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This thesis addresses research on the design and modeling of GaAs traveling wave electro-
optic modulators with a highly doped layer. These modulators are in the form of a
waveguide integrated with Planar Microstrip electrodes (PMS), and of a Mach-Zehnder
interferometer integrated with capacitively loaded Coplanar Strips (CPS) electrodes. In
both, the use of a thin highly doped layer ensures a good overlap between the applied
electric field and optical mode. The design space of both PMS and loaded CPS electrodes
are fully characterized. Waveguides of low propagation loss are designed.  Wide
bandwidth traveling wave modulators require low optical and microwave insertion loss,
impedance matching, velocity matching and low half wave voltage. The simulation results
predict that modulators with PMS electrodes have a limited frequency responée while the
modulators with CPS loaded electrodes have an electrical 3 dB bandwidth up to 70 GHz

for 1cm device and Vr of 9.4 V.cm.
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The next generation of optical networks operating at and above 40 Gbits/s stimulates the
development of a range of high-speed electronic and opto-electronic components. Very
wide bandwidth external optical modulators are one of these key components. Their
importance comes from the requirements for extremely high coherence and stability of
laser sources — qualities which are compromised by high-speed direct modulation of the
drive current in the case of semiconductor lasers. This research focuses on the development
of high speed Gallium Arsenide (GaAs) traveling wave electro-optic external modulators
using doped epitaxial layers. The bandwidth of these modulators can extend to 40 GHz and

above.

In this chapter, the history and current state of optical communication are briefly reviewed,
followed by an introduction to integrated devices and to electro-optic modulators. Thesis

objectives and outlines are also presented.

Great effort has been made to increase the capacity of communication systems in the late
part of the twentieth century. It was not until the 1950s that people realized that the

transmission of a large amount of information over long distances would be possible if



optical waves were used as the carrier. However, neither a coherent optical source nor a
suitable transmission medium was available at that time. The invention of the laser [1] in
1960 solved the first problem, which provides an appropriate coherent light source for
optical communication. Later on, semiconductor lasers were proven to be a good choice
for this purpose due to their compactness, reliability and potential for monolithic
integration with other optical and electronic devices. On the other hand, it was suggested in
1966 that optical fiber might be the best transmission medium, however its loss was in
excess of 1000dB/km. The reduction of optic fiber loss to 20 dB/km in 1970 made it a
preferred medium for optical communications [2]. At present, the optical fiber loss has

been drastically reduced to 0.2 dB/km.

There have been five generations of fiber optic communication systems. The first
generation, operating near 0.85 pm and using multimode fiber, was commercially available
in 1970 [3]. The second generation of fiber optic communication systems appeared in the
early 1980s. Though it still used multimode fiber, it operated in the wavelength region near
1.3 wm where dispersion is minimal. The third generation is characterized by minimum
fiber loss and minimum dispersion for it uses single mode, dispersion-shifted fiber at the

wavelength of 1.55 pm.

The fourth generation system is revolutionary in the development of optical
communication systems. It makes use of optical amplification to increase the repeater
spacing and of wavelength-division multiplexing (WDM) to increase the bit rate. The

advent of erbium-doped fiber amplifiers makes long haul optical communications cost



effective. Currently, the fourth generation systems focus on the increase of system capacity
by transmitting multiple channels through the WDM technique. Some researchers have
demonstrated that the capacity of single channel could extend up to 40 Gb/s and a 160
Gb/s WDM transmission was realized by using a four-channel wide spaced multiplexed
signal [4]. Furthermore, dense wavelength -division multiplexing is deployed to meet the
ever-growing bandwidth demand. At present, WDM systems with channel capacity of 10

Gb/s are commercially available.

The fifth generation system is optical solitons, optical pulses that preserve their shape
during propagation in a low loss fiber by counteracting the effect of dispersion through the
fiber nonlinearity. Optical solitons provide a solution to the fiber -dispersion problem that
the former four generations of systems failed to solve. Soliton-based optical
communications are under the development [S]. WDM may not be the only way to
increase the capacity of fiber, since a higher number of wavelengths will crease
undesirable effects. Optical solitons using TDM may provide an alternative solution for

very long high bit rate links.

1.2 Electro-( ulators

Modulation of the optical signal in optical communications can be divided into direct
modulation and external modulation. The schematic diagram of a typical optical fiber

communication system is depicted in Figure 1.1.
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Figure 1.1 Schematic of a typical optical fiber communication system.

Semiconductor lasers are frequently used under direct modulation. Although direct
modulation of semiconductor lasers offers simplicity and large amplitude modulation, it
has some disadvantages, such as frequency chirp and modulation bandwidth limitation.
The frequency chirp refers to the time-dependent frequency shift. The frequency chirp
often limits transmission quality because of the dispersion in optical fibers [6]. The
frequency bandwidth of semiconductor lasers is inherently limited. The present frequency
limit for direct laser modulation exceeds 40 GHz and these devices have been used for
large-signal digital modulation at 20 Gb/s [7]. Direct modulation of semiconductor lasers is
currently being employed for optical communication systems operating at 2.5 Gb/s (OC48)

or less.

The limitations of directly modulated lasers in optical communications stimulate the

development of high-speed external modulators. An external optical modulator can



modulate the light output power from lasers with no frequency chirp or a small negative
chirp while providing a larger modulation bandwidth [8]. Usually, a small negative chirp
will provide some pulse compression that can balance out the pulse broadening in the fiber.
All OC 192 (10 Gb/s) optical communication systems are using external modulators to
modulate the optical signals. External modulators are essential components for the next

generation of optical network operating at 40 Gb/s and higher.

The basic qualities required of any wide band modulator are large bandwidth with a flat
frequency response and linear phase response over the required band, low drive power
from a standard 50 Q generator, high return loss over the band, and low optical insertion
loss. The main figure of merit of an optical modulator can be given by the modulation
bandwidth divided by the drive voltage (GHz/V). Naturally, one should increase the

bandwidth while keeping drive voltage as low as possible.

According to the physical phenomena utilized, external modulators can be divided nto two
distinct kinds: electroabsorption (EA) modulators [9] and electro-optic modulators [10].
The EA type of modulators modulates light by changing the optical absorption coefficient
of a semiconductor medium under the application of an electric field. EA modulators
operate on a quantum tunneling principle, termed the Franz-Keldysh effect in bulk

materials and the quantum-confined stark effect (QCSE) in quantum well.
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Figure 1.2 Schematic diagram of the tilting of energy bands under a strong electric
field and of the Franz-Keldsh effect.

‘A strong electric field applied to a semiconductor tilts the band edges, valence band
maximum, and conduction band minimum, and the wavefunctions for electrons and holes
penetrate into the band-gap as shown in Figure 1.2. The photo-assisted tunneling therefore
occurs at a wavelength longer than the wavelength corresponding to the band-gap energy.
Consequently, the fundamental absorption edge shifis to a longer wavelength. This
phenomenon is called the Franz-Keldysh effect and it is large when the field strength is

more than 10 V/em.
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Figure 1.3 Schematic diagram of the tilting of energy bands under a strong electric
field and of the quantum-confined stark effect. Eo, Epn designate energy levels for
electrons and heavy holes, respectively.

Concerning QCSE, electrons and holes are confined in the same physical quantum well
(QW) so that they strongly interact and overlap to form a bond. This is called an exciton
and has a strong absorption. Under the applied electric field, electron and hole are forced to
opposed ends of QW and are physically separated as shown in Figure 1.3, and

simultaneously the binding energy of the exciton decreases. Consequently, the effective



band-gap energy decreases with increasing electric field strength, and the refractive index
also changes. This phenomenon is called QCSE. QCSE is most pronounced for photon
energies near the bandgap of the material and shows strong wavelength dependence. The
shift of the absorption edge is larger for the QCSE than it is for the Franz-Keldysh effect.
In short, QCSE offers large changes in the real part and imaginary parts of the refractive
index in the wavelength range near band gap region. Thus multiple-quantum well (MQW)
EA modulators offer low modulation voltage, though they suffer from frequency chirp and

high insertion loss.

At the wavelength of 1.55 pm, the desired wavelength for fiber-optic communications, EA
modulators require alloys of InP and GaAs as active material grown on InP. A
InGaAlAs/InAlAs MQW EA modulator at 1.55 pm has been reported with low drive
voltage about 1V for 10-dB on/off ratio [11]. At 1.3 pm, EA modulators have been
realized both on InP and GaAs substrates. EA modulators operating at 1.3 ym have also
demonstrated low modulation voltage [12]. EA modulators also show high-speed
operation. The electrical 3 dB bandwidth approaching 60 GHz has been reported for
fumped devices [13]-[14]. Due to low drive voltage, high speed and compact size, EA

modulators are frequently integrated monolithically with lasers [15].

Recent research on EA modulators focuses on reducing the drive voltage, and increasing
the on/off ratio and the bandwidth. For the lumped device, this presents a conflict, a wide
bandwidth requires a short device while high on/off ratio and low drive voltages require a

long device. In one approach, a double-pass modulator has demonstrated the drive voltage



reduction of 60% [16]. The limitations of lumped device performance stimulate researchers
to design the device as a traveling wave (TW) modulator. A 200-um-long TW-EA
modulator with a bandwidth of 54 GHz and a drive voltage of 3 V for 20-dB on/off ratio
[17], and a 450-um-long device with a bandwidth of 43 GHz and a drive voltage of 1.3V

were reported respectively [18].

When an electric field is applied to some semiconductors or some dielectric materials, their
refractive index change. This phenomenon is known as the electro-optic effect. If the
change in refractive index is linearly proportional to the applied electric field, this effect is
called the linear electro-optic effect (Pockels effect). Currently, electro-optic modulators
are based on the linear electro-optic effect. The linear electro-optic effect is present in
many materials, such as III-V compound semiconductors, lithium niobate (LiNbOs),
lithium tantalite (LiTaO3), ADP (NH4H2PO4), KDP (KH2PO4) and others. Among them,
LiNbO; and GaAs are the most popular materials for electro-optic modulators due to the
strength of the linear electro-optic effect in these materials and reasonable dielectric
constants for the easy realization of velocity matching. LiNbO; is a ferroelectric crystal
that is commonly used in other types of commercial products, most notably, in surface
acoustic-wave filters for mobile communication receivers. Thanks to the mature
technology, many excellent LiNbO; traveling wave modulators have been demonstrated
and are commercially available. LiNbO; is well suited for this kind of usage owing to the
large mode size of the titanium indiffused waveguides that can provide very low
fiber-to-waveguide coupling loss. In the meantime, with the development in II-V epitaxial

technologies, II-V semiconductors once again excite the interest for research and



development of high-speed optical components due to their versatility, potential for
opto-electronic integration, and freedom from the dc charging and optical damage effects

observed with LiNbQOs.
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Figure 1.4 Schematic layout of a) a directional coupler electro-optic switch, b) an
electro-optic Mach-Zehnder modulator.

The most common structures for external modulators and switches are directional coupler
type and Mach-Zehnder interferometer (MZI) type, as shown in Figure 1.4. Though
switches have additional capability of routing the signal, the basic operating principles of
optical modulators and switches are similar. In the directional coupler approach, light is
injected into two modes of a waveguide structure. The applied electric field modifies the

relative velocities of the two modes as well as the coupling between the two modes
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[19]-[20]. The directional coupler type switches are typically used for lower speed
switching applications where small size and polarization diversity may be required. MZI
modulator consists of two Y-branches and two phase modulation arms. The input light is
divided into two paths by the Y-branch, at which the light is bisected. The light is guided to
the two arms and the phase of the light in each arm is modulated by applying an electric
field, so each arm works as a phase modulator. At the output Y-branch, the phase
modulation is converted into intensity modulation. When the phase of the light from one
arm is the same as that of the light from the other arm, the light is added constructively and
propagates along the waveguide toward the output port. If the phase difference between the
light propagating each arm is 7, they cancel each other and no optical power is emitted
from the output port. The MZI works well with high-bandwidth electrode structures
requiring tens of micrometers of spacing between waveguides, and long electrodes are
needed to reduce voltages. MZI modulators are the subject of this thesis and will be

discussed in the next chapter.

In addition, there are other type structures for external modulators. If Multimode
interferometers (MMI) are used at the input and output of the MZI modulator instead of Y-
branches, the device can operate as a 2*2 switch [21]-[22]. A total internal reflection

(TIR) switch has also been reported [23].

One of the key factors limiting the bandwidth of electro-optic modulators is the electrode

type. Electrode types are usually divided into two types: lumped and traveling wave. For a

lumped modulator, the modulation bandwidth is determined by the RC time constant of the
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equivalent circuit or transit time (defined in chapter 3). However, in the case of a traveling
wave modulator, the electrode is designed as a transmission line so that electrode
capacitance is distributed and does not limit the modulator speed due to RC time constant
limitations. Consequently, the traveling wave approach to modulator design can lead to
wide bandwidth, and possibly represents the ultimate in broadband modulators. The
bandwidth of traveling wave electro-optic modulators is limited by the velocity-mismatch
between the modulating microwave signal and the modulated optical signal, and by
microwave losses (dielectric and electrode). The velocity match condition is crucial to
wide bandwidth, low modulation power and high modulation depth [24]. Velocity
mismatch is caused by the leading or lagging of the microwave signal with respect to the
optical signal. In the case of a LiNbO; modulator with coplanar electrodes, the optical
signal travels faster than the microwave signal; therefore, to match the velocity of optical
and microwave signals, the speed of propagation of the microwave signal must be
increased. FElectrodes that achieve this are called fast wave electrodes. In contrast, in
I1I-V compound semiconductors, the microwave signal travels faster than the optical signal,
so the microwave signal must be slowed down to achieve velocity matching. These

electrodes are called slow wave electrodes.

The most commonly used electrode for LiNbQO; is the coplanar waveguide, and the most
common way of increasing the velocity of the microwave signal for this case is to use a
Si0, buffer layer under the electrode and to increase the thickness of the conductors. With
the advent of velocity matching techniques in LiNbO; traveling wave modulators [25],

researchers target low drive voltage devices with simultaneous velocity and impedance
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matching, low electrode losses, long interaction lengths, and large electro-optic overlap
integrals. Approaches to achieve some of these conditions have included etched ridge
devices [26]-[27], long interaction lengths [28]-[29] and reflection devices [29]. Etched
ridge structures are capable of achieving near simultaneous velocity and impedance
matching in LiINbO3, and have demonstrated an electrical 3 dB bandwidth of 70 GHz with
Vr of 5.1 V in probe contact Z-cut LiNbO3 devices [26]. In the reflection devices, the
Vr was demonstrated as low as 0.89 V at 1.3um for an electrode and interaction length of
5.3 cm and 10.6 cm, respectively [29]. A LiNbO; Mach-Zehnder Modulator based on a
cascaded Bragg grating has also been proposed with an optical 3-dB bandwidth over 100

GHz and 1 V half- wave voltage [30].

MI-V compound semiconductors such as GaAs, InP, and their alloys have excellent optical
properties due to their direct and tunable bandgap and are preferred materials in many
optoelectronic components such as lasers and detectors. Furthermore, they are often used
in modulator applications due to their possession of an electro-optic effect. GaAs, with the
bandgap energy 1.42 eV, is one of the most commonly used materials for modulators. As
mentioned above, for GaAs traveling wave modulators, the electrodes are slow wave
electrodes, since the velocity of the microwave signal must be slowed down to match that
of the optical signal. Two conventional electrode configurations for GaAs electro-optic
traveling wave modulators are well known [31]. These are the microstrip configurations
using p-i-n structures [32] and the coplanar sirip configurations using undoped epitaxial
layers grown on a semi-insulating substrate [33]. Velocity mismatch exists in both of

these structures. Though p-i-n modulators have the advantage of perfect overlap close to
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100%, the nt+ GaAs substrates used in this case causes high microwave losses and
microwave dispersion and thus limits bandwidth. A revised microstrip structure, so-called
planar microstrip structure, was proposed [34]. As shown in Figure 1.5, this structure has

the ground plane on top of the n+ layer with semi-insulating GaAs as the substrate,

S.I. GaAs Substrate

Figure 1.5 The cross section view of a new planar microstrip configuration modulator
on a semi-insulating (100) GaAs substrate with double heterostrucutre cladding
layers of n"and n. A single optical mode is guided in the i-layer. The top n" epitaxial
layer and undoped i layer are easily depleted by Schottky comtact. The bottom
electrode of the conventional p-i-n structure is placed on the top of n' epitaxial
layer.

and the doped n+ epitaxial layer contributes to velocity-matching and lower microwave
loss, and improves the overlap integral. An optical 3 dB bandwidth >40 GHz and a half
wave voltage V, <6 V were predicted [34]. Several other slow-wave electrode structures
have also been reported, such as the metal-insulator-semiconductor (MIS) structures [35],
the Schottky contact structures [36], and the coplanar waveguide structures using
periodically doped semiconductor substrates [37]. The inherently lossy nature of the doped

semiconductor makes these slow-wave electrode structures inappropriate for use in wide
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bandwidth electro-optic modulators. Nees et al also reported a velocity matching structure
using a GaAs superstrate deposited directly on top of the coplanar strip electrodes; though
the bandwidth reaches 100 GHz, the half wave voltage is too high, 288 V for a 5-mm

modulator length [38].

B
%

%
|

Figure 1.6 Top view of schematic of a GaAs/AlGaAs modulator Electrode (a) CPW
loaded line  (b) CPS loaded line.

More recently, the most common slow wave structures to be used are obtained by
periodically loading a uniform transmission line. The loading element is typically
capacitive. This can be achieved using either doped or undoped epitaxial layers.
Spickermann et al has proposed three conductor coplanar waveguide (CPW) slow wave
structures on GaAs using undoped epitaxial layers [39]. The device electrode is a modified

coplanar line, in which T-rails stem from either side of the center conductor and from the
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inner side of the both ground planes, as shown in Figure 1.6 (a). These T-rails form tiny
capacitors, which periodically load the line, increase its capacitance per unit length, and
thus slow the microwave signal propagating on the electrode. Microwave losses are mainly
determined by the uniform transmission line, for the T-rails do not carry the axial
transmission line current. As a result, the microwave losses can be kept low. The
measured small signal electrical bandwidth of the device at 1.55 um is in excess of 40 GHz
and the measured V, is about 16.8 V. Khazaei’s thesis work is also based on both
coplanar waveguide (CPW) and coplanar strip (CPS) slow wave siructures on Gaf;.s using
undoped epitaxial layers as shown in Figure 1.6. In his study, the device, in which L no
longer equals L,, is modified on the basis of Spickermann’s device for the CPW case.
The measured electrical 3 dB bandwidth exceeds 40 GHz with Vr of 8.5 V for CPW while
the bandwidth also extends over 40 GHz with V,of 9 V for CPS [40]. The microwave
losses of these structures are still very low at 40 GHz. The parallel push pull modulation
reduces the half voltage by a factor of 2. However, The values for Vr are still high for a
high-speed modulator. The source of this difficulty is the poor overlap of the vertical
component of the applied electric field with the optical mode. As the electrode gap gets
smaller, applied field intensity increases. However, field lines start to become more

tangential to the surface and the increase in its vertical component is not as much.

One way to improve the overlap is to use a doped layer [41]. Walker reported a GaAs MZI
traveling wave modulator using doped epitaxial layers. Figure 1.7 shows the schematic of
such a traveling wave MZI modulator [42]. The optical structure is a MZI utilizing

multimode interference sections at the input and output for power splitting and combining.
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Figure 1.7 Schematic of traveling-wave Mach-Zehnder modulator using capacitively
loaded CPS [42. Fig.1]. (a) top view (b) cross sectional view (¢) layer structure.

GaAs/AlGaAs epitaxial layer is grown on a semi-insulating (SI) GaAs substrate.
Underneath the GaAs core, there is a buried n” layer which works as a ground plane. The
main electrode CPS is periodically loaded by narrow and small capacitive elements. The

capacitive elements used are the reverse-biased capacitance of Schottky-i-n junction. This
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contributes to good overlap between the vertical electric field and the optical mode. Such a
device demonstrated an electrical 3 dB bandwidth of 50 GHz and Vn of 13 V at 1530 nm
[42]. However, unlike the parallel push pull, series push pull operation can only reduce the
effective loading capacitance to reduce the half wave voltage to some degree, but cannot
reduce it by a factor of 2. Consequently, The combination of a good overlap and series

push pull operation still leads to a higher half wave voltage.

1.3 Thesis Objectives and Outline

External optical modulators of high bandwidth are key components in optical
communication systems. Although TW-EA modulators have been demonstrated with the
electrical bandwidth approaching 43Ghz and low drive voltage around 1.3V [18], there still
exist some problems with this kind of modulator. First of all, chirping is an essential
problem in EA modulators. Next, high insertion loss in produced. Besides, EA modulators
cannot handle very large optical power. The space charge effect degrades the frequency
response of EA modulators when the input light power is very high. Directional coupler
switch modulators are usually used for lower speed switching applications [19]-[20]. For
higher modulation switching, interferometric modulators are preferred because they permit
higher modulation speed for a given drive voltage and a larger extinction ratio at high
speed. Traveling wave electro-optic modulators based on GaAs have been demonstrated
with the electrical bandwidth as high as 50 GHz and high V, [40][42]. These values of V,

are still too high for a high-speed modulator.
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The general objective of this research is to design, characterize, and optimize GaAs
traveling wave electro-optic modulators through modeling and simulation. The design
targets GaAs traveling wave electro-optic modulators with wide bandwidth over 40 GHz,
half wave voltage less than 5 V, 50 Q characteristic impedance and low optical insertion
loss. The specific objectives include: (a) analyzing two kinds of slow wave electrodes,
Planar Microstrip (PMS) Structure [34], and Coplanar Strip (CPS) lines periodically loaded
with small capacitors [41]. For both structures, a thin n" is utilized in the layer structure
with semi-insulating GaAs (SI-GaAs) as the substrate; (b) designing two kinds of
electro-optic modulators, polarization conversion modulators and MZI intensity
modulators; (¢) investigating the optical properties of the designed waveguides, such as
effective refractive index, group refractive index, mode size, and propagation loss as well

as the coupling efficiency to a single mode fiber. This thesis is organized as follows:

Chapter 2 (Theory of Electro-Optic Modulation) presents the basic theory of
electro-optic modulation. This includes a description of the electro-optic effect along with
its physical origin. Three representative materials, KDP, LiNbOs;, and GaAs are
introduced, and among them, GaAs is discussed in great detail, including its refractive

index tensor. Intensity modulation and modulation chirp are also discussed.

Chapter 3 (Theory and Design of Traveling Wave Electro-Optic Modulators) presents
several issues key to the design of traveling wave electro-optic modulators such as factors
limiting the modulation bandwidth of fraveling wave electro-optic modulators. In addition,

slow wave structures are briefly reviewed.
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Chapter 4 (Design and Modeling of GaAs Traveling Wave Electro-optic Modulators

Based on Planar Microstrip Structure) provides an analysis of Planar Microstrip
Structures (PMS) serving as the microwave electrodes in high speed GaAs traveling wave
electro-optic modulators. The design of heterostructure optical layers, and of PMS slow
wave electrodes are fully covered. More important, the design space of PMS slow wave
structure serving as the GaAs traveling wave electro-optic modulator electrodes is

characterized.

Chapter 5 (Design and Modeling of GaAs Traveling Wave Electro-optic Modulators

Based on Capacitively Loaded Coplanar Strips Using Doped Layers) presents design
and modelling results for GaAs traveling wave electro-optic modulators using different
schemes. A MZI is integrated with periodically loaded coplanar strips and a n+ doping
layer is used in the layer structure. The microwave properties of this slow wave structure
are analyzed. The design space of loaded CPS lines are characterized. The potential of such
a slow wave structure as the electrodes of high speed GaAs traveling wave electro-optic

modulators is also discussed.

Chapter 6 (Conclusion) gives a review and concluding remarks on the design and

modeling of traveling wave electro-optic modulators on GaAs. Research topics for future

work are proposed. Thesis contributions are also mentioned.
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In this chapter, a number of topics related to electro-optic theory are discussed. The
electro-optic effect and its physical origin are introduced, followed by a discussion of
electro-optic materials with the help of three typical examples. Among them, GaAs is
discussed in great detail, including its refractive index tensor. In addition, intensity

modulation and modulation chirp are reviewed.
2.1 Electro-Optic Effect

Wave propagation in a crystal is usually expressed in terms of the so-called index ellipsoid

[43]

2 2 2
X x x
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where the directions x;, X, x; are the principal dielectric axes - that is, the directions in the
crystal along which D and E are parallel (D and E are the electric displacement vector and

the eleciric field vector, respectively), ny, nz, n; are the corresponding refractive indices.
When an electric field is applied to an electro-optic crystal, the refractive indices change.

This phenomenon is known as the electro-optic effect. If the refractive index changes are

proportional to the applied electric field, then it is called the linear electro-optic effect (the
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Pockels effect). The linear electro-optic effect exists only in crystals that do not possess

inversion symmetry.

A small change in the refractive indices by the application of an electric field leads to a
small change in the shape, size and orientation of the index ellipsoid. Linear field-induced

changes of the coefficients can be expressed as

1
M=)y = 2, (2.2)
k
or
n3
(An)y = === 1y, 23)
k

where Ej is the applied electric field, r;; are the components of the linear electro-optic
tensor, and the subscripts i, j and & run from 1 to 3. The tensor is expressed in contracted
matrix notation (an example is shown in (2.6) below). In the presence of an applied electric

field, the general index ellipsoid becomes

Z[—ly +r B Inx, =1 (2.4)
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The linear electro-optic effect in piezoelectric crystals, above their acoustic resonance
frequencies (i.e clamped electro-effect), appear mainly due to two types of microscopic
interactions: an applied electric field modifies the electronic polarizability directly in the
absence of lattice displacements, and an applied field produces a lattice displacement,
which in tum modifies the electronic polarizability [44]. The first type, a purely elecironic
contribution to the electro-optic effect, is also the physical origin of optical mixing or

second —harmonic generation and its magnitude can be obtained from second-harmonic
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measurements. The second type, the lattice contribution to the electro-optic effect, can be
determined from a combination of Raman scattering and infrared absorption measurements.
In addition, there is a third contribution to the electro-optic coefficients when the frequency
of the applied electric field falls below or near the acoustic resonant frequencies of the
sample. The applied field strains the crystal via piezoelectric and or electrostrictive
coupling, and the indices of refraction change due to the strain-optic effect. This component
of electro-optic coefficients can be neglected if the frequency of the applied field is far

above the acoustic resonant frequencies, in which case the crystal is effectively clamped.

2.2 Electro-Optic Materials

Electro-optic materials can be divided into the following groups, based on their general
crystallographic and physical properties: 1) KDP, ADP and their isomorphs, 2) ABO;
crystals similar to perovskites, 3) AB-type semiconductors with cubic or hexagonal ZnS

structure, and 4) various miscellaneous crystals.

2.2.1

P Type Crystals

For KDP-ADP type, potassium dihydrogen phosphate (KDP) and ammonium dihydrogen
phosphate (ADP) are the most widely known electro-optic crystals. Their general properties

are reviewed elsewhere [45]. Both KDP and ADP belong to the piezoelectric point group

42m at room temperature where they are normally used.
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Here take KDP as an example to show the electro-optic properties of this type of materials,
KDP is anisotropic and uniaxial: the fourfold axis of symmetry is the z (optic) axis while
two mutually orthogonal twofold axes of symmetry lie in the plane normal to z; thus in the

absence of applied electric field, the index ellipsoid equation (2.1) becomes:

2 2
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where x;=x, X;=y, x3=z, and n; = n,= ng, n3=n, . The clectro-optic tensor is of the form

0 0 O
6 0 0
), = 6 0 0O 2.6)
r,, 0 0
0 rn, O
0 0 7,

so the only nonvanishing electro-optic coefficients are r4; = rszand g3 .

From equation (2.4), (2.5) and (2.6), the equation of the index ellipsoid can be obtained in

the presence of an arbitrary electric field E( £, , Ey , E; ) as

2 2 2
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0 0 e

4

When an electric field is applied along the z-axis, the principal axes become z% x”and y
with z’ parallel to z, and x”and y’ at 45° to the x and y axes, as shown in Figure 2.1. The

refractive index along z ‘remains s, while

3 3
n
e =g + ?f’r&Ez iy =g - fé)—V63EZ (2.8)
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Figure 2.1 The x, y, and z axes of KDP and the x"and y , and 7z axes where z is the
fourfold optic axis and x and y are the twofold axes of crystals with 42m symmetry.

If the overlap integral between the applied electric field and the optical mode is close tol,

light polarized along x” or y’ traveling through a crystal of length L experiences a phase

modulation with index

b= erGSEZL
A

Light traveling along z and initially polarized along x or y experiences a phase retardation

(2.9)

'=2¢ (2.10)
The voltage required to produce a phase retardation of n radians is called the half-wave

voltage

(2.11)
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Type Crystals

The perovskite family refers to the large group of crystals with structure resembling that of
the mineral perovskite, CaTiO;. Among them, the oxides A”"B*'0; and A'B0;, are

attractive due to their strong electro-optic effect, such as LiNbO; and LiTa0;.

LiNbO; is an anistropic uniaxial crystal with 3m crystal symmetry. From equation (2.1),

the index ellipsoid without an applied electric field is reduced to

2 2
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where x;=x, x;=y, x3=z, and n; = n,= ng, n3= n.. The electro-optic tensor is

0 -r n
0 Py 73
0 0
r = 753 (2.13)
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here the nonvanishing electro-optic coefficients are ;3 = 723, 722, 733, F42 = ¥51, ¥12 = V61~ -
r12, thus depending on the orientation of the applied electric field, different electro-optic
coefficients are possible. The most commonly used coefficient is 733, which is the largest
diagonal coefficient. Utilization of 733 can be achieved by applying an electric field along
the z-axis, and two configurations are possible. For x-cut y propagating crystals, a
horizontal electric field parallel to the surface of the crystal, ie., along the z-axis, is
utilized. This configuration, as shown in Figure 2.2 (a), modulates the TE polarized optical

mode, in which the main electric field component of the optical mode is also parallel to the
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Figure 2.2 Typical electrode configuration for wavegnide modulators on LiNbO;. (a)
for x-cut y propagating crystals, horizontal electric field is applied (b) for z-cuty
propagating crystals, vertical electric field is used. The optical waveguide is also
shown as a circular region.

surface of the crystal, i.e., it is along the z-axis of the crystal. For z-cut y propagating
crystals, an electric field vertical to the surface of the crystal is used. This configuration, as
shown in Figure 2.2 (b), modulates the TM polarized optical mode most efficiently. For
TM meodes, the main electric field component of the optical mode is also perpendicular to
the surface of the crystal, i.e., it is along the z-axis of the crystal. For both configurations,
the modulating external field and the main electric field component of the optical mode are

parallel to each other and to the z-axis of the crystal.
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With the applied field E, along the z-axis, the index ellipsoid is obtained from equations

(2.4), (2.12) and (2.13) as

2 2 2

e PR — =1 (2.14)
(g + Ang)’  (ny+Ang)*  (n, + An,)? .
n3
An = —-—29-?33EZ (2.15)
n3
An, = ——;—r”Ez (2.16)

thus the resulting index change for light polarized along the z-axis, which sees the

extraordinary index and strong 3; coefficient, is Az,

2.2.3 AB Semiconductors

AB semiconductors are the group of binary compounds that crystallize in either the cubic

(Z3m) zincblende structure or the hexagonal (6mm) wurtzite structure. The fact that III-V
semiconductors are cubic and hence optically isotropic makes them particularly attractive
for modulation applications. Among them, GaAs and InP and their alloys become the
favorite materials due to their excellent optical properties and increasingly mature

technology.

For II1I-V group semiconductors, like GaAs , equation (2.1) is simplified to

L A | 2.17
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where x; = x, x; = y; x3 =2, and n; = ny=n3 = ng Thus for GaAs, in the absence of an

applied electric field, the refractive index tensor n(0) can be expressed as

n, 0 0]
n0)=0 =, 0! (2.18)
0 0 n

The only nonvanishing electro-optic coefficients of GaAs are ry; ), 763 and ry=rs/= rgz

the electro-optic tensor then becomes:

6 0 0
0 6 0
= 0 00 (2.19)
r,, 0 0
0 rn, O
0 0 r,

From equations (2.3), (2.18) and (2.19) the refractive index tensor n(E) under the

perturbation of an arbitrary applied electric field E (£, E £, ),can be obtained as

n(E) =n(0) + An;

3 3
0 Dy B, —p R
2 2
n, 0 O 5 s
=0 n, O+ I;—Or“Ez 0 'ZO 7 E.
0 0 n, 3 3
—?’?"—%Ey ;0 7 E. 0
3 3
7 n
g 20 ruk, “’EO_VmEy
3 3
= ;O ruk, 7y ;O roE,
—p? 3 (2.20)
20 r41E_v 20 AN i
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It is noted that #(E} here is the refractive index tensor in the old principle axes(x,y,z) in the
presence of an applied electric field. In order to understand better the effect of the applied
electric field on light propagation, the refractive index tensor in the new principle axes (x/,
v, z'), n(E) needs to be known. The new set of principle axes can always be found by a
coordinate system rotation, which is known as the principle-axis transformation of a

quadratic form. Suppose the eigenvalues of n(E) are n,,n,,n,, while X', Y', Z' are its

eigenvectors, then n {£) can be expressed by

n, 0 0
(g =00 " 0 2.21)
0O 0 n.

z

where X', Y', Z' are the new principle axis vectors, and they are mutually orthogonal. Once
the refractive index tensors are known both in the old principle axes and in the new
principle axes, light propagation in GaAs in the presence of an applied electric field can be

thoroughly understood.

With an electric field applied to the crystal, the index ellipsoid of equation (2.4) becomes:

2 2 2
35-2—+i"}—2—+—z—i—~l~2r41 (E,yz+E xz+ E xy)=1 (2.22)

Ry Ty Ay
Thus the application of an electric field in a general direction relative to the crystal axes

makes the initially isotropic crystals biaxial.

Taking the crystal growth and practical application of GaAs into consideration, three

orientations are of interest: a) the applied electric field E is along the [001] direction and
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light propagates along the [ﬁ()} direction, b) the applied electric field is along the [110]

direction and light propagates along the [hO] direction ¢) the applied electric field is along
the [111] direction and light propagates normal to the [111] direction. Each case will be

considered in turn, with appropriate orientation of epitaxial layers.

(a) E along the [001] direction, and epitaxial layers grown on the (001) plane of GaAs

EJ|[001]
Output polarization with
phase retardation ['=n
z
-x'
’ z, 7z’ [001]
1 57 Y
Vit
y [110]
; —
J
x' [110]
X 1 51y D
\ JEE

Input polarization

Figure 2.3 Index ellipsoid and polarization transformation in a zincblende crystal
family for an applied electric field in the [001] direction and light prepagating in the

[110] direction.
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For E along the [001] ( £,= E, =0, £,=F ), the index ellipsoid equation (2.22) becomes:

x2 22
- +2/—+—2—+2r41Exy =1 (2.23)

2
2 2
%, ;’lo o

The new principal axes are x’, ¥, z/ and z’ is parallel to z along the [001] direction, while

x, vy’ are along [110] and [ii()] respectively (at 45" to the x and y axes), as shown in

Figure 2.3.

The new principal indexes of refraction become:

3 3
L n

Hyr — Hy + ‘i(’)“rluE 3 ny’:no = chr‘uE 9 Az = Ny (2'24)

It is seen from the above that the application of an electric field causes a refractive mdex
change in the [110] direction and thus affects the TE mode but does not affect the refractive
index in the [001] direction along the field of the TM mode. The input polarization of light
propagating in the [ﬁO] will have a phase modulation for polarization along the [il()]
direction and a polarization modulation for polarization 45° to the [001] direction, but have
no phase retardation or polarization modulation along the [001] direction. In other words, a
vertically applied electric field to an (001)-oriented crystal will only modulate the TE mode
of the optical waveguide. The phase retardation for light propagating along the [ﬁO] and B
along [001] is given by [46], [24]:

il

where A is the optical wavelength, ¥V is the applied voltage, L is the interaction length
between the optical and electrical signals, d is the space charge width or the electrode gap, &

is the overlap integral between the applied electric field and the optical mode, given by:
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12
E,,| dA (2.26)

£=5 [JE

where Eop is the normalized optical electric field and the integration is over the cross

sectional area of the optical mode, A.

For E along [001], two electrode configurations are possible. One is the microstrip
configuration using a p-i-n structure as shown in Figure 2.4 (a), the other is a coplanar strip
electrode configuration shown in Figure 2.4 (b). In the p-i-n structure, the metal electrodes
are in contact to the p-layer and the back of the substrate providing the electric field along
the [001] direction. In the coplanar strip configuration Figure 2.4 (b), the optical guide is
dielectrically loaded with one electrode crossing over the guide. This provides electric field

predominantly along the [001] direction.

Metal electrodes

’ p-AlGaAs ‘ m
AlGaAs

i-GaAs
GaAs guiding layer
n-AlGaAs
AlGaAs
n'- GaAs Substrate SI- GaAs Substrate
(@) (b)

Figure 2.4 Two electrode configurations for applied electric field along [001]
direction. (a) Cross section of a p-i-n waveguide microstrip configuration meodulator
on n+{001) GaAs substrate with a double heterostructure cladding layers of AlGaAs
of the p and n type. (b) Cross section of a double heterostructure waveguide
modulator fabricated on semi-insulating GaAs (001) substrate with coplanar strip
electrodes.
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(b) E along the [110] direction, and epitaxial layers grown on the (001) plane of GaAs

For E along [110] direction ( E,= E, = E/ V2, E=0 ), the index ellipsoid equation (2.22)

becomes:

2 2 2
E———#2242—4-5—2—+«/—2}’411?(3/2+zx) =1 (2.27)
]

2
gy 0

The new principal axes are x,y%z, andz’ is along the [ﬂO] direction, while x and y’, the

two orthogonal axes located in the plane of (110) , are at 45° to —z and z respectively, as

shown in Figure 2.5. The new principal indexes of refraction become:

3 3
n

n
flyr = Hg + “io“’qu , My=mnp - —2°~r41E , My =ng (2.28)

Output polarization
with ['=n

™

7

2 <
Input
polarization

Figure 2.5 Index ellipsoid and polarization transformation in a zincblende crystal
family for the applied electric field in the [110] direction and light propagating in the

ﬂl()} direction. In this oriemtation, the projection of Eo is on two electro-optically

active axes x’ and y’ rather just one for the case with E || [001] and propagating along
[110].
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As light propagates along {iiO} (-2} with either TE or TM polarization, it will project on
both the fast and slow axis of the new index ellipsoid, thus giving a push-pull mode of
operation that alters the polarization state of input optical signal. The application of half
wave voltage can convert TE (TM) mode to TM (TE) mode. The phase retardation for light
propagating along [ﬁO] and E along [110] 1s [46][24]:

7L
¢[i10] = ZEnngVé‘ (2.29)

with the definition of the terms given above. The phase retardation for this orientation is a
factor of 2 greater than the former case with E|| [001] . This is the optimum orientation for

maximum phase retardation per volt.

For E along [110], a coplanar strip electrode configuration is utilized with a ridge single
heterostructure optical guide. The electrodes are on either side of the guide as shown in

Figure 2.6. This provides a predominantly horizontal electric field in the [110] direction.

Metal electrodes

—— T

GaAs guiding layer

AlGaAs

SI- GaAs Substrate

Figure 2.6 Cross section of a double heterostructure waveguide modulator fabricated
on semi-insulating GaAs (001) substrate with coplanar strip electrodes. The
electrodes on either side of the optical waveguide provide the electric field in the [110]
direction.
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{c) E along the [111] direction, and epitaxial layers grown on the (111) plane of GaAs

For E applied along the [111] direction, in other words, E;= E, = E,= ~E—-, the index

e

ellipsoid equation (2.22) reduces to

2 2 2

jk—+—y—z—+-Z—z—+——2——i”41E(yz+zx—a—xy)'--:1 (2.30)

2

i, My un \/5
The new principal axes are x, y’ z/ and z’ is along the [111] direction, parallel to the
direction of the applied electric field, while x 