two orthogonal TE and TM modal states. Due to the restriction of
the thesis length, optical field profiles and refractive change index will not be shown

here for V=5 voltage.
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Variation of the half-wave voltage length product, VjL, with buffer layer thickness, B,
for different values ofthe Al mole concentration, Xi of the buffer layer, are illustrated in
Fig. 8.7. The value of the waveguide width Win this case is 5 fim, the electrode width,

Wei is 4.9 jam, and the core height H is 1.5 /rm.

Buffer Thickness, B(/xm)

Fig. 8.7 Variation ofthe VX product with buffer layer thickness for different values of

Al mole concentration ofthe buffer layer, XJ,

It can be seen that when the buffer layer thickness B is increasing the product AL is also
increasing. For a given value of buffer layer thickness, B, the product VJL is slightly
increased as X/ increases from 30% to 50% and to 100%. In particular, when the buffer
layer thickness, B, is 0.4 /xm, VtL increases from 7.3 V’cm to 7.4 Vxm and then to 7.7
Vxm, when X) increases from 30% to 50% and to 100% respectively, this indicates that
at this stage the aluminum concentration of the buffer layer thickness has only a smaller
influence on the design of optical modulators.

Next the variation of the microwave index, Nm and the microwave characteristic

impedance, Zc¢, with the buffer layer thickness, B, for two different values of the core
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height, H, are illustrated in Fig. 8.8. The waveguide width, W, the electrode width, We,
the Al mole concentration of the buffer layer, X/, and the electrode thickness, 7, are 5
/xm, 4.9 /xm, 30% and 0.1 /xm, respectively. Although the present model can deal with
electrodes of finite conductivities, as a reasonable approximation, however, the doped
semiconductor ground lower electrode has been considered as a perfect conducting

metal electrode in order to simplify the calculations.

g o megfpos 5

20

Fig. 8.8 Variation of microwave index Nmand characteristic impedance Zc with buffer

layer thickness B for two different values of the core height /1.

It can be seen that microwave index, Nm reduces linearly, while the characteristic
impedance, Zc, increases linearly with the increase in the buffer layer thickness, for both
values of core height, H. For velocity matching between the microwave and optical
signals, the value of Nmshould be equal to the value of the effective index of the optical
fundamental mode, [/ fn, (ngj), while the impedance matching should be equal to 50 0.

If the electrode thickness is increased then the conductor loss will reduce; however the
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optical and microwave signals will deteriorate. At this stage, for these particular
modulator parameters, matching between optical and microwave signals is not possible.
In this research work, using the numerically efficient and versatile finite element
method, for a new proposed structure of deep-etched electrooptic modulator, the velocity
matching is achieved by introducing a coating of tantalum pentoxide, Taz20s as

illustrated in the Fig. 8.9.

Fig. 8.9 Schematic diagrams of a deep-etched GaAs/AlGaAs of the semiconductor

electrooptic modulators for two types of the Ta2os over layers arrangements, 4 and B.
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The waveguide layers for the design of our deep-etched waveguide structure considered
here are shown in Fig.8.9. Etching through the upper cladding layer, the waveguide core
and part of the lower cladding gives a very strong horizontal confinement of the light,
and as a result the bending loss reduces, as does the crosstalk, the background scatter at
the output surface (Heaton, 1999). The waveguide width, W, and its core thickness, H,
are taken as 5 /xm and 1.5 /xm respectively. The upper cladding (buffer) thickness, D, is
varied, but the lower cladding thickness is taken as 0.5 /xm. The hot electrode width We
is 4.9 /xm with its conductivity of ff=4.1x107 s/m. The refractive indices of the core, the
upper layer, and the lower cladding are taken as 3.37, 3.322 and 3.329, respectively at
the operating wavelength X=1.55 /xm. Two types of tantalum pentoxide, Ta20s
overlayers arrangement structures have been investigated, designated 4 and B, shown in
Fig.8.9. In the structure 4, as shown in Fig. 8.9. a, tantalum pentoxide is deposited all
around the mesa. In the structure B, as shown in Fig. 8.9. b the Ta20 5 thickness is
deposited on the two sides of the mesa. In these cases a 0.1 /xm thick highly doped
(1x10 )cm GaAs layer below the lower cladding is considered as the ground

electrode.

Fig. 8.10 Variation of microwave index, Nmwith Ta20s for the structures 4 and B.
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Fig. 8.10 shows the variation of microwave effective index Nm with the Taz2o0s coating
thickness for the structures 4 and B. Buffer layer thickness, D, core thickness, H, and
electrode thickness, E, are set to values of 0.5 /xm, 1.5 /xm and 0.1 /mi, respectively. It
can be observed that when the coating thickness of the Ta2os is increased, the
microwave effective index is significantly increased, for both the cases studied here. The
required coating thicknesses, for velocity matching for structures 4 and B, are 0.75 /xm
and 2.25 /xm, respectively. However, the numerical simulations in this work indicate,
(but they are not shown here) that it is not possible to reduce the velocity mismatch
significantly, even when a 5.0 /xm thick layer of Ta2osis deposited only on the top of the
hot electrode. For a given structure the optical effective index No can be calculated
accurately by using an optical modal solution approach, such as the FEM (Rahman,
1984) and depends on the waveguide parameters; however, for this study it is assumed
that a typical value would be around 3.35 for the purpose of subsequent velocity
matching. It is very important to note that for the structure 4 the required Ta2o0s coating

thickness to achieve velocity matching is smaller compared to the structure B.

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Tantalum Pentoxide thickness. T(xxm)

Fig. 8.11 Variation of characteristic impedance, Zc with coating thickness,Ta2o0s for the

structures 4 and B.
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The overlayer with a high dielectric constant of the Ta20s material increases the
concentration of the electric field in the epitaxy layers, more specifically in the core
region and the upper cladding. By contrast, in the structure B, this phenomenon is more
visible when the coating thickness on the side starts to submerge the core region.

The characteristic impedance also plays an important role in the performance of the
electrooptic modulators. Variations of their characteristic impedances, Zc, with the
TaaOs coating thickness are shown in Fig. 8.11 for both structures, 4 and B. Flowever as
the Ta2Csthickness increases, unfortunately, the characteristic impedance also reduces.
For the range considered here, it can be noticed that in both these cases Zc is not
matched. The results show that when the coating thickness Ta2Cs is adjusted to match
the wave velocities, the corresponding values of the characteristic impedance are

reduced to 29 B and 26.5 fl for structures 4 and B respectively.

The low value of Zc¢ would adversely effect the optical bandwidth. By varying the

different parameters of the structure, impedance matching may be achieved.
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For high-speed modulators, where velocity matching is achieved, then the overall
modulator bandwidth depends on the total microwave loss. The conductor loss depends
strongly on the electrode thickness, E, and reduces considerably when a thicker
electrode is used. Variations of the conductor loss, Of, (normalized at 1 GHz), with the
Ta2Cs coating thickness, are shown in Fig. 8.12 for the structures, 4 and B. The
frequency-dependent surface resistance, Rs, for gold is calculated from its conductivity,
¢ (= 4.1 x 107 S/m). It can be observed that for a given value of the electrode thickness,
£=o0.1 /xm, the conductor loss increases as the Ta2o0s coating thickness is increased for
both the structures presented in this paper. When the coating thickness is adjusted to
achieve velocity matching the corresponding conductor losses are 1.91 (dB/4GHz-cm)
and 2.074 (dB/4 GHz-cm) for structures 4 and B respectively. For the case where only the

hot electrode is covered by a coating of thickness of 3 ,om (not shown here), the

conductor loss is increased to almost 2.4 (dB!4 GHz-cm).

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Tantalum Pentoxide thickness, T(/rm)

Fig. 8.13 Variation of the diclectric losses, ¢®, ¢g and c"t, with the coating thickness,

Ta2Cs for the structures, 4 and B.
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Variations of the dielectric losses, with the Ta2o0s coating thickness, are shown in Fig.
8.13. Dielectric losses in the Taz2o0s, and GaAs/AlxGai xAs layers and also the total
dielectric losses are shown as c’g g& and a& respectively. In this research, the loss
tangent values for GaAs and Ta2os are taken as 0.0003 (Wu, 1991) and 0.053 (Khan,
1993), respectively. Dielectric losses are shown by solid lines and dashed lines for the
structures 4 and B respectively. In this case the buffer layer thickness, D, and the
electrode thickness, E, are set to 0.5 pm, and 0.1 pm respectively. It can be observed that
when the coating thickness is increased the dielectric loss in Ta2o0s, <94, is increased,
whereas the dielectric loss, in GaAs/AlxGai xAs, c¢%, is slightly reduced. For both
structures the total dielectric losses, start to increase when the coating thickness of
Ta2Csi1s increased. It should be noted that most of the dielectric loss arises due to the

higher loss tangent value used for Ta2Csin this study.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Buffer layer thickness, D(/xm)

Fig. 8.14 Variation of the product FVjL with buffer layer thickness, D, for coating
thickness, 7=2.5 pm, 7=0.75 pm and 7=0.0 pm for the structures, 4 and B.
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The product, FX, of the length (L) and the half-wave voltage VzL is a key parameter in
the design of an optical modulator. Fig. 8.14 shows the variation of the half-wave
voltage length product, V%, with the buffer layer thickness, D, when the Ta20s coating
thickness is adjusted to achieve velocity matching, at 0.75 jxm and 2.5 /xm for structures
A and B respectively. In this case the core height, H, the electrode width, We the
waveguide width, W, and the electrode thickness, E, are set to 1.5 /xm, 4.9 /xm, 5.0 /xm
and 0.1 /xm, respectively. The effect of the Ta20s coating thickness on the half-wave
voltage length product, VEL has been shown in this figure. It can be observed that when
the buffer layer thickness, D, is increased the product, VI is also increased, for both
structures 4 and B. When the buffer layer thickness, D, is increased the overlap between
the applied modulating field and the optical field is reduced as the optical field is pushed
further down, away from the hot electrode. Hence as the buffer thickness, D, is
increased, in order to maintain the 180° phase difference between the two waveguide
branches of the MZ, the value of the applied voltage should be increased, leading to a
linear increase of the half-wave voltage product, VjL, as shown in Fig. 8.14. For the
structure B, under velocity matching conditions, the product VjL is slightly increased
compared with structure 4 as result ofthe thicker Ta2oscoating needed to achieve phase
matching and presented here with a dash-dotted line. The dashed line shown in this
figure presents the variation of the product J”L with the buffer thickness, D, for the
structure A. When the Ta20s coating thickness has been replaced with air, the product
VtL has been slightly reduced, as shown here by the solid line. It is very important to
note that the effect of the Ta2o0s coating thickness on the J”L product is very small,
which makes it a promising material to achieve velocity matching without
compromising its VL values. The effect optical of Ta20s coating thickness is small due
to its small optical refractive index of 2.03 compared to that of the GaAs/AlxGai.xAs
layers used in the modulator. It is possible to conclude that by using the Ta20s coating,
the optical properties of the semiconductor electrooptic modulator will remain similar.
In practical terms, when the buffer thickness, D, is 0.2 /xm the product VjL is 6.02
(V*cm), which is a very satisfactory value: however such a low buffer thickness could

increase the optical loss of the modulator waveguides.
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Variations of Nmand Zc with the buffer layer thickness D for the coating thicknesses, of
0.75 pm, and 2.5 pm are shown in Fig. 8.15 for structures 4 and B by dashed and

dashed-dotted lines, respectively.

Fig. 8.15 Variation of the microwave effective index, Nmand characteristic impedance,
Zc with buffer layer thickness, D for the coating thickness, 7=2.5 pm, 7=0.75 pm and

T-0.0 pm for both structures 4 and B.

In this case the electrode thickness, E, the core height, H, and the width of ground
electrode, We are set to 0.1 pm, 1.5 pm and 5.0 pm, respectively. It can be noted that Nm
decreases when the buffer layer thickness, D, increases. It should be observed that the
coating thicknesses were adjusted to obtain phase matching only for the buffer layer
thickness D, equal 0.5 pm. It is obvious that for a smaller value of the buffer layer
thickness, D, the value of Nmcan be higher than 3.35. For case 4 with the buffer layer
thickness, D, equal to 0.2 the value of Nmis 3.41 whereas for the structure B this value is
3.62. It can be seen that in both cases Nm can be matched by adjusting the coating

thickness for any given value of the buffer thickness, D. Ifthe Ta20s coating is replaced
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by air, the value of Nmwould drop significantly as is shown here with a solid line. It is
obvious that velocity matching cannot be achieved when the TaaOs coating is replaced
by air. On the right hand side of this figure the variations of the characteristic
impedance, Zc with the buffer layer thickness, in both cases, 4 and B, with two different
coating thicknesses, 0.75 pm and 2.5 pm respectively, are shown. The variation of the
characteristic impedance, Zc, for structure 4 at a coating thickness of 0.75 /xm is
presented here with a dashed line. The variation of the characteristic impedance, Zc, for
the structure B at a coating thickness of 2.5 /xm is presented here with dashed-dotted
line. It can be observed that when the buffer thickness, D, increases, the characteristic
impedance, Zc, also increases for both structures 4 and B. Impedance matching for these

two structures cannot be achieved under these circumstances.
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Buffer layer thickness, D(/xm)

Fig. 8.16 Variation of the conductor loss, at, and dielectric losses, (¢ c¢"g, and ct, with
buffer layer thickness D for the coating thickness, 7=2.5 pm, 7=0.75 pm and 7=0.0 pm

for both structures 4 and B.
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The variation of characteristic impedance Zc, when the coating is replaced by air
is shown here with a solid line. In this case, it can be noted that when buffer layer
thickness, D, is increased, the value of the characteristic impedance is increased
significantly compared to that for the structures 4 and B.

The variations of the conductor loss, (X, and dielectric loss, a& both normalized at 1
GHz, with the buffer layer thickness, D, are shown in Fig. 8.16. The variation of the
losses for the structure 4 at a coating thickness of 0.75 /xm is shown by a dashed line,
whereas for the structure B at a coating thickness of 2.5 /xm it is presented by a dashed-
dotted line. The variations of the losses with the buffer layer thickness when the Ta20s
coating is replaced by air are shown by solid lines. The dielectric loss in the GaAs and
the Ta2Cs layers are shown separately to quantify the additional dielectric loss in the
Ta2C5 coating. The dielectric losses in the Ta20s coating, in the GaAs substrate and the
total loss are given by c”t, o*g and c”, respectively. It can be observed that the dominant
loss factor ot reduces as the buffer layer thickness is increased and this value is reduced
significantly when the Ta20s coating is replaced by air. It can be seen that for structure 4
the total loss, g& increases slightly as the buffer layer thickness is increased. The
dielectric loss in the GaAs region is almost constant as the buffer layer thickness is
increased, and the dielectric loss is increased slightly when the coating thickness is
replaced by air, as shown here with a solid line.

The variations of the microwave index, Nm and the characteristic impedance, Zc, with
the electrode thickness, E, for different coating thicknesses, 7, are shown in Fig. 8.17. It
is obvious that when the electrode thickness, E, is increased, the microwave index, Nm is
reduced. It can be observed that when the coating thickness, 7, is increased the
microwave index is also increased. Ifthe velocity matching condition is examined, it can
be deduced easily, from Fig. 8.17, that for a higher coating thickness, 7, a thicker
electrode, E, is required to achieve the velocity matching. As an example, for the
variable values of coating thicknesses, 7, 0.75 /xm, 1.0 /xm, 1.5 /xm, 2.0 /xm and 2.5 /xm,
the corresponding required thicknesses of the electrode, E, to achieve the velocity
matching are 0.05 /xm, 1.52 /xm, 4.51 /xm, 8.6 /;m and 13.2 /xm, respectively. The
variation of the characteristic impedance, Z¢, with the electrode thickness, £, for a

coating thickness, 7, of 1.0 /xm and 2.0 /xm are also presented in Fig.8.17, using the
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dashed lines. It can be observed that this value also decreases when the electrode
thickness is increased and the characteristic impedance decreases when the coating

thickness is increased.

R o meEys

Fig. 8.17 Variation of the microwave effective index, Nmand characteristic impedance,
Zc with electrode thickness, £ for the coating thickness, 7=2.5 pm, 7=2.0 pm, 7=1.5

pm, 7=1.0 pm and 7=0.75 pm for the structure 4.

For the range considered here, Nmcan easily be matched. From Figures 8.15 and 8.17 it
can be seen that the simultaneous matching of both Nmand Zc is mostly not possible by
varying a single parameter such as the coating thickness, 7, the electrode thickness, E,
the core hight, A, the buffer layer thickness, D, or the electrode width, We On the other
hand, the simultaneous matching of Nm and Zc may be achieved by adjusting several

optical parameters in tandem, but this has not been attempted in this study.
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Fig. 8.18 shows the variation of the conductor loss, at, and the dielectric loss, a& both
normalized at 1 GHz, with the electrode thickness, E, for different coating thicknesses,
T, for the structure 4. It can be observed that the conductor loss increases when the
coating thickness, 7, is increased. The conductor loss depends strongly on the electrode

thickness, E, and reduces considerably when a thicker electrode is used.

Fig. 8.18 Variation of the conductor loss, at and diclectric losses, a& a’g, and a&, with
electrode thickness, E for the coating thickness, 7=2.5 pm, 7=1.5 pm and 7=0.75 pm for

the structure 4.

The conductor loss for the coating thickness 7= 2.5 pm and the electrode thickness

7=0.1 pm is 2.435 4B /VGHz cm , whereas for an electrode thickness E, equal to 30
pm, the conductor loss reduces to the value of 0.4054B /VGHz wem , which is a
significant reduction. In this case the other modulator parameters, such as the buffer
layer thickness, D, the core hight, H and the electrode width, We are kept fixed, at 0.5

pm, L5 pm and 4.9 pm, respectively. In order to obtain a semiconductor electrooptic
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modulator with a high bandwidth, it may be useful to use a thicker electrode to lower the
conductor losses and use a higher coating thickness to achieve the velocity matching. On
the other hand it can also be observed, from Fig. 8.18, that the dielectric loss, ad,
decreases slightly as the electrode thickness is increased. The dielectric loss increases as
the coating thickness is increased, as a significant amount of the modulating field is
confined in the Ta2()s layer, which has a higher loss coefficient. The conductor loss is
the dominant factor at the lower operating frequency, particularly at 1 GHz and its value
is much higher compared to the dielectric loss. However, since the total dielectric loss is
proportional to the operating frequency, f compared to the conductor loss, which is

proportional to-Jf , the dielectric loss, cannot be neglected for high-speed electrooptic

modulators.

o 5 10 15 20 25 30

Electrode thickness, E(/zm)
Fig. 8.19 Variation of the 3dB optical bandwidth for the structure 4, with the electrode
thickness, E, for coating thickness, 7=3.0 pm, 7=2.5 pm, 7=2.0 pm, 7=1.5 pm, 7=1.0
pm and 7=0.75 pm.

The optical (3 dB) modulation bandwidth, 4 f is shown in Fig. 8.19 as a function of the
electrode thickness, E, for different values of the coating thickness, 7. In this case, the

buffer layer thickness and the electrode length, 7, are fixed at 0.5 pm and 14 cm
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respectively. Variations of the optical bandwidth are shown by solid lines, when the
effect of dielectric loss and impedance mismatch are ignored. It can be observed that for
T=3.0 pm, when the effects of the dielectric losses, ¢*, and the impedance mismatch are
neglected, the bandwidth rises above 100 GHz. For a given coating thickness, the optical
bandwidth reaches its maximum value when the velocity is matched for a particular
electrode thickness. Besides the conductor loss, when the effect of is included, the
bandwidth is reduced to 80 GHz, as shown here by dashed lines, and labelled as 4 f” It
can be observed that when the conductor loss, the dielectric loss and impedance
mismatch are considered, the bandwidth is reduced significantly as shown here with a
dashed-dotted line, and labelled as 4 /" For a coating thickness of 3.0 pm, when all these
parameters are considered, the maximum bandwidth is reduced to 47 GHz. In this case,
the conductor loss was 3.3 (dB/cm), the dielectric loss was 0.03 (dB/cm) at 47 GHz
and the impedance Z<=17.3 (. It can be seen that the impedance mismatch plays a
significant role in the bandwidth estimation. It is obvious that the peak value of the
bandwidth occurs around the electrode thickness £=27.5 pm for a coating thickness
T=3.0 pm where Nm=3.35. A similar trend of the bandwidth can be explained for other
coating thicknesses shown in this figure. It can be noted also that a thicker electrode is
required to achieve velocity matching when a thicker 'I"Os coating is used. Evidently, a
thicker electrode, E, and a higher coating thickness, 7 can be used to design higher
performance modulators, due to the lower conductor loss when the velocities are
matched. This study also confirms that the electrode thickness, £, has a significant
impact on the bandwidth optimisation.

Fig. 8.20 shows the variation of the optical 3 dB modulation bandwidth A4 f with the
electrode thickness, E, for both structures 4 and B with the coating thicknesses, 3.0 pm
and 4.0 pm only. It is obvious that the bandwidth increases as the electrode thickness, £
is increased. For the coating thickness of 3.0 pm and the electrode thickness, £=27.5 pm
(for structure 4) the bandwidth reaches a value of 100 GHz. By comparison the coating
thickness 0f4.0 pm and the electrode thickness £=36.2 pm results in a structure 4 where
the bandwidth reaches a maximum value of 99 GHz. From Fig. 8.19 it can be noted that,
for a thicker Ta20s coating, a thicker electrode is required to achieve the velocity

matching and the maximum bandwidth also has to be increased due to the lower
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conductor loss for a thicker electrode. However, in Fig. 8.20, it can be noted that for
7=4.0 pm the maximum bandwidth is slightly lower than that of 7=3.0 pm. This
behaviour appears to be contradictory, but it can be explained as follows. It may be
observed in Fig. 8.18 that initially the conductor loss reduces rapidly as 7 is increased;

however, for a larger value of £ this reduction is slower.

electrode thickness, E, for coating thickness, 7=4.0 pm, 7=3.0 pm.

For 7=3.0 pm, the required electrode thickness, 7=27.5 pm, and the corresponding value
of o¢ is 0.488 (dB/yjGHz -cm) and when 7 is increased to 4.0 pm, the required
electrode thickness, 7=36.2 pm, and the corresponding value of ag is 0.491
(dB IyjGHz -cm), which is only slightly higher than in the previous case. This slight
increase in at, despite using a thicker electrode, is due to the simultaneous use of a
thicker TaaOs layer. This indicates that for a coating thickness higher than 3.0 pm, the
conductor loss will be higher and the bandwidth would reduce.

On the other hand, the 3dB optical bandwidth for structure B shows that, at the phase

matching point, its value is slightly higher for a coating thickness 0f4.0 pm compared to
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3.0 pm. However it can be observed that when all the parameters (at, cxj, and Zc) are
considered, the overall bandwidth is reduced for a coating thickness 0f4.0 pm compared
to 3.0 pm. This is happening as a result of the conductor loss increase with coating
thickness, 7, which has been explained from the results shown in Fig. 8.18. The
conductor loss value at the phase matching points for the corresponding electrode

thicknesses for structure B, at values of4.0 pm and 3.0 pm for the coating thickness are
0.570 (dB/y/GHz *cm) and 0.635 (dB/VGHzwxm) respectively. The thickness of the

electrode required to achieve phase matching is higher for the structure 4 compared to
the structure B. Our observation shows that the maximum bandwidth of this type of
electrooptic modulator can be achieved for the designed structure 4, with a coating

thickness 0f 3.0 pm and a electrode thickness of27.5 pm.

8.5 Summary

In this chapter a numerical approach based on the efficient finite element method is
developed and investigated to study some of the key semiconductor electrooptic
modulator parameters. The effect of coating thickness of tantalum pentoxide to achieve
velocity matching is presented. For optical modulators operating beyond 40 GHz, the
total dielectric loss and the impedance mismatch will play a significant role in the
determination of the overall speed of the modulator. It is shown that the coating
thickness may play an important role in increasing the optical bandwidth. It is further
shown that the electrode thickness also plays essential part in determining the bandwidth
of a high-speed modulator. The effect of the impedance mismatch on the bandwidth is
also presented. The numerical simulations presented here indicate that for GaAs
modulators velocity matching is possible by using Ta2o0s coating instead of slow-wave
structures with segmented electrodes, to increase the optical bandwidth. The V7L product
and the bandwidth are investigated for a specific design requirement, by adjusting
various device parameters such as the core height, width, electrode width, and the

aluminium concentration ofthe AlGaAs buffer layer.
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Polarization Conversion Phenomenon in Deeply-Etched

Semiconductor Electrooptic Waveguide Modulators

9.1 Introduction

The design of ultra-high speed electrooptic (EO) modulators is of significant importance
for the realization of future-trend optical communication systems to meet the increasing
demand for ultra-fast transmission of huge data in multimedia and internet
communication systems. Various research efforts have centred on the realization of
novel broadband modulators with minimum driving voltages and losses. Much of this
research work has been focused in the design of LiNbCh modulators (Haxha, 2002),
(Mitomi, 1995) achieving much of the aforementioned modulator design goals.
However, the difficulty in integration of LiNbCT modulators with other semiconductor
optoelectronic devices makes them less useful than their EO semiconductor
counterparts. On the other hand, with the recent development in semiconductor materials
especially the AlGaAs/GaAs material system, semiconductor EO modulators have
received increasing research attention with the purpose of optimizing their performance
(Obayya, 2003) for better integration with other optoelectronic integrated circuits
(OEIC) (Eldada, 2001).

Most of the reported work on semiconductor EO modulators has been on finding
important parameters such as the half-wave voltage length product (V,, L), microwave
properties or microwave analysis. It is usually assumed that the polarization state of the

modulated lightwave remains the same as that of the input beam. However, this
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assumption can really lead to totally misleading results if the waveguide structure in

question has small fabrication imperfections.

9.2 Unexpected Polarization Conversion

Modes in optical waveguides, such as traveling waveguide electrooptic modulators with
two-dimensional confinement are not strictly TE or TM, but hybrid in nature, which

means that all the six components of the magnetic and electric fields are present. The Hy
component is the dominant component for the quasi-TE (//,) ) mode, and the Hx
component is the nondominant field, which is usually very small. Similarly, for the
fundamental quasi-TM ( ) mode, the Hxis the dominant field component and the Hy

component is the nondominant one. Pure TE or TM modes with only Hy or Hx
components, without the other transverse component of the magnetic field, would not
exchange power between themselves. The polarization conversion phenomenon can take
place due to the interaction of the dominant and nondominant components of the quasi-
TE and -TM modes (Obayya, 2003).

In this research work, an accurate numerical study of the polarization conversion
phenomenon in deeply etched AlGaAs/GaAs EO modulator (Obayya, 2003) is
presented, using the versatile finite element method. In particular, the effects of various
waveguide parameters such as the slant angle of the waveguide sidewall, the aluminium
(Al) concentration of the layer underneath the hot electrode, the modulating voltage on
the polarization conversion ratio and the beat length is thoroughly investigated for the
first time. If the waveguide sidewalls are slightly off-vertical or the hot electrode is
shifted off-centre, the modulating electric field, especially the horizontal component,
plays a crucial role in destroying the permittivity tensor giving a higher chances for
polarization conversion to occur. Hence, it is very important to account quantitatively
for such unwanted polarization conversion phenomenon to avoid this in the design
process of EO semiconductor modulators. The modal hybridness is defined as the ratio
of the nondominant to the dominant field components of the fundamental modes
(Somasiri, 2003). It is an important parameter when considering polarization crosstalk

studies for waveguide electrooptic modulators. Generally, the modal hybridness is quite
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high in semiconductor waveguides, due to their higher refractive index contrast between
the core and the substrate.

In order to calculate the power conversion between the two orthogonally polarized
modes, when a pure TE or TM mode is incident from the input waveguide (with no
modulating voltage), a rigorous and full vectorial approach is mandatory to obtain the
scattering coefficients. In this regard, the simple overlap integral approach may be
inadequate and in this paper a rigorously convergent fully vectorial least squares
boundary residual (LSBR) method (given in Chapter 2) is employed to calculate the
modal coefficients of the two hybrid modes at the junction interface. The idea of the
LSBR method is to look for a stationary solution to satisfy the continuity conditions of
the tangential electric and magnetic fields in the “least squares” sense by minimizing the
functional, J, equation (2.5), where Z0 is the free space wave impedance, a is a
dimensionless weighting factor, Ef and Hf are the transverse electric and magnetic
fields, respectively in side I (the input waveguide section with no modulating voltage)
and E,” and H," are their counterparts in side II ( the output waveguide section with
nonzero modulating voltage). Once the optical modes ofboth sides I and II are generated
using the VFEM, the functional J is minimized, in the least squares sense, to solve the

modal expansion coefficients.

9.3 Simulated results for characterization of polarization

conversion in semiconductor electrooptic modulators

The deeply-etched GaAs electrooptic modulator studied here in some details is
investigated in Chapter 8. However with respect to polarization conversion the
schematic diagram is illustrated in Fig. 9.1. As shown in this figure, an 0.2 pm
10%Al1GaAs layer, a thick GaAs core with a height, H(/*m), which is fixed to 2.5 pm,
and a buffer AlGaAs layer with an Al concentration ofxi% and a height, 5(pm), are all
deposited on a 2 pm thick 5% AlGaAs layer. The whole structure is deposited on very
thick GaAs substrate, as shown in Fig. 9.1. The ground electrode, with V=0, is placed
between the 10%AlGaAs layer and the substrate, while the hot electrode, F/O, is

deposited on top ofthe buffer AlGaAs layer.
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Fig. 9.1 Schematic diagram of a deeply-etched AlGaAs/GaAs semiconductor

electrooptic modulator with slanted sidewalls.

It is assumed that such high speed GaAs electrooptic modulators have been developed
using a highly doped layer underneath the lower cladding layer as a lower electrode,
which is connected to a metal electrode on the side. The width of the waveguide is
IT(pm), while the electrode width is IFe/(pm), and they are fixed to the values of 5.0 pm
and 2.0 pm respectively, and the operating wavelength is 1.55 pm. A similar structure
has been thoroughly considered in Chapter 8 for the purpose of optimization of its
optical properties as an EO modulator. However, in this chapter, the effect of the slant
angle of the sidewalls and the Al concentration of the buffer layer, x;, on the polarization
conversion phenomenon will be studied.

The variation of both the fundamental TE and TM propagation constants, pTE and pT™M
with the modulating voltage for xi=30% and for different slant angles, 9, of 0°, 5° and
10° is illustrated in the Fig. 9.2. For 9 = 9° and as may be seen from this figure, Pte

increases linearly as the voltage decreases negatively, while Ptm remains nearly constant
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until the voltage reaches a value 0f-24.2 V, the difference between the two propagation
constants, Ap, reaches a minimum and a crossover between the two modes occurs

leading to polarization conversion.

-40 -35 -30 -25 -20 -15 -10 -5
Voltage (V)

Fig. 9.2 Variation of the propagation constants of the fundamental TE and TM modes

with the modulating voltage for different values of the slant angle.

However, for 9 = 5° and 10°, similar behaviour of both the TE and TM modes with the
modulating voltage can be observed and a crossover between the two polarization modes
has been found near -24.2 V, except that the minimum value of Ap increases as 0
increases. However, as may be noticed from Fig. 9.2, as 9 increases the values of both
Pth and pTMreduce. This may be justified if it has been noticed that the “equivalent”
core area with vertical sidewalls decreases as the 9 increases, giving rise to lower modal
confinement to the core and lower p values.

Figure 9.3 shows the contour plot of the horizontal electric field profile, Ex(x, y), under

the applied voltage of -10 volt, when the 0=10° and Al concentration is 30%.
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Ex V=-10(V), 0=10°, X,=30%

Fig. 9.3 Horizontal electric field or x component, Ex(x, y) for slant sidewall.

It can be seen from Fig. 9.3 that the x component of the electric field Ex(x, y) is
asymmetric due to the breach of the sidewall symmetry of the waveguide. The
asymmetry is very clear if this figure is compared to Fig. 8.5 in Chapter 8 of this thesis,
with the only difference that there the voltage applied was 5 volt. Therefore its effect
must be considered with respect to refractive change in horizontal direction.

Contour plot of the electric field y component under the applied voltage of -10 volt,
when the angle 0=10°, and Al concentration is 30%, is illustrated in Fig. 9.4. It should be
noted that the electric field Ey(x, y) is heavily concentrated and asymmetric in the
waveguide region. According to the equation (5.13), (4.42) and (4.43), 1/ or Exmodes
are mainly affected due to refractive index change in the x direction, but / f or £y modes
are affected due to the refractive change iny direction, which must be taken into account

due to the electromagnetic field asymmetry.
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EY V=-10(V), 0=10°, X,=30%

Fig. 9.4 Vertical ory component ofthe electric field Ey(x, y) with slanted walls.
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,,,,, -0.00010
,,,,,,,, - -0.00012
J— -0.00014
........ -0.00016

Fig. 9.5 Refractive change due toy component of electric field Ey(x, y).
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The refractive index change according to the equation (4.42) Anxx which is directly
proportional to y component of the electric field Ey(x, y) is illustrated in Fig. 9.5. It can
be seen that the refractive change profile is asymmetric as a result of sidewall
asymmetry. Refractive change due to y component of the electric field is heavily
concentrated on the waveguide region; however its concentration is less compared with
symmetric sidewall waveguide investigated in the Chapter 8.

On the other hand the refractive change according to the equation (4.43) Anxy which is

directly proportional to x component of the electric field Ex(x, y) is illustrated in Fig. 9.6.

Anw=F(E3), V=-10 (V), 0=1C°, X130%

— 0.00015
------ 0.00012
0.00009
0.00006
———  0.00003
----  0.00000
——— -0.00003
——  -0.00006
-0.00009
______ -0.00012
------- -0.00015

Fig. 9.6 Refractive change due to x component of electric field Ex(x, y).

It can be seen that the refractive change profile corresponds to the x component of the

electric field. Its is concentrated mainly on the edges of the hot electrode and is
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asymmetric as a result of the sidewall asymmetry and the influence of the x component
ofthe electric field.

Vertical sidewall waveguide with no modulating voltage and xj-30%, the major, Hx
and minor, Hy, field components of the fundamental TM mode are shown in Figs 9.7 (a)

and Fig. 9.7 (b), respectively.

Fig. 9.7 Contour plot of the major (a) Hx and minor (b) Hy field components of the

fundamental TM mode for zero modulating voltage.
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As may be observed from these figures, the Hx profile is symmetrically distributed
around the core region, while the Hy profile has the normal peaks at the waveguide
comers in a noticable mismatch to the Hx field distribution. Hence, it is well anticipated

that the overlap between such orthogonal field components will be very small.

b)

Fig. 9.8 Contour plot of the minor Hy field component of the fundamental TM mode
when the modulating voltage is (a) -10 V and (b) -24.2 V.
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. p—
X (Mm) X (;um)
,=13.6043796, HX V=0 (V), 0=10°, X,=30% 7Ve13.6043796, Hy, V=0 (V), 0=10°, X,=30%
H,=0.549, Hy=0.025. H*Q.023 Hx=0.549, Hy=0.025, H*=0.023
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A=13.6043708, Hx, Crossover, V=-24(V), 0=10° (1:=13.6043708, H, Crossover, V=-24(V), 0=10"
X,=30%, H,=0.42, Hy=0.362, H0.034

Fig. 9.9 Various field plots for V=0, V=-24, 0=0, 0=10° and Xi=30%, for dominant and

nondominant modes.

It should not be ignored that the maximum amplitude of the Hy component relative to
that of the Hx component is less than 0.00001. Similarly for 0 = 10°, and a modulating
voltage o f-10 V, the minor field component, Hy, of the fundamental TM mode is shown
in Fig. 9.8 (a). As can be noticed from this figure, the Hy field distribution is beginning
to transform to match that of the Hx component, shown earlier in Fig. 9.7 (a), which
suggests a higher overlap integral between the two orthogonal components. However, as
the maximum amplitude of Hy, relative to Hx, is still low, around 0.027, there is no
appreciable polarization conversion level at this voltage. Negative increase of the
voltage to nearly -24.2 V, the minor field component Hy of the fundamental TM
component, is shown in Fig. 9.8 (b). In this case, the Hy distribution is not only quite
similar to the Hx distribution, shown in Fig. 9.7 (a), but also its relative maximum
amplitude is nearly 0.93, which suggests that very high level of polarization conversion
is expected at this voltage.

It is anticipated that the field values with mode crossover are equal for dominant and
nondominant, as illustrated in the Fig. 9.9, where various field plots are shown. In this
figure field plots are illustrated when there is no voltage applied for the angle o=0 and
0=10% it is also shown when the voltage is applied for the same situation, when the

modes crossover.
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The effect of the modulating voltage with the slant angle on the different parameters of
the polarization conversion phenomenon is thoroughly investigated. Figure 9.10 shows
the variation of the beat length between the two fundamental polarization modes, Ln,
with the modulating voltage for different values of the slant angle, 0. In the present

analysis, L* has been calculated using

L’ ={fin-Pm) <9J)

In terms of polarization conversion, Lz represents the minimum device length at which

maximum possible polarization conversion occurs.

Fig. 9.10 Variation of the beat length with the modulating voltage for different values of

the slant angle.
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As can be observed from Fig. 9.10, the beat length curves, for all values of the slant
angle, reach a peak, L">nax exactly at the crossover voltage ofnearly -24 V. However, as
the slant angle increases, L"max is reduced, and for example it is nearly 15710 mm, 167
mm and 93 mm for slant angle values of 0°, 5° and 10° respectively. Also, it can be
observed from the same figure that as the slant angle increases, the “bandwidth” of the
Ljt is increasing giving rise to significant polarization conversion values at voltages
slightly away from the crossover voltage. To quantify the amount of polarization
conversion feasible, a full vectorial junction analysis, using the LSBR method, has been
performed between side I, represented by a waveguide without modulating voltage, and

side Il, represented by the same waveguide but with variable modulating voltage.

-40 -35 -30 -25 -20 -15 -10 -5
Modulating Voltage (V)

Fig. 9.11 Variation of modal transmission coefficients of both the fundamental TE and

TM modes with the modulating voltage for different values of the slant angle.
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The LSBR technique has been applied to find the modal transmission coefficients of the
fundamental TE and TM modes, tte and tTm, in side II, which variations with the
modulating voltage are shown in Fig. 9.11. In all simulations it has been assumed that
the incident wave from side I is the fundamental TE mode. Hence, as may be noticed
from Fig. 9.11, for very highly negative voltage, Tte is nearly unity, while ttm is very
small. However, as the voltage is decreased towards the crossover value, it can be noted
that Tie is slowly reduced and ttm is slowly increased until both of them become equal
to 1/V2 at exactly the crossover voltage. At this particular voltage, both the TE and TM
modes are at £45° with respect to the propagation direction giving rise to possible 100%
polarization conversion at propagation lengths equal to odd multiples of the beat length.
Also, it may be noted that the “tolerance” of the modal transmission coefficients curve

increases as the slant angle increases.

0 20 40 60 80 100 120 140 160 180
Z (mm)

Fig. 9.12. Variation ofthe TM power with the propagation distance, Z, for different

values of the modulating voltage.
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In Fig. 9.12 is shown the variation of the TM power with the propagation distance, z, for
different values ofthe modulating voltage when the incident wave is the fundamental TE
mode of side I. For a voltage equals to the crossover value of -24.2 V, because of the
proper phase matching and the high hybridism of the TE and TM modes, the TM power
reaches nearly 100% at a length equal to 93 mm. However, as may be seen from the
same figure, as the modulating voltage is slowly getting away from the crossover value,
the maximum TM power is getting lower. For example, for a voltage of -23 V, the
maximum TM power is nearly 48%, while if that voltage is decreased to -22 V, this
maximum TM power is only 18%. Hence, this figure reveals that the amount of

polarization conversion can be tuned by adjusting the value ofthe modulating voltage.

-40 -35 -30 -25 -20 -15 -10
Modulating Voltage (V)
Fig. 9.13 Variation of the maximum polarization conversion ratio with the modulating

voltage for different values ofthe slant angle.
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Figure 9.13 shows the variation of the maximum polarization conversion with the
modulating voltage for different values of the slant angle. The maximum polarization
conversion is that calculated at a propagation distance exactly equal to the beat length.
As may be seen from this figure, it is always possible to obtain 100% polarization
conversion if the modulating voltage is equal to the crossover voltage, which is -24.2 V
in this case. However, the “bandwidth” of the curve itself strongly depends on the
verticality of the waveguide sidewalls in such a way that this bandwidth increases as the
sidewall slant angle increases. As can be observed from this figure, for 0 = 0°, the
polarization conversion curve is so sharp that only £0.01 V deviation from the crossover
voltage can get the maximum polarization conversion ratio from nearly 100% to zero.
On the other hand, if the bandwidth, BW, is defined as the difference between the two
50% maximum polarization conversion points, it will be found that this BW is nearly

1.25 V and 1.50 V for slant angles, 0, of 5° and 10°, respectively.

Fig. 9.14 Variation ofthe polarization conversion ratio with the modulating voltage for

different values ofthe slant angle at 2 cm device length.
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Variation of the polarization conversion ratio with the modulating voltage at 2 cm for
two values of the slant angle, 9 is illustrated in Fig. 9.14. As can be seen from this
figure, the maximum polarization conversion ratios are obtained at the crossover voltage
of-24.2 V. However, as the 2 cm device length is much shorter than the beat lengths,
either for 5° or 10° cases, the maximum conversion ratios obtained are only 4% and 13%

for 5° and 10° slant angles, respectively.

Fig. 9.15 Variation of the polarization conversion ratio with the modulating voltage for

different values ofthe slant angle at 4 cm device length.

Fig. 9.15 shows the variation of the polarization conversion ratio with the modulating
voltage at a specific device length of 4 cm for two values of the slant angle. Again,
maximum values of the polarization conversion are obtained at exactly the crossover

voltage; however here values are 11% and 40% for slant angles of 5° and 10°
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respectively. These polarization conversion ratios are higher than their counterparts
shown in Fig. 9.14 at 2 cm device length, because the 4 cm device length is more
comparable to the beat lengths reported in Fig. 9.10. Also, it can be noted from the same
figure that, at a voltage of-30 V, the polarization conversion ratios are nearly null. The
justification for those null polarization conversion ratios can be seen if it is noted that the
beat lengths at this particular voltage are nearly 2 cm. Hence, the polarization conversion
ratios peak at this beat length and return to zero again at double this beat length, which is
the current 4 cm device length. On the other hand, at a voltage of nearly -32.5 V, the
polarization conversion ratios for both slant angle cases have minor peaks of 2% and 5%
for 5° and 10° slant angles, respectively. Again, these minor peaks can be justified noting
from Fig. 9.10 that the beat length at this voltage is nearly one-third of the 4 cm device

length.

-40 -35 -30 -25 -20 -15 -10 -5
Voltage (V)
Fig. 9.16 Variation ofthe beat length with the modulating voltage for different values of

the Al concentration ofthe buffer layer, xi.
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The effect of varying the Al concentration of the buffer layer, xi, on the polarization
conversion will be studied for a slant angle of 10°. Figure 9.16 shows the variation of the
beat length, Ln, with the modulating voltage for x| values of 30%, 40% and 60%. As
may be observed from this figure, as xi increases, the maximum beat length, L"max is
reduced and the necessary crossover voltage is negatively increased. For example, when
xi = 30%, Lj"mex is nearly 93 mm and the crossover voltage is -24.2 V, while if xi is
increased to 60%, L,imexis dramatically reduced to 55.2 mm at a crossover voltage o f-
32.0 V. As xi increases, there is a higher index contrast between the core and the buffer
layers leading to an increasing difference between the two polarization mode
propagation constants for zero modulation, that is why a higher negative modulating

voltage is needed to bring them to phase matching.

-40 -35 -30 -25 -20 -15 -10 -5
Voltage (V)

Fig. 9.17 Variation of the polarization conversion ratio with the modulating voltage for

different values ofthe Al concentration ofthe buffer layer, xi, at 2 cm device length.

S .Haxha@city.ac.uk 255


mailto:Haxha@city.ac.uk

Chapter 9 Polarization Conversion in Semiconductor Electrooptic Modulators

Variation of the polarization conversion ratio at a particular device length of 2 cm for
different values of xi is illustrated in the Fig. 9.17. As may be seen from this figure, the
polarization conversion ratios are reaching maxima only at the exact crossover voltage
for each xi case. It may further be observed that as xj increases the maximum obtainable

polarization conversion ratio increases.

Summary

In this chapter, a rigorous finite element analysis of the polarization conversion
phenomenon in a deeply-etched GaAs/AlGaAs semiconductor electrooptic modulator
has been investigated and physically justified. The effect of various imperfect
fabrication parameters such as the slant angle, electrode offset, Al concentration of the
buffer layer and the modulating voltage on the polarization conversion ratio, modal
hybridism and beat length has been thoroughly investigated. It is confirmed that the use
of full vectorial simulation techniques is mandatory in order to account for, and even
beware of, such unexpected and also unwanted polarization conversion effects in
electrooptic semiconductor modulators. For the new semiconductor -electrooptic
modulator design and fabrication it is essential to take into account these parameters in
order to avoid unwanted polarization conversion, which can negatively impact on the

performance ofthe device.
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Conclusions and Suggestions for future work

10.1 General conclusions
A general evaluation of the research work carried out in the course of this study, in terms

of the methodology used and the validity of the results presented, suggest that the
objectives set out at the beginning of this research have essentially been achieved. The
primary aims and objectives of this research were to an investigate and develop
alternative design methodologies and devices configurations leading to improvement of
the performance of LiNbCb (LN) and GaAs/AlGaAs electrooptic modulators, which has
been achieved. Brief descriptions of some representative numerical techniques, useful
for optical waveguide and millimeter-wave structures have been explained, with their
advantages and disadvantages one over the other. In particular the finite element method
and its application has been fully presented. Varational principles in the modal solution
of microwave and optical waveguides have been studied. Various aspects of the finite
element method have been examined, including different scalar and vector formulations,
boundary conditions, natural boundary conditions, shape functions, global matrices and
infinite elements.

The full vectorial FEM has been applied to study various aspects of LN and
semiconductor waveguide electrooptic modulators. In particular FEM and LSBR
technique have been employed throughout this research work. Microwave properties of
the LiNbo3s and semiconductor electro-optic modulators have been thoroughly
investigated by applying FEM with quasi static-TEM analysis. Numerical technique has
been introduced to calculate the scalar potential functions, the horizontal and vertical
components of the electric field for etched (LiNbCE), unetched (LiNbCE) and

semiconductor electrooptic modulators. Next the line integral based on divergence
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theorem has been established to calculate the capacitance C, the free medium
capacitance, (o, microwave index, Nm and characteristic impedance, Z¢, for etched and
unetched LNs, and semiconductor electrooptic modulators. Conductor losses due to
imperfect conductors (metal electrode), (& have been -calculated by using the
“incremental inductance rule” for different electrode designs for both LN and GaAs
modulator structures. Dielectric losses of the different dielectric layers, a< for coplanar
waveguide structures with an anisotropic LiNbCs3 substrate and a SiCx buffer layer
thickness for unetched and etched Z-cut LN structures and GaAs/AlGaAs electrooptic
modulators have been calculated by applying perturbation theory. The 3dB optical
bandwidth of the LiINbCL and GaAs modulator has been calculated. The effect of the
conductor loss on the reduction of the overall bandwidth of the device and for the first
time the dielectric loss have been investigated and in particular a significant increase of
the bandwidth of the device has been achieved, which was an objective of this research
work.

For the first time it has been shown that at high frequency, for both LN and GaAs, the
3dB optical bandwidth can be overestimated if the dielectric losses are neglected. The
effect of the different parameters in the design optimization of the modulator for both
LN and GaAs structures has been studied. The effects of each parameter for LN etched
and unetched structures and such as the buffer thickness, the electrode thickness, the
electrode width, the gap between the electrodes and the ridge depth have been
thoroughly investigated too, and their impact on the device performance has been
analyzed. New design optimization of these parameters has been achieved leading to an
improvement of the modulator performance.

Velocity and impedance matching between optical and microwave signals has been
investigated for both LN (etched and unetched) and different types of GaAs structures.
Simultaneous matching of velocity and impedance between optical and microwave
signals has been achieved and its effect on the determination ofthe overall bandwidth of
the modulators has been investigated. The advantage of'the Z-cut crystal orientation over
the X-cut and Y-cut, by comparing data with experimental results from the different

research groups around the world, has been considered. With respect to LN electrooptic
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modulators, the new design has been studied in terms of the advantages of etched over
unetched structures.

The effect of an external .E-Field to a length of Pockels material while an optical signal
is passed through it, which resulted in an optical phase shift, has been investigated. The
electro-optic effect and the change in the refractive index caused by an external applied
electric field has also been established and investigated for both LN and GaAs
modulators, respectively. In particular the key parameter for the optical modulator VjL
half-voltage product has been calculated by using the full vectorial FEM-based modal
solution approach. The product of half-wave voltage length has been investigated in
order to improve the modulator performance, and details of different modulator
parameters have been widely investigated, resulting in a good design of a LN modulator
with low VrL.

New designs for the velocity and impedance matching of a deep-etched semiconductor
electrooptic modulators has been presented here for the first time. Tantalium pentoxide
(Ta20s) coating is considered to achieve velocity matching between microwave and
optical signals. The effects of the velocity mismatch, the conductor loss, the dielectric
loss and the impedance mismatch have been studied on the optical bandwidth of a high-
speed semiconductor modulator. Determination of the 3dB optical bandwidth of the
GaAs modulator for different Ta20s coating thickness structures have been carried out in
this research work.

The least squares boundary residual (LSBR) method, with the exploitation of the
accurate modal solution obtained from the finite element method, has been established
for the studying of unexpected polarization conversion in the deeply-etched GaAs
modulator. The power conversion between the two orthogonally polarized modes, when
a pure TE or TM mode is incident from the input waveguide (with no modulating
voltage), has been thoroughly investigated. Such a study has been carried out for the first
time with respect to avoiding various imperfect fabrication conditions on the unwanted
and unexpected polarization conversions in electrooptic semiconductor modulators.
Based on the conclusion of this research work, and previous, published work,
advantages and disadvantages of LN and GaAs can be identified and compared as

follows:

S. Haxha@city.ac.uk 259


mailto:Haxha@city.ac.uk

Chapter 10 Conclusions and Suggestions for future work

Advantages of LINbCT electrooptic modulators:

>

>

LiNbCE, among all external modulators, has the most mature technology

The large market for such components is the driving force that makes them
readily available.

LiNbogs can operate at constant bias for thousands ofhours under the control of
appropriate biasing circuitry

Electrical bandwidths higher than 75 GHz and driving voltages around 3 V, so
far, have been reported.

They can handle large optical powers

The device is promising for high-speed and long-haul optical fibre transmission
There is low frequency chirp

They have wide bandwidth

They have low switching voltage

Advantages of GaAs electrooptic modulators:

>

>

>

GaAs/AlGaAs is material of choice in many optoelectronic components

They offer very stable operation

The electrical bandwidth is higher than 50 GHz and driving voltage is around 15
V, as so far reported.

They can handle a very large amount of optical powers

They can easily be integrated with other optoelectonic devices

Fibre-to-fibre insertion loss is in 10-15 dB range

The effects of reducing the driving voltage, insertion loss and increasing

bandwidth are under consideration.

Details of FEM, LSBR and Quasi-TEM software implementation and their interaction

are illustrated in the Appendix 3 of'this thesis.

10.2

Future work

The future direction of recommended work on LN and GaAs electrooptic modulators

can be summarized as aiming to improve their performance, studying new applications,
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(in particular integration with other optoelectronic devices), and establishing full-wave
analysis using finite element method. Future improvement of performance can be
considered along these major lines ofresearch.

This research has shown the effect of different parameters on the overall bandwidth of
electrooptic modulators. Future work for LN electrooptic modulators can carried out
with new electrode designs such as thicker electrodes, slanted-wall electrodes, over
hanging electrodes, backslot electrodes and floating electrodes, in order to reduce the
insertion losses and the driving power.

With respect to GaAs electrooptic modulators, new electrode designs can be
investigated, such as the position of the hot and ground electrodes, using thicker “hot”
electrodes which also will lead to the reduction of conductor losses. The conductivity of
the ground electrode, which, in this study, is considered a highly doped (with doping
concentration 1x10 /cm ), could be taken into account as semi-insulating substrate with
its conductivity. All the characterizations of AlGaAs layers, with their conductivity, can
be objects of further investigation.

Full-wave analysis of hybrid edge/nodal elements is required in order to investigate the
frequency dispersion for both LN and GaAs electrooptic modulators. The inclusion of
the time domain in the present finite element method could be a step forward in the
investigation ofthe electrooptic modulators.

Different material compositions for the buffer layer can be considered in order to reduce
the driving power, the optical losses, and the dielectric losses, leading to an increase of
the bandwidth and simply fabrication.

For the complete modulator design other parameters such as spot-size estimation, butt-
coupling loss at the input/output sections, bending loss of the curved waveguide
sections, Y-junction, and the power splitters could usefully investigated.

A further application of the present work could be the development of the approach to
the characterization of some more recent advances in integrated optics technology, such
as semiconductor polarization converters, optical switches and polarization controllers.
Also several, other modem developed CAD-type user friendly package would be

beneficial to assist research workers in this area of optoelectronics.
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Electro-optic Effect

In this part of the thesis we consider the problem of propagation of optical radiation in
crystals in the presence of an applied the external electric field. In certain types of
crystals, the application of an electric field results in a change in both the dimensions
and orientation ofthe index ellipsoid. This is referred to as electro-optic effect.

The ellipsoid equation is given as:

x2 y2 z2
n¥" n, " nl "t (AU)
After electric field is applied, the orientation of D and E are parallel.
. A 1 N
d £.x2+f %I AT 2) yz+20 y1xza 207 xy =1 (A12)
1n | Ul In )4 In oyl J
A (A1.3)
where, 1=%x,2 =y, and 3=z
In matrix form
£
A I
v
Af X
U /2 ru ;\; rn
N
A( 1 i B )
UA w0 o e 2 (A 1.4)
A( 11 r4\ r42 r43
\nN{4 r5\ r52 83 -
A( I B 2 63
"n2JS
Al i
<n2J6
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In general form the equation (A 1.14) can be written:

S%,xj=1 (A1.5)

where

Su=\-, §22=1; §32=1] S§S22=83¥=-FEx (A1.6)
no n0 ne r

The problem is to find the magnitudes and directions of the principal dielectric axes of
the ellipsoid given in (A1.15). Ifa vector from the origin to a point (xj, xi, xj) on the

ellipsoid (A 1.5) is denoted by R(xrx2,x3), then the vector N with components is:

K =Sv (A1.7)

Is normal to the ellipsoid at R.

We applied the above rule in order to find the principal dielectric axes by imposing
being parallel to normal.

Sixj =SxI (A1.8)

where S is an independent constant, fori = 1, 2, and 3 results in:

(S,, - S)x, +Snx2+5,38=0
Salx, + (2 - §)x2+S2%3=0 (A1.9)

ASIXIT St2X2 T(S33 ~ S)xg =20

The condition for a nontrivial solution of (A 1.9) is:

det[s#-w j =0 "y, (A1.10)
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1). Find the eigenvalues and eigenvectors of the S matrix.

Sn Sz 5,3
So1 52 A3 (AL.11)
s3 Si2 33

where S, § 7, and S *” are three eigenvalues

2). The length of the principal axes along X | X "’and X ”'are 2/7/S’, 2/fS”and

2/yfX"

3). The index ellipsoid equation in terms of a Cartesian system whose axes are parallel

toX ;X and X ’’’becomes:

Sx2+8"y'2+8""z'2= | (A1.12)

with the unit vectors x |y ; and z ’are taken as parallel to X | X ~and X' ’; respectively.

Example. Find the refractive change for GaAs under an applied electric field?.

In general form the when E field is applied to GaAs crystal is the matrix form ofthe

coefficients is given as:

(6] O O
(6] O O
(0] O O
(A1.13)
r O O
(6] r (0]
(0] o r
2v2 2
2 AN B xyz + 2MIE xz + 216 Ky = 1 (A1.14)
n,, n~ n,
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ril 163 (AIIS)
62 ? rE- rE>
5% 5 -
S« st s A, -1 rE, (A1.16)
r*32 no
s 3 . Si3
rkE, rE, -1

"

The eigenvectors are given as the solutions ofthe equation:

-L -s rk, rE

»0
rkz rEx (A1.17)
rEy rEx . g
/ \ \Y4 4
U ~rE1 I_I_I 1 rEE, +
\ no J A ne y K
(A 1.18)
rE, r EE, - rE, =0
V«2
However, forE = 0, GaAs becomes isotropic, i.e., n2 = n/ = n2therefore
\Y% f 1 N
rBP? a -rE T 'r ExEyEz+r ExEyEz- r Ey S =o
\'n J \n \n y VK
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(A1.19)

then

s r2\E\ )

where

\E\2=E; +E2+E2

from the equation (A1.20) hence:

from equation (A1.22) hence:

equation (A1.20) can be written as:

\
2 -S'" +rlEl
\'n J JAn ]

r 1

from equation (A1.25) hence S "~x "and § "~ x ’” are:
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S "= +rE| (A 1.26)

S"=-y-r|.E'| (A1.27)
n

A). For § = 8'= 1/n2is assumed Z-cut crystal orientation where, £, "0, Ex=FEy =0

from the equation (A1.8) the system of equations is:

(1 , A N
T x\+rEzx'2+Eyx'3=0

2

(1 1)

rEzx\ + x2+rEx's=o0 > (A 1.28)
V« 2
( 1
rEyx\ +rExc |+ T .7 x3=0
\m  n) J
or

rEzx\+rEyx\ =0
rEz\ +rExx| =0 > (A1.29)
rEyx\ +rExx\ =0

The above equations can be satisfied by choosing, equation, *1=t2=Q and x j can be

any value that will satisfy the 1stcouple equations. The eigenvector A" corresponding to

S ’(=1/n ) is thus parallel to the Z-axis.

B). For the case when, S - S "=— + r\E\ then;
n
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x\+rEz'2+rEyx\ =0

yn n
rsz\-i——l-—l-rE%\i +rEx\=0 > (A 1.30)
yn n y
rEyx\+rExx\ + 5 5 Ip X'3= 0
V« n

- r\E\x\+rEzx'2+rEyx'2= 0
rEx\-r\E\x "2-rExx'2-r\E\x\=0 > (A1.31)
rEyx\+rExx'2-r\E\x'3=0

for Z-cut crystal orientation Ez " Oand Ex=FE = 0 therefore;

-rEx\+rEzx | =0

rEzx\-rEzx\ =0 (A1.32)
rEzx\ =0

The solution (x|-x'2) = Oand x'3= 0 satisfy the above conditions, i.e., the eigenvector
X 7is parallel to (x- y ).

Similarly, we can show that the third eigenvector X " ’is parallel to (x +y). The equation

of'the ellipsoid in the transformed coordinates is given by:

* f \
S rE2 X'2+ - +rEz y2+— =1 (A1.33)
\n ) \n )

where x isrelated to (x- y),y 2isrelated to (x + ) and z21is related to Z-cut crystal

orientation.

The last equation can be put in the form:

(A1.34)
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-dn\ -dn' as

din\)

Similarly

<<>)=f'E ,

=" +d(n'ry)

n,=wH—rE,
2

Electro-optic Effect

(A1.35)

(A1.36)

(A1.37)

(A1.38)

(A1.39)

(A 1.40)

(A1.41)

(A1.42)

In this case Ezplays the role of £y from Laplace and x’ is z is the direction of the

propagation and z is ;t direction of propagation.
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Appendix 2

Divergence theorem

Let us consider the infinitesimal volume dx, dy, dz, and the vector 4 with its components
as illustrated in the Fig. A2.1 where Ax Ay, Az are functions of the coordinates x, y, z.
The value of4x at the center of the right-hand face can be taken to be the average value
over that face. The right-hand and left-hand face of the volume element, the outgoing

flux are (Paul, 1978):

dAx dx>

dOR 4 7 dydz (424)
Vv dx 2
dAxd

dd>L, Y vz A22)
dx 2

The net outward flux through two faces is:
N b4

dd?R+dOL =— -dxdydz = —-dx (A2.3)
dx dx

To extend this calculation to a finite volume, we sum the individual fluxes for each of

the infinitesimal volume elements in the finite volume, and the total outward flux is:
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Fig. A2.1 Element ofthe volume dx, dy, dz around the point P, with the vector 4

dA.  dAv  dA,
o, =F dx (A2.4)
Ldx dy  dz

At any given point the volume, the quantity is thus the outgoing flux per unit volume

defined as divergence ofthe vector A4 at that point and can be expressed as:

V-A %i +@L

A2.5
dx dy ( )

The total outward flux given in equation (A2.4) is also equal to the surface integral of

the normal outward component of4. Thus

dAv dA
+—"r+—"Ndx = fV-Adx (A2.6)
dy dz i

This is the divergence theorem. For the close path in the xy-plane and for any 4 the

integration around the path illustrated in the Fig. A2.2.
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Fig. A2.2 Closed, rectangular path in the ry-plane, the integration path, S is performed

in the direction ofthe arrows.

, , , 84y N 34X
54 wll = §A xdx + §Awdy = dxdy (A2.7)
dx dy

where
A 1 Ax dy'’
9Adx f ddx dy dx-f dAdxdy dx = 44 dydx (A2.8)
X 1 dy 2] | dy 2J dy
similarly,
d . gy (A2.9)
dx

S.Haxha@city.ac.uk 272


mailto:S.Haxha@city.ac.uk

Flow Chart of FF.M implementation

Appendix 3
Flow Chart of FEM Implementation
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Modal Solution Laplace (QUASI-TEM) LSBR
Start Start
+
SIDE 11 (V ;:0)
Laplace (QUASI-TEM) Laplace (QUASI-TEM)
=%
Modal solution Modal solution

Propagation constants

Propagation constants
Abe? ALm

Afe ? Am

17 o o 1r



Appendix 3 Flow Chart of FEM implementation

274



Appendix 3

Laplace (OUASI-TEM)

Read microwave structure
data

Set numerical parameters of
the structure

Generate mesh, elements,

coordinates, and material
data

Set boundary conditions and
define degrees of freedom per
node

Generate element matrices

Assemble global matrices

Enforce boundary condition

Call “NAG” routine

Ex Ey, Nm , Zg, An, etc, otj,
Af, Power

(**End
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Flow Chart of FRM implementation

LSBR (Least Square
Boundary Residual)

Start

Read mesh division, x, y
coordinates, elements,
wavelength element topology
from modal solution

Read Side I nodal H- field

Read Side II nodal H- field

Read eigenvalues &
eigenvectors for Side I & Side II

Calculate J, minimize the
error criteria

Calculate transmission and
reflection coefficients

Calculate Power transfer

End
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