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ABSTRACT

New information technologies demand flexible optical networks. Optical space
switches offer efficient transmission capacity useful for those applications. High band-
width and low drive voltage modulation are advantages of the optical space switches.
The objective of this research is to optimize the doping profile in the waveguide
to maximize the electro-optic effect while at the same time minimizing the opti-
cal losses. Double heterostructure semiconductor waveguides was used for optical
switch devices. The best combination of the extinction ratio, power efficiency and
overall switch dimensions was found in an optical switch with the 10®¥cm=3-doped
AlgosGag gsAs-upper-cladding, 10%cm = - doped GaAs - core and 10¥cm =3 - doped
Alg.osGaggsAs-lower-cladding. Devices with claddings made of aluminum gallium
arsenide with higher aluminum contents were found to lack the extinction ratios

needed for telecommunication switching applications.
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ABREGE

Les nouvelles technologies demandent des réseaux optiques flexibles. Les com-
mutateurs optiques offrent une capacité de transmission efficace et utile pour ces
applications. La large bande passante et le faible voltage de modulation sont les
avantages des commutateurs optiques en espace. L’objectif de cette recherche est
d’optimiser le profil de dopage dans le guide afin de maximiser l'effet d’électro-
optique tout en minimisant les pertes optiques. Les guides d’ondes semi-conducteurs
a hétérostructure double ont été utilisés pour les appareils de commutation optique.
La meilleure combinaison du ratio d’extinction, d’efficacité de puissance et des dimen-
sions globales des commutateurs a été trouvée dans un commutateur optique avec le
dessus-revétement (108cm™3-dopé AlgosGaggsAs), le guide d’onde (10°cm™3-GaAs
dopé) et le dessous-revétement (10*¥cm™3-AlygsGagosAs dopé). Les appareils avec
des revetement en arséniure de gallium aluminium avec des teneurs en hautes alu-
minium n’ont pas des ratios d’extinction nécessaires pour les applications de com-

mutation des télécommunications.
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CHAPTER 1
Introduction

Optical networks rely on wavelength division multiplexed (WDM) networks
based on optical add/and drop multiplexers (OADMs) and optical cross-connects
(OXCs) for routing the WDM signals. For the device to be compatible with tech-
nological advances, several requirements must be met including very low crosstalk
values, low-Insertion losses, polarization and wavelength independence, and a high
switching speed [1]. Using the optical switches in these devices can improve the node
performance by increasing the throughput, decreasing the size, power consumption,
heat dissipation and cost [2-3]. Figure 1-1 shows a schematic of a 4x4 optical switch
capable of connecting each of input ports to any output port. The physical properties
and processing flexibility of III-V semiconductors make them suitable candidates for
guided wave devices.

Typically, double heterostructure semiconductor waveguides are used for optical
switch devices [4]. In these structures, optical confinement is obtained by compo-
sitional change, so the optical and electrical waveguide structure can be optimized
separately. These waveguide structures are generated using a combination of epitax-
ial growth with processing techniques such as localized etching. In the semiconductor
waveguides, the index of refraction as well as the absorption/gain can be modulated.

The modulation of the former is carried out either by applying an electric field or
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Figure 1-1: A 4x4 optical space division switch

injecting the carriers. The change in the index of refraction is usually greater by free
carrier injection than the electro-optic (E-O) effect (up to two orders of magnitude
[4]). However, the speed of the device is determined by the carrier recombination
time, which makes the device generally slower than those that use the E-O effect.
Also, the E-O and carrier injection modulation can be combined by doping the
(AlGaAs) core. In this case, the speed is determined by the device capacitance
rather than the carrier recombination rate. Moreover, a need exists for very low re-
sistance between the cladding layers and the metal contact. Resistance at the Ohmic
contact is detrimental to the device, leading to the breakage of the electric field at
the interface. This phenomenon can be avoided by wisely selecting the metal alloy,

and highly doping the GaAs top layer, which reduces the barrier height.



The objective of this research is to optimize the doping profile in the waveg-
uide so to maximize the E-O effect while at the same time minimizing the optical
losses. Chapter 2 describes the conventional modulating methods used to modify
the index of refraction of various materials. In addition, Chapter 2 also describes
the materials, and their properties, that are extensively used in optical switching.
Chapter 3 mainly concentrates on the E-O effect and the parameters that influ-
ence its magnitude. In addition, this chapter describes the effects of doping on the
electro-optic behavior of a material, as well as band filling and plasma effect, and
bandgap shrinkage. Chapter 4 provides a simulation of the refractive index change
in various heterostructures. Finally, Chapter 5 describes the design of Mach-Zehnder

interferometric optical switches.



CHAPTER 2
Optical Switches: A Literature Review

In this chapter, conventional optical modulation methods are described. In ad-
dition, the key optical switching devices are presented and finally the properties of

lithium niobate, III-V compound semiconductors, and optical polymers are reviewed.

2.1 Optical Modulation Methods
Modifying the refractive index of materials can be achieved by several methods,

three of which will be described in this section.

2.1.1 Thermo-Optic Modulation

The functionality of thermo-optic (T-O) switches is based on modulating the
refractive index of material through changing temperature. The change in the re-
fractive index arises from a change in electronic polarizability and density [5].

The main restriction of these switches, however, is the opposite relationship be-
tween their speed and power efficiency. Faster switches tend to dissipate the heat
more quickly and hence require a constant generation of heat to remain in certain
states. On the other hand, a switch made of a low thermal conductivity material

retains heat more efficiently, although this type of switch suffers from low speeds. In



addition, since electrical micro-heaters are generally used in T-O switches, the speed
of these switches is controlled by the electrical-thermal conversion and diffusion time
2].

The typical materials for T-O switching are polymers, silica waveguides, and
silicon-on-insulator (SOI). Although silica waveguides have T-O coefficients approxi-
mately of an order of magnitude less than those of polymers, the thermal conductivity
of silica waveguides can be ten times larger. Hence, depending on the design, either
can be employed: polymers can be used in a device with requirements for a large
index contrast, and silica can be used in a device that demands small index changes

and therefore faster switching [6].

2.1.2 Electro-Optic Modulation

The application of an electric field to noncentrosymmetric crystals can change
their refractive index by modifying the position and/or density of the charge carriers
and by inducing slight deformations in the ion lattice. This phenomenon is referred
to as the electro-optic (E-O) effect, which will be discussed exhaustively in chapter
4. Linear E-O coefficients lead to a maximum refractive index modulation of about
+0.001 (limited by the breakdown voltage of the material), which is one order of
magnitude less than T-O effects. Nonetheless, since E-O effects are very fast (as op-

posed to T-O effects), they can achieve switching times of less than a nanosecond [7].



2.1.3 Current Injection

Tuning a semiconductor optical filter by electrical current injection is considered
as an alternative solution with tuning speeds on the order of nanoseconds (limited
by the carrier lifetime in the material). Electrical current injection has been also
successfully used for tuning an arrayed waveguide grating by controlling the phase

of individual waveguides [8].

2.2 Types of Optical Switches

There are many different ways in which a change in refractive index can be used
to physically change the propagation path of a lightwave, and that different switch
architectures have been introduced to accomplish this. The most widespread switch

architectures will be explained in this section.

2.2.1 Directional Coupler

Directional couplers (DC) consist of two waveguides with a small separation
between them (Figure 2-1). DCs are characterized by their coupling length (L) and
the bias voltage or current needed to achieve a w-phase-shift in the interferometer.
In the case of two identical waveguides, optical power can be transferred to the
other waveguide in its entirety after traveling a certain distance-the coupling length
L. = 5r [2]. DCs require small index changes typically caused by a switching voltage
of only 11V for a 2-mm-long E-O switching device.

If the light propagates into one waveguide with a proximity region equal to the

coupling length L., it will be coupled into the other waveguide (cross state). On the
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Figure 2-1: A schematic of a directional coupler

other hand, if the light travels a distance twice as long as the coupling length, the
power transfers back to the original waveguide (bar state). If the voltage is applied
across one waveguide, the resulting refractive index difference reduces the coupling
between the waveguides. When the change in the refractive index reaches a certain
value, the coupling is minimized, and optical power remains in the same waveguide
(bar state)|[2].

The coupling coefficient is defined as follows:

K = Koexp(—79g) (2.1)

where g is the waveguide separation, and ko and v are constants. x depends on the
propagation distance and the waveguide separation [2]. Directional coupler switches
are polarization dependent for two reasons; 1) the coupling length is usually different
for TE and TM modes and 2) the E-O effect used for the refractive-index changes

can be polarization dependent.



2.2.2 Fabry-Perot (FP) Switches

Typically, FP filters comprise two partially reflecting mirrors with a small gap
between them where the light incident to the filter can undergo multiple reflections.
When the optical path length of the cavity between the mirrors is an even multiple
of the light half-wavelength, the light is transmitted through the cavity. In the event
that the optical length is an odd multiple of the light half-wavelength, the light is
reflected.

A change in the refractive index is a way to tune FP cavities. A schematic
of the possible optical space switch based on the FP filter is illustrated in Figure
2-2 [6]. A change in the voltage causes the transmission or reflection of the inci-
dent beam. Despite being very fast, an FP filter is not a complete replacement for
Micro-electromechanical systems (MEMS), since its refractive index modulation is
relatively small. The tuning of the wavelength response of FP cavities is no more
than 1nm by the E-O effect method. Nonetheless, in FP cavities, the bandwidth can
be extended by decreasing the free spectral range (FSR) to create a comb response,
which transmits or reflects one out of every two channels of the grid targeted for the
switch. Therefore, any channels covered by the comb response can be redirected by
the tuning of the FP cavity response by an equivalent of one channel spacing. To
increase the passband width, multiple high-order FP cavities are coupled to form a

comb filter [9].
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Figure 2-2: Illustration of an E-O comb Fabry-Perot switch response when a) a
negative voltage and b) a positive voltage is applied [10]. Comb represents the
wavelengths.

In optical telecommunications, FP filters are commonly used as wavelength-
selective filters to isolate channels. Moreover, FP filters can be utilized as switch-
able reflectors capable of reflecting or transmitting light similar to micro-electro-
mechanical system (MEMS) mirrors [10].

By altering the refractive index of mirrors through the E-O effect, the transmis-
sion or reflection of incident light in FP mirrors can be fine-tuned. The FP cavity
can be made of semiconductors, ferroelectric, or liquid crystal materials; and the
refractive index of the cavity can be modulated through E-O, T-O, piezoelectric, or

all optical effects [6].

2.2.3 MachZehnder Interferometric Switches

The Mach-Zehnder interferometer (MZI) incorporates a 3 dB coupler that can
split the incoming light into two decoupled waveguides. Then, the light finds its way
through a phase tuning section of length L in one of the waveguides, followed by
a second 3 dB couple as an output combiner. The signal in the tuning section is

modified to have either constructive or destructive interference with the other signal



at the second 3 dB coupler, and the combined output signal is routed to the cross or

the bar port depending on the phase change (Figure 2-3) [2].
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Figure 2-3: A schematic of Mach-Zehnder interferometric optical switch.

This kind of device is designed by connecting directional couplers with length
L./2 (3-dB coupler). In this case, the total index change required for switching
is smaller compared to that of the directional coupler. At the phase shifter, the
symmetric modes undergo a transition to modes. A m/2 phase difference exists
between the modes at the end of the input 3-dB coupler. At the output 3-dB coupler,
the phase difference reaches 7, which leads to the cross state. A wide waveguide gap
may result in a reduction in coupling between the waveguides (equation 2.1).

The transmission characteristics can be calculated as follows [2]:

B = cos Ty (cross) (2.2)
P, ., ABL
Pmt = snl2 5 ............... (bar) (2'3)
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where L = L./2 for 3-dB splitting, Ap = LA, L is the length of the phase tuning
section, and A is the change in the propagation constant. A phase change of only
LAS = 7 is required for switching operation, which is v/3 times smaller than that
of the directional coupler. MZIs are well suited for high-speed application, since
the E-O field effects can be exploited. Traveling-wave electrodes integrated on bulk
InGaAsP-InP MZI switches allow a bandwidth of 35 GHz [49]. The MZI-based T-

O switches are wavelength and polarization dependent, which is due to birefringence.

2.2.4  Other Types of Switches

Micro-electromechanical systems (MEMS) are most commonly actualized as
moveable micro-mirrors. Electrostatic actuation is the prominent mechanism used
in these devices. Electrostatic forces are created between conductors with different
electric potentials. A MEMS mirror can be adjusted by varying the applied voltage
across the electrodes. MEMS, although extensively used, need a mechanical move-
ment to modify the light direction. As a result, MEMS switches have response times
between 10 us and 10 ms [5], which are limited by the mechanical resonance fre-
quency [11]. Some advantages of MEMS mirrors are that they are broadband, and
if the beam is properly collimated, they can be low loss with limited crosstalk [10].

Another type of optical switch is a resonator-based switch, which is most similar

to an integrated Fabry-Perot optical space switch.
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2.3 Common Materials for Optical Switching

In this section, the most used materials in optical switching industry will be

described briefly.

2.3.1 Lithium Niobate

The most frequently used E-O material is lithium niobate (LiNbO3) due to its
high E-O coefficient (r33 of 30.8). One of the advantages of this material is its ability
to form low loss planar waveguides through titanium diffusion or proton exchange
[2, 10]. LiNbO; (or LN) is a ferroelectric crystal that posses electric dipoles even
in the absence of an electric field. Above a certain temperature, called the Curie
temperature, the ferroelectric effect disappears. LiNbO3 generally demonstrates the
Pockels effect, which will be discussed later in section 4.1.1.

Depending on the composition of the E-O material, the Curie temperature varies
within the 1120-1210°C range, and the melting point of the E-O material varies
within the 1150-1250°C range. Due to the anisotropic nature of the crystal, the
refractive index for light polarized along the c-axis is smaller than the refractive
index for light polarized perpendicular to this axis. Composition, temperature, and
wavelength have stronger effects on the refractive index in the directions normal to
the c-axis than those parallel to it. The typical refractive index values are 2.21 and
2.14 at 1.55 pm wavelength for directions normal and parallel to the c-axis (Figure
2-4), respectively [2].

The advantages of LN are zero chirp, very low insertion loss, and very a large

E-O coefficient [13]. The devices based on this material also benefit from an absence

12



I
1 C-axis

: —9
o O L
00?610.00 © nb
|‘]_ | ©o

S50

Figure 2-4: Hexagonal crystal structure of LiNbO5 [12].

of moving parts, low power consumption, and very fast switching speeds (switching
times down to tens of nanoseconds). The applications of LN for fast switching are
optical packet switching, optical burst switching, fast (de)multiplexing of ultra-high-
capacity optical signals, and fast and flexible optical cross-connects of small scale.
Nevertheless, size limitations (maximum 16x16 or 32x32) are one of the issues that
limit the usage of LN.

Other ferroelectric materials used in optical switches are lead zirconate titanate-
Pb(Zr,Ti)O5 or PZT- and lead lanthaunum zirconate titanate-(Pb, La)(Zr,Ti)Os,
or PLZT [14].

2.3.2 Compound Semiconductors
Unlike silicon, compound semiconductors possess an E-O coefficient. In spite of

their relatively small E-O coefficients, compound semiconductors can obtain index
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modulations of the same order as LiNbO3 due to the high refractive index of the
semiconductors. The E-O index change is proportional to the cubic power of the
refractive index; thus, the high refractive index compensates for the low E-O coef-
ficient. Furthermore, low index dispersion makes the electrical signal travel faster
than the optical signal. Optical confinement also can be better achieved in a material
with a high refractive index [13].

In ITI-V semiconductors, the E-O effect is typically obtained with a p-i-n struc-
ture that is reverse biased [13]. The application of an electric field alters the depletion
region width, which results in a modification of the refractive index due to electro-
optic, band filling, Franz-Keldysh, and plasma effects when the incident wavelength
is far from the absorption edge of the material [15]. For III-V semiconductors to
benefit from the premium performance, nearly perfect interfaces are considered in-
dispensable. Today, high demands on growth characteristics can be met by processes
such as molecular beam epitaxy (MBE) and metalorganic chemical vapor deposition
(MOCVD) [16].

The requirements for the semiconductors used in epitaxial layers are as follows
[16]:

1. Two materials must have the same crystal structure (or at least symmetry).
Usually, this requirement is met by the common III-V compounds.
2. The two lattice constants must be almost identical.
The lattice constant of an alloy can be calculated based on the linear interpolation

between its constituents. For Al,Ga;_,As, one can obtain the following:

AAIGaAs = Taaias + (1 — T)agaas (2.4)

14



Figure 2-5 illustrates the lattice constant variations of different alloy compositions.
In InAlGaAs, the lattice constant variations with fraction = are merely less than
0.15%. As a result, it is possible to grow layers of GaAs and AlAs or any of the
intermediate alloys on top of one another without generating an undesirable stress.
However, few materials exist that can be grown on a GaAs substrate without in-
troducing strain. As an alternative, InP can be considered for use as a substrate.
Alg.agIngs2As, GagarIngs3As, and Gaga7Ing s3As have the same lattice constants as
InP with a direct bandgap, and therefore, they can trap carriers more effectively.

Thus, these materials are appealing for high-speed electronic device applications [2].
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Figure 2-5: The lattice constant and bandgap energy of different I1I-V compounds
[17].
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Compound semiconductors are extensively used in optical switches. The re-
fractive index can be controlled with two prominent methods: applying an external
electric field or injecting carriers (electrons or holes) into the waveguide layer. The
insertion loss is somewhat higher in these materials compared to LiNbO3. On the
other hand, silicon lacks the Pockels effect, making carrier injection the only viable

method to control the refractive index [2].

2.3.3 Polymers

Electro-optic (E-O) polymers have been the subject of much attention as op-
tions for high-speed (wide bandwidth), low-drive-voltage (V) electro-optic modula-
tors. The modulators encode an electrical driving signal onto an optical transmission
beam.

The nonlinear optical properties of materials can be used to control the phase,
the state of polarization, or the frequency of light beams. Other applications of the
nonlinear optical properties of materials are for optically storing and restoring infor-
mation or deflecting light beams and routing optical information between fiber-optic
channels [18].

E-O polymers have various advantages over crystalline materials (e.g., lithium
niobate) such as the following [19]:

1- Closely matched optical and millimetre wave refractive indices and low-loss tan-
gents that are non-dispersive up to >250 GHz
2- High E-O activity (rs3)

3- Low dielectric constant for dense devices arrays

16



4- Property tunability
5- Radiation resistance for space applications

Another important feature of polymers is the tunability of their refractive in-
dex, which can have values up to 35%, enabling high-density compact waveguid-
ing structures with small radii of curvature. The negative thermo-optic coefficient
(dn/dT = —1 — 4 x 107%) is 107" times larger than that of more conventional
optical materials, e.g., glass, which helps to reduce power-consumption in thermally-
actuated optical elements [20]. The unique properties of polymers are discussed in

more detail in the following sections.

2.3.3.1 Glass Transition Temperature (7))

The T, is a temperature above which polymer becomes rubbery. When the
chromophore-bearing polymer is subjected to a large electric field at or above the
T,, the interaction of the dipole with the field makes the dipolar species reorient
towards the direction of the applied field. If the polymer is then cooled down to the
glassy state with the electric field applied, the field-induced non-centrosymmetric
orientation becomes frozen, leaving behind a material with a second order optical
nonlinearity. The refractive index of such poled material can change when an exter-

nal electric field is applied [18].

2.3.3.2 Poling
Poling is a pre-requisite processing used to obtain a second order optical non-

linearity in a guest-host E-O polymer system. During this process, an electric field
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caused by DC voltage is applied at a temperature in the vicinity of the T} followed by
a cooling down, which creates a uniform statistical polar orientation of chromophores.
To the first order approximation, the strength of the resultant E-O coefficient and
the strength of the applied poling electric field are directly proportional. Therefore,

the higher electric fields are preferred before the onset of dielectric breakdown [21].

2.3.3.3 Properties of Optical Polymers

In this section, various properties of polymers will be described briefly.

Refractive Index

The refractive index of a material depends on its packing density, polarity, and
the difference between the optical wavelength used and its maximum absorption
wavelength [22-23]. Higher packing density or polarizability usually results in an
increase in refractive index. Three common ways to fine-tune the refractive index
are structure modification, physical aging, and guest doping of polymers.

Polarizability can be categorized into electronic, atomic, and dipole orientation
types [24]. Electronic polarization arises from the slight skewing of the equilibrium
electron distribution relative to the positive nuclei to which the distribution is as-
sociated. This process can be very fast (~107!5 s), as it solely require electrons
movement. Atomic polarization necessitates a rearrangement of the nuclei in re-
sponse to an electric field. The movement of heavy nuclei due to the applied field
cannot follow the high oscillation of high frequency electric fields, and so the pro-
cess is not as fast as the electronic type. Dipole polarization is caused by charge

redistribution when a group of atoms with a net permanent dipole moment orients
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in space with respect to the applied electric field. Due to the requirement of large
group masses reorientation, the process has time constants not lower than ~10~°
s. Electronic polarization is the only type of polarization that occurs at optical fre-
quencies [24].

Generally, the refractive index is higher in aromatic polymers compared to
aliphatic polymers because of better packing and electronic polarizability. More-
over, highly m-conjugated dyes in polymers can raise the refractive index. As the
temperature increases, the densification of atomic polymers leads to an increase in
free volume and hence a higher refractive index.

Birefringence

Polymers, as opposed to inorganic crystals or glasses, can be molecularly en-
gineered to achieve low birefringence. Aromatic moietiers tend to align with their
planes oriented along the film surface [25-26]. In some polymers, birefringence can
be as low as 107 to 107% [27] or as high as 0.24 (for aromatic polymers such as
polyimides).

Temperature Dependence

The rapid change of the refractive index with temperature is one of the dis-
tinct characteristics of polymeric materials, which leads to large thermo-optic (T-O)
effects. The rate of decrease is 107*/°C (an order of magnitude larger than that
of organic glasses). Since the thermal conductivity of polymers is low, strong T-O
switches with low power consumption can be built. When combined with inorganic
glass (with a positive T-O coefficient),the negative T-O coefficient of polymers en-

ables them to achieve temperature independent waveguides [24].
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Humidity Dependence

The humidity-induced change of the refractive index can affect the single mode
waveguide performance if the core and cladding have different changes in their re-
fractive indices. Even if the refractive indices of the core and cladding are similar,
humidity will change the effective index of the waveguide, and therefore influence the
performance of devices such as Bragg gratings and ultra wide band devices. Mois-
ture absorption increases the refractive index of d-PMMA at room temperature, but
decreases it at temperatures higher than 60°C [24].

Wavelength Dependence

The wavelength-dependent values for polymer are in the order of 107% nm™!
(comparable to those of Si0Os), which is much lower than those for semiconductors
or doped glasses. This characteristic makes polymers more suitable for optical appli-
cations [24]. Moreover, basically, an optical system must be as free as possible from
wavelength-dependent optical effects.

Environmental Stability

Yellowing is a phenomenon that occurs in polymer material when thermal ag-
ing progresses due to oxidation [20]. Partially conjugated molecular groups form
and are characterized by broad ultraviolet absorption bands, which tail off in inten-
sity through the visible region. The choice of linkage and monomers or oligomers
determines the characteristics of the polymer, including surface energy, hardness,
toughness, modules, water uptake, and stability against aging. Yellowing becomes
almost negligible in fully halogenated materials because the absence of hydrogen

precludes the formation of H-halogen products that result in carbon double bonds.
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These unsaturated double bonds are the major reason for yellowing when they slowly
oxidize over long-term thermal aging [24].

Polymers have a tendency to absorb water, which can deteriorate their proper-
ties. Those polymers composed of only hydrogen and carbon (i.e., polyethylene and
polystyrene) are non-hydroscopic (highly water resistant), whereas polymers com-

posed of oxygen or oxyhydrogen groups are hydroscopic [28].

2.3.3.4 Polymers in Optical Switching Devices

A well-known advantage of polymeric materials is their bandwidth. Intrinsic
material bandwidths in the order of 350 GHz have been measured in organic mate-
rials due to their low and relatively frequency-independent dielectric constants and
refractive indices.

By using a modified optical push-pull Mach-Zehnder Interferometer (MZI) ar-
chitecture for the modulator design, a half-wave voltage of 0.8 V and a half-wave
voltage-interaction length product of 2.2 Vem can be achieved from a guest/host
E-O PMMA by using a higher p polyene-type chromophore [29].

As push-pull architecture can reduce V; by a factor of 2 compared with a single-
arm modulation. The modulation efficiency of a device can be raised by 6 dB. A DC
bias is necessary to keep the chromophores from orientational relaxation, which can
lead to an rs3 three times as high as that of the partially relaxed residual r33 after
poling. Nevertheless, the applicability of such devices has been limited due to their

polarization-dependent response.
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CHAPTER 3
Determination of the Refractive Index Change Mechanisms

There are at least four mechanisms that can influence the refractive index of
a doped material. Two of these mechanisms are electric field-related: linear E-O
(Pockels Effect) and electro-refractive (E-R) effect. The other two are carrier-related
and take place in a doped material: plasma effect and band filling effect. In the
carrier-related effects, the change in refractive index is independent of the position
inside the depletion region [15]. The total refractive index then can be determined
as a superposition of these individual effects. This chapter presents a detailed de-

scription about these effects on the index of refraction of a semiconductor.

3.1 Electro-Optic Effect
3.1.1 Theory and Background

With respect to the E-O effect, a change in the refractive index is caused by the
application of a DC or low frequency electric field. In an anisotropic material the
refractive indices are modified by the external electric field and such modifications

change the effect of the material on polarized light [30].
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Since the optical wave travels a distance, which is orders in magnitude greater
than its wavelength, even a minuscule change in the refractive index can cause consid-
erable phase shifts. Moreover, since n varies only slightly with E, it can be expanded

in a Taylors series as follows,

1
n(E) :n+a1E+§a2E2+... (3.1)

where n = n(0), a; = 2| p_g) and as = %RE:O)- The E-O coefficients are defined

as: r = —2a;/n® and = —2a,/n3. By substituting the electro optic coefficient,
L3 L g
n(E)=n— 37 E — §Rn B+ .. (3.2)

in which the terms higher than the third are negligible. The values of r and R

depend on the direction of the applied electric field as well as the light polarization.
The electro-optic effect can occur in the following two forms:

1. Linear (Pockels) effect: The refractive index change is proportional to the field.

2. Quadratic (Kerr) effect: The refractive index change is proportional to the

square of the field.

3.1.1.1 Pockels Effect
When the third term in equation 3.2 is negligible compared to the second term,

the refractive index can be expressed as follows:

n(E)=n— %rn3E (3.3)

where 7 is the Pockels (or linear E-O) coefficient. Typically, r values lie between

10712 to 1071 m/V, and therefore, the second term is in the order of 1076 to 107,
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The crystals that are well-known to possess the Pockels effect are N HyHy PO, (ADP),
KHyPO4 (KDP), LiNbO3, LiTaO3, and CdTe [14].

3.1.1.2 Kerr Effect
The Kerr effect occurs in centrosymmetric materials such as gases, liquids, and
certain crystals. Being invariant with the F reversal, n needs to be an even symmetric

function as follows:
e
n(E)=mn— §Rn E*+ .. (3.4)

where R is the Kerr (or quadratic E-O) coefficient. Typically, in crystals, R is 1078
to 107'* m?/V? and in liquids 10722 to 107! m?/V? (resulting in a $Rn*E? in the

order of 107¢ to 1072 for crystals and 10710 to 1077 for liquids).

3.1.1.3 Linear E-O Effect in Compound Semiconductors
The index of refraction of a crystal is related to its dielectric constant as n = /e,

and hence [13],

2 2 2
€rx €xy Caxz Ea: L nzy Mgz Ew
=€ 2 2 2 .
€yr €y €yx| | By o|ny, na, ni| |Ey (3.5)
2 2 2
€20 €zy €| |E2 New My N E,

The dielectric tensor must be symmetric to fulfill the energy conservation require-
ments. From the six remaining independent components, and by using xz = 1,

yy = 2, zz = 3, yz = 4, xz = 5, and zy = 6, the linear electro-optic effect can be
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described as follows:

A(#)l 11 Ti2 T3

A(n—lz)Q T21 To2 Ta23 B

A(#)g _ T31 T32 133 Ez (3.6)
A(#)4 41 Ta2 T3 >

A(n_12)5 51 Ts2 7153 ’

_A(#)G_ 761 T62 763 |

Crystal symmetry reduces the number of independent coefficients. In a crystal with
a center of symmetry, e.g., S, all 1,5, coefficients become zero. In other words, this
kind of material does not have a linear E-O coefficient. In III-V semiconductors,
however, the zinc-blend (4 3 m) crystal structure leads to a linear E-O tensor in the

form as follows:

A(#)l 0o 0 O
A(n—g)2 0o 0 O
1 Ee
A(-3) 0o 0 O
7 = E, (3.7)
A(n_12)4 T41 0 0
E,
A(#% 0 Ta1 0
A(#)b 0 0 T41
When an external electric field is applied, the index tensor becomes:
= raE. raE.| |z
{x Y Z] ra k. # raE. | |y =1 (3.8)

1
rakb. rukE. 2 <
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For [001] crystal orientation and the z-directed modulating field (E, = E, = 0), the

equation changes to:

8

(3.9)

1
&
<
w
—_
=
i
o
=
o 3
I o o
SIS
I
—_

By rotating the z— and y—axes 45° around the z-axis, the new x’y’z’ coordinate

system becomes a diagonal tensor:

# 7’41EZ 0 0 x’
[33’ Y z’} 0 straE, 0 |y| =1 (3.10)
0 0 L1z

As can be seen in Figure 3-1, for a z-axis along the 001 crystal plane, the 2'— and
y' —axes are aligned with the 110 and 110 crystal axis. The refractive index increases

along the 2’ and decreases in the 3/ direction.

Ang (E) = —i—%mln?’Ez (3.11)
1 3

Any/(E) = —57‘4171 Ez (312)

An.i(E) =0 (3.13)

26



Therefore, in this configuration, the TE mode is modulated, but the TM mode,

whose main component lies in the 001 direction, is not modulated [13].

Z,Z
/
(o01) '
(100) |/ Liio]
45°
~. /
/ Y

Ny

[no]

Figure 3-1: The crystal orientation relative to different coordinate systems used for
the E-O effect calculation. For a field in the z-direction, T'E;, T'F5, and TM are
along the 2/-, y/-, and z-axes, respectively.

3.2 Determining the Required Parameters

Several models have been developed to compensate for the paucity of experi-
mental values for different compositions at different wavelengths [31-34]. Although
these models may predict divergence behaviour near the wavelengths corresponding
to the bandgap energies, they also yield acceptable results at the rest of the wave-

lengths [13].
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3.2.1 Dielectric Constant (Permittivity) Values

The frequency-dependent complex dielectric constant can be expressed as fol-

lows:
£w) = e1(w) + iea() (3.14)
where,
fw) =142 /OOO (S,')ej—gi?dw' (3.15)

) =12 /OOO f&dw’ (3.16)

T w/)2 — w2

where €1 (w) is the frequency dependent dielectric constant, which can be determined

as follows:
_ 1 Egﬂ 3/2
e1(w) = Ao{f(x) + 5[((E90+—AS()))] f(xs0)} + Bo (3.17)
where,
Ay = %(37“)3/2}72 (3.18)
FX)=x2-1+x)" -1 -x" (3.19)
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hw
- 3.20
X EgO ( )

hw

= 21
Xs0 (E90+A50> (3 )

and p is the combined density of states mass, w is the angular frequency, P is the
momentum matrix element, Fj is the lowest direct gap, Ay is the spin-splitting gap,
hw is photon energy, and B is the higher-lying gaps contribution[34].

In the following sections, the dielectric constant of different zinc-blende type

semiconductors is calculated using the aforementioned numerical method.

3.2.1.1 Permittivity of Binary Material Systems

Binary compounds are the simplest I1I-V semiconductor systems. The Ay and
By values used to calculate the permittivity of common binary compounds are listed
in Table 3-1. By using these parameters, the calculated dielectric constant values of
the binary alloys are summarized in Table 3-2.

Table 3-1: Parameters for £, and rj; calculation

Compound A By Ep (1072 m/V) F, (107 m/V)

InP 8.4 6.6 -42.06 91.32
GaP 22.28 0.92 -83.31 16.6

GaAs 9.29 7.86 -71.48 123.16
InAs 4.36  10.52 -30.23 197.88
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Table 3-2: The calculated values of dielectric constant, refractive index and E-O
coefficient for binary alloys

Compound €1 n ry (1072 m/V)
InP 10.0124 3.1642 1.3402
GaP 9.9709  3.1577 1.0243
GaAs 11.36  3.3710 1.4990
InAs 14.6 3.6045 1.1414

3.2.1.2 Permittivity of Ternary and Quaternary Alloy Systems

The Ay and By necessary for calculating the dielectric constant of ternary and
quaternary alloys can be interpolated from the quantities of their binary alloy com-
ponents. In the following sections, the dielectric constant of AlGaAs and InGaAsP
alloys is determined using this approach.

Permittivity of AlGaAs

The calculated permittivity of AlGaAs for different Al fractions can be seen in
Figure 3-2. The ternary parameters of Al,Ga;_,As can be calculated as a linear
combination of the parameters of its ingredients, i.e., GaAs and AlAs. Since the
atomic weight of AlAs is very close to that of GaP (101.9 vs. 100.7), and since
atomic weight is proportional to the number of valence electrons, the values of GaP
and AlAs can be used interchangeably [35]. Thus, the ternary parameters can be

determined as follows:

Taigaas(r) = ©.Baap + (1 — ). Bgaas (3.22)

where T" and B are the ternary and binary values, respectively, which can be sub-

stituted with Ao, By, Ep, and Fy. Ey and Ay for Al,Ga,_,As were calculated
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according to [33],

Ey(z) = 1.424 + 1.2662 + 0.2627 (3.23)

Ago(z) =0.34 — 0.5z (3.24)

Dielectric Constant

[
0 0.1 02 03 04 05 06 07 08 09 1

Al fraction

Figure 3-2: The calculated dielectric constant values of AlGaAs as a function of the
Al fraction (wavelength: 1550 nm, Temperature: 300k).

Permittivity of InGaAsP
Using the same approach as for the ternary alloys, the quaternary values of

Iny_,Ga,As,Py_, can be calculated as follows[13]:

QInGaAsP(:Ea ?J) - (1 - 17)(1 - y)BInP + 'I(l - y)BGaP + xy'BGaAs + (1 - x)yBln,Q325)
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where () and B are the quaternary and binary values, respectively, which can be

substituted with Ay, By, Ey, and Fy. Eg and Ay are calculated as follows [13]:

Ey(y) = 1.35 — 0.72y + 0.12y? (3.26)
Aso(y) = 0.12 4 0.3y + 0.11¢° (3.27)

The calculated dielectric constant values, as a function of y and z, are depicted in
Figure 3-3. The results are calculated for a materials lattice matched to InP with a

x — y relationship as follows [13]:

0.1894y
_ 3.28
¥ 7 (04181 — 0.013y) (3.28)

In the designs used in this thesis, the InGaAsP layers are adjacent to the InP

layers (or substrate), and hence this model is plausible.

3.2.1.3 Effect of Doping on Permittivity
By solving the Poisson’s equation and taking into account the carrier conserva-

tion, the effective sample permittivity can be expressed as,

14w
£ =e(— 3.29
(in + —t“’;hy) (3.29)
with,
Y = 6(1 + iwr)/? (3.30)
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and,

— 0 \1y2 1
0 =qd(-7) (3.31)

where 7 is the dielectric relaxation time, d is the thickness, ¢ is the electron charge,
and k is the Boltzmann constant. As can be observed, the effect of doping on per-

mittivity is insignificant, and is ignored throughout this work.

3.2.2 Refractive Index Values
Since ¢4 in equation 3.14 can be assumed to be zero near and below the lowest

direct gap, the refractive index of the materials can be estimated as [33],

n(w) = [e1(w)]? (3.32)

3.2.2.1 Binary Material Systems

The calculated values of the refractive index for binary alloys can be found in

Table 3-2.
3.2.2.2 Ternary and Quaternary Alloy Systems

In Figures 3-5 and 3-6, the refractive indices of ternary and quaternary alloys

are depicted by using the same interpolation approach.
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Figure 3-3: The calculated dielectric constant values of In,_,Ga,As,P;_, grown on
an InP layer as a function of a) fraction x and b) fraction y (wavelength: 1550 nm,
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Figure 3—4: Effect of doping level on permittivity at wavelengths between 107 to 10
m. Thicknesses is 1 pm.
3.2.3 Electro-Optic Coefficient

The E-O effect in III-V compounds semiconductors is accompanied by piezo-
electric and photoelastic phenomena. The applied electric field can cause a strain,
i.e., elastic deformation in the material (the piezoelectric effect), which can induce
an index change through the photoelastic effect. Therefore, r4; has the following two

components:
ra =13+ (3.33)

The 74, contribution, which is caused by the photoelastic effect, is only considerable
at low frequencies. On the other hand, 7§, is observable at high frequencies well above

the acoustic resonance of the material. The rj,, which is solely caused by the E-O
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Figure 3-5: The calculated refractive index values of AlGaAs as a function of Al
fraction (wavelength: 1550 nm, Temperature: 300k)

effect, is also known as the clamped E-O coefficient [13]. The frequency-dependant

rj, can be calculated as follows:

ri(w) =| [Eog(x) + Foll (3.34)
Ey=1/2A0E ' a (3.35)

Iy is the non-dispersive term that contains the higher-lying gaps contribution as
well as the weak-dispersive I'-point contributions [34]. E, and Fj can be calculated

based on the values in Table 3-1.
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Figure 3-6: The calculated refractive index values of In,_,Ga,As,P,_, grown on an
InP layer as a function of a) fraction = and b) fraction y (wavelength: 1550 nm,
Temperature: 300k)
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3.2.3.1 Binary Material Systems

The ry4y values for the common binary alloys at the 1550 nm wavelength can be
found in Table 3-2. In Figure 3-7 the r4; values calculated by the model are compared
with the experimental data. As can be observed, the calculated values strongly agree

with the experimental results.

2.2
-===-Experimental
——=— Calculated
2
-
=
2
=2 b i
— A
] 1.8 AT
o o*
L= J -~
= ¥
- alt
& :
1 1.6 N T
[=] |
s 1 lil\.i '|'
9 S
& I e
1.4
12 1 1 1 1 1 1
500 1000 1500 2000 2500 3000 3500 4000

Wavelength (nm)

Figure 3-7: Linear E-O coefficients of GaAs at different wavelengths (calculated and
experimental [taken from [13]]). The error bars belong to the experimental values.

3.2.3.2 Ternary and Quaternary Alloy Systems
In Figures 3-8 and 3-9, the E-O coefficients of the ternary and quaternary alloys

are depicted by using the same interpolation approach.
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Figure 3-8: The calculated E-O coefficient values of AlGaAs as a function of Al
fraction (wavelength: 1550 nm, Temperature: 300k)

3.2.4 Effect of Doping On Materials Parameters

3.2.4.1 Bandgap Shrinkage

At high doping concentrations, the bandgap energy of semiconductors decreases.
This effect is called bandgap narrowing. The amount of bandgap reduction increases
with an increase in doping concentration. The wavefunctions of the electrons bound
to the impurity atoms start to overlap as the density of the impurities increase. This
overlap forces the energies to form an energy band rather than a discrete level.

2

2
. q amn i1/
N)=— _— 3.36
(N) dme, gskT) ( )

where n is the doping density, and &5 is the dielectric constant[36].
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Figure 3-9: The calculated E-O coefficient values of In,_,Ga,As,P,_, grown on an
InP layer as a function of a) fraction = and b) fraction y (wavelength: 1550 nm,
Temperature: 300k)
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3.2.4.2 Electric Field Distribution and Poisson’s Equation

A p-n junction is the simplest form of p-type and n-type semiconductors in
contact. A p-type semiconductor has a net density of acceptors, N, whereas an
n-type semiconductor possesses a non-zero density of donors, Np. Carrier diffusion
plays the major role in the p-n diode operation. The electrostatic potential, (z)
and potential energy of the electrons, i.e., V(z) = e.p(z) can be calculated using

Poisson’s equation[37] as follows:

V2U + %(V.A) — —g (3.37)
on the n-side (-d,,<z<0):
%gng) (3.38)
and hence:
2
V() =V, + g—gND(z +d,)? (3.39)

while on the p-side (0<z<d,):

d*V q*
- _*1 N 4
dz? 24 (3.40)
which eventually yields:
e
V(z)=V,— 2—€ND(Z —d,)? (3.41)

and the electric field is simply calculated by differentiating the potential energy

function. An analysis of the more intricate designs that comprise the epitaxial layers
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of semiconductors, requires a self-consistent calculation of Poisson’s equation.

3.2.5 Electro-Refraction (E-R) Effect

The E-R or Kerr effect is a quadratic dependence of the refractive index on the
Electric field and is found in all materials. Although the coefficients are usually very
weak, according to the Franz-Keldysh relation, they can be enhanced in compound
semiconductors at wavelengths near the bandgap energy [13]. The change in the

refractive index can be estimated as [15],

_ 3
Angp = 3.45 x 10 16exp(ﬁ)E2 (3.42)
Where A is the wavelength expressed in um and E is the applied electric field in

V/cm.

3.2.6 Plasma Effect

The plasma effect is the isotropic refractive index change due to the plasma
frequency that arises from the free carrier absorption. The free carriers tend to
decrease the refractive index with respect to that of the undoped material when the
structure is reverse biased [15]. The resulting change in the refractive index can be

formulated as,

XN P
Alpiasma = — [ — + —] (3.43)

2T me. My

where g = 2.82 x 1073, N and P are the electron and hole densities, m. is the

electron mass, my, is the hole effective mass, n is the refractive index and finally A is
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the light wavelength. In GaAs, this change can be estimated as [13, 15],

N

Any_Gaas = —9.6 x 10*21@ (3.44)
P

Ang, gaas = —1.8 X 10_21@ (3.45)

where n is the refractive index and F is the photon energy. The plasma effect is
generally smaller in a p-doped material [15].

The plasma effect is more pronounced in the depletion regions where carrier con-
centration change is significant [15]. The magnitude of the refractive index change
is independent of the applied bias; however, the applied voltage determines the ex-
tent of the depletion region. The plasma frequency can also be modified by carrier
injection. However, as already mentioned, this way of modifying the index is much

slower since it takes longer to eliminate the injected carriers.

3.2.7 Band Filling Effect

The band filling effect occurs in a heavily doped material as a result of the
displacement of Fermi level into or in proximity of the conduction or valence bands.
The index change is more pronounced at photon energies near the bandgap. For
doping levels below 5 x 10'7 cm ™3 there is a linear relationship between the refractive

index change due to this effect and the carrier concentration [38],

Anpr ~ BN (3.46)
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At 1550nm wavelengths, the coefficient B is 2.4 x 1072! and 1.2 x 102! cm ™3 for n-
GaAs and p-GaAs, respectively [15]. Since the bandgap energy of AlGaAs is larger
than that of GaAs, the refractive index change in AlGaAs is expected to be smaller.

In a reverse biased device, the index change is negative due to band-emptying [39].

3.3 Summary

In this chapter the major mechanisms in refractive index modulation of a doped
semiconductor were discussed. The overall change in the refractive index can be
easily determined as a superimposition of changes due to the aforementioned effects.
Figure 3-10 presents the typical diagram for changes in refractive index with carrier
concentration, here in GaAs and Al osGagosAs. The E-R effect can be neglected at

the wavelength of interest, 1550nm.
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CHAPTER 4
Device Design and Optimization

The first part of this chapter focuses on determination of the depletion region
in which the mechanisms altering the index of refraction are operative. Afterwards,
the length and voltage required for m-phase shift are determined and subsequently
the final design of the Mach-Zehnder interferometric optical switch is presented. The
effect of different doping profiles of the epitaxial layers as well as Al content of the

cladding on the switch performance are also investigated.

4.1 Determination of Depletion Region

All the electric field- and carrier- related effects occur inside the depletion region
whose thickness is contingent upon the nature of the junction, the doping levels and
the applied reverse bias voltage [15]. The depletion region can be evaluated through
solving the Poisson’s equation for a p-n heterostructure.

When the core layer has a considerable amount of doping (Vy), the n side of the
depletion region is limited to this layer (Figure 4-1 a) and the Poisson’s equation is

transformed to that of a simple p-n heterojunction [15] as follows,

2 N —
= | 2222 Na (Vb= V) (4.1)
q Ng (e1Ng+e2Ny)
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- \/28162 No  (Vo—Va) (12)

q Na (e1Ng+e2Na)
where Ny and N4 are the doping of n-GaAs (core) and p-AlGaAs (upper cladding)

layers, respectively, €1 and &5 are the permittivity of these layers, Vp is the built-in

voltage at the heterojunction and V is the applied voltage (negative for a reverse

bias).

{r {_

Core

a b

Figure 4-1: The Depletion region in the structure when a) the core with small doping
level, b) core with high doping concentration.

When the doping level in the core region is small and/or the applied bias is
large, the depletion region can be extended into the lower cladding (Figure 4-1 b).
Therefore, the Poisson’s equation has to be solved over the core, upper and lower

claddings. The resulting value for the depletion regions is [15],

| —aNpd N+ 21+ J@Np@ (e - B[N 4 2]+ 204 RRIV, - V]
?[ + N

and the X, region in the upper cladding equals to,
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ND(JI” - d) + Ndd
Na

T, = (4.4)

where Np is the doping of the n-type lower cladding layer.

When the core has an insignificant amount of doping, the Kerr and Pockels ef-
fects are the only operative mechanisms. Nevertheless, there could also be plasma
contributions from the doped claddings and/or if there is a depletion which takes
place under the applied bias.

Figures 4-2 and 4-3 present the depletion region width X, and X, as a func-
tion of the bias voltage for different N; concentrations at 10'° and 10'® cm™3 Ny4
contents. In a highly doped core (Ng > 10'® cm™3) the X,, depletion region is re-
stricted to the core region, whereas in a moderately doped core (Ny < 10*® cm™3),
the depletion region is extended beyond the core region. In the case of X, depletion

region, however, the depletion region increases as the doping level of the core is raised.

4.2 Determination of the L,
After the individual refractive index changes are determined in the depletion
regions, the change in the effective refractive index can be calculated. The phase

change due to the change in the effective index is calculated as,
L
AQO = 27TA?”LeffX (45)

where ¢ is the beam phase, n.ss is the effective refractive index, L is the waveg-

uide length and A is the wavelength. Moreover, the length for m-phase shift can be
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Figure 4-2: The effect of bias voltage on the depletion region width X,, for different
Ny values in the following conditions: a) N4=10% and Np=10' cm™3 b) 10'® and
10" ¢cm™3 respectively ¢) 10'® and 10" cm™ respectively d) 10'® and 10" cm™
respectively.
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50



40

35k N
“ore=1017
N - ‘JOIaC 3
30t “”‘-‘“‘10«76‘,: e m
E M
=
= 25
2
= Sore =701
[ ] Z,
r 20F re=1015 -z
S ms
> 15F
=
@
O 10}
5k
0 1 1 1 1 1 1 1 1 1 ]
10 9 -8 7 £ 5 4 3 -2 -1 0
Bias Voltage (V)
a
40
E
=
=
(=
=)
@
o
=
2
=
(=9
@
]
0 1 1 1 1 1 1 1 1 1 ]
10 9 -8 7 6 5 4 3 -2 -1 0
b Bias Voltage (V)

Figure 4-3: The effect of bias voltage on the depletion region width X, for different
Ny values in the following conditions: a) N4=10% and Np=10' cm™3 b) 10'® and
10" ¢cm™3 respectively ¢) 10'® and 10" cm™ respectively d) 10'® and 10" cm™
respectively.

o1



Depletion Region (um)

m)

H
e
[s3]

Depletion Region (

0.8

0.7

0.6

0.5

0.4

0.3

o = = = = o
w S n - 5] w
T 1

=
N

N:ore=1017cm_3

N =10%-1076 ¢m3

1 1 1 1 1 1 1 I e T———]

0
0 9 8 7 6 5 4 3 2 A 0

Bias Voltage (V)

Ncore:IOI?Cm_s

"ror =1014
«=10 -1

01 B

Cm-2

OIIIIIII
% © 8 7 B 5 4 3 2 1 0

Bias Voltage (V)

Figure 4-3 (continued)

52



determined as,

A

L=
2Aneff

(4.6)

In the present study, calculating the L, was carried out using the OptiBPM 10.0
software. Figure 4-4 demonstrates a typical simulation result in which the beam
phase before and after applying the 10V reverse voltage is illustrated at different

beam traveling distances.
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Figure 4-4: The beam phase a) before and b) after applying 10V reverse bias.

Figure 4-5 demonstrates the length required for m-phase shift due to a 10V re-
verse bias for different doping concentrations. The doping level of the lower cladding
is assumed to be 10 cm™3 in Figure 4-5a, and 10'® cm™2 in Figure 4-5b. It can
-3

be noticed that the L, value is generally lower in lower claddings with 10'® cm

doping.
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The corresponding switching voltage is determined as,

V3

" 2m3rL,

(4.7)

0

where Lg is the transfer distance, d is the coupling separation, n is the refractive
index and r is the Pockels coefficient. Figure 4-6 depicts the V. for different doping
concentrations, also showing lower values in the case of lower claddings with 108

cm ™3 doping.

4.3 Design of Mach-Zehnder Optical Switch

In this work, the device is designed based on a double heterostructure (Figure
4-7). A double heterostructure, as opposed to a homojunction structure, allows
separate optimization of the optical and electrical waveguide structure [4]. In this
design, lateral confinement is obtained through localized etching [40]. The integrated
switch is assumed to be produced on a z-cut GaAs wafer. Depending upon the
material in use, the entire optical switch device is between 22 to 25 mm long and less
than 40 um wide. The width of the waveguide was chosen as 3 pum, which ensures
the single mode operation.

As electrons or holes are released, charged donors or acceptors are left behind.
These remnants scatter the carriers through coulomb interaction (ionized-impurity
scattering). In order to avoid such problem, remote or modulation doping is used,
which involves doping in one region and carriers migration in the other. This allows
a large and uniform electric field to generate inside the i-region (undoped region) or

over the core [13]. Nevertheless, according to Dagli [13], this design is not considered
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very useful for high-speed applications at microwave and millimetre wave frequencies.
The reason is that the conductivity of even a heavily doped n-type semiconductor is
not sufficient to keep Ohmic losses to minimum. This shortcoming seems to be less
significant at optical wavelengths used in this study.

Figure 4-7b illustrates an alternative design with the p-metal and the etched
rib supported by Benzocyclobutene (BCB). BCB is a polymer with a low dielectric
constant (2.365444 according to [41]) that can serve as an insulating dielectric ma-
terial in chips, interconnects, and other photonic devices [42]. In addition to a low
dielectric constant, this material has a low dissipation factor, low moisture uptake
and good thermal stability. Such properties make BCB a very good candidate for

portable, high-frequency microelectronic systems [43].

metal metal

a n metal b n metal

Figure 4-7: The double-heterostructure based on which the optical switch is de-
signed.

The Mach-Zehnder optical switch was designed based on a GaAs/AlGaAs dou-
ble heterostructure. In this structure, the thickness and refractive index of each

layer can be precisely adjusted, which facilitates the optimization of waveguide. The
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thickness of the substrate, upper cladding, core and lower cladding were selected
based on the findings of Menard et al. [6]. According to Menrad et al., simultaneous
optimization of the index contrast and layer thicknesses is necessary for minimizing
losses. Using the 2-D eigenmode expansion algorithm, they calculated the radiation
loss for different values of refractive index contrast and core thickness. For each case,
the top cladding thickness was varied between 0.5 and 3.0 ym and only the most
efficient configuration was considered. Finally, single mode operation was verified for
each configuration. Based on these results, a double heterostructure with the core
thickness of 2.1 pm, the top cladding of 0.6 um and lower cladding of 5.5 um was
selected. The optimum index contrast found for this structure pertained to AlGaAs
claddings with an Al fraction of 0.06. The layers specifications and the switch layout

can be observed in Figures 4-8 and 4-9, respectively.

upper-cladding” .
core ”

S/

lower-cladding *

substrate”

Figure 4-8: The epitaxial layers thickness and materials used for the design.

In this configuration, only TE modes are being excited and the optical mode is

being supported by the vertical electric field in the structure. According to equation
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Figure 4-9: The layout of the 2x2 Mach-Zehnder interferometric optical switch (the
scales are in pm).
3.10, the E-O tensor of GaAs has non-zero components (74;) in the crystal coordinate
system. The E-O relationship can be rewritten as,

n =n-+ %3(THE9£ +ryEy) (4.8)
where ry and ry are the E-O coefficients in the horizontal and vertical directions.
In this design, however, the waveguide axis is rotated by 45° around the crystal (z-)
axis in a way that the vertical electric field affects the TE mode of the waveguide by
an E-O coefficient of r4;. The horizontal component of electric field is not affected

by the horizontally polarized TE mode and can be taken as zero (rg=0).

4.3.1 Simulation Conditions
The beam propagation studies were performed using the OptiBPM 10.0 soft-
ware. The simulation was 3D-Isotropic with 300 mesh points. The E-O effect was

simulated within the software, whereas the carrier related effects and the depletion
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region widths were calculated according to the abovementioned sections and im-
ported into the software. The substrate doping was chosen as 10'® cm™ to ensure

sufficient conductivity of the electric field.

4.3.2 Input Beam Characteristics

The input beam in the OptiBPM software was chosen as Gaussian whose in-
tensity was non-uniform along the direction normal to the waveguide plane. By
calculating the effective refractive index, the changes in the intensity were taken into
account. The wavelength was taken as 1550 nm and the polarization as transverse-

electric (TE) and the propagation step equal to 1.55.

4.3.3 Electrode Properties

The electrodes were assumed to be perfect conductors which do not intersect the
guided mode. For the simulations, the refractive index of the electrode was selected
slightly smaller than the upper cladding index. A buffer layer with a low dielectric
constant was assumed between the electrodes and the substrate to reduce the losses

due to the metallic cover of the waveguide [44].

4.4 Beam Propagation Study

The doping profiles that lead to the lowest L, values were selected from the
results shown in Figure 4-5. These profiles can lead to the most efficient phase
modulation, and hence more compact switches. The designs based on these selected

profiles are examined in the following sections.
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4.4.1 AlyosGaggsAs-Based Claddings
4.4.1.1 N418 — Ny15 — Npl18 Doping Profile
In this profile, the upper cladding, core and lower cladding have the doping

-3

concentrations of 108, 10 and 10'® cm™3, respectively. The beam propagation,

before and after applying 10V reverse bias can be seen in Figure 4-10.

Figure 4-10: The beam propagation in the waveguide based on N418 — N ;15— Np18
doping profile a) before and b) after applying the 10V reverse-bias voltage.
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4.4.1.2 Nu16 — Ny15 — Np18 Doping Profile
In this profile, the upper cladding, core and lower cladding have the doping
concentrations of 10'¢, 10'® and 10'® cm™3, respectively. The beam propagation,

before and after applying 10V reverse bias is shown in Figure 4-11.

Figure 4-11: The beam propagation in the waveguide based on N416 — Ny15— Np18
doping profile a) before and b) after applying the 10V reverse-bias voltage.
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4.4.1.3 Nuy17— N417 — Np18 Doping Profile
In this profile, the upper cladding, core and lower cladding have the doping
concentrations of 10'7, 107 and 10'® cm™3, respectively. Figure 4-12 shows the beam

propagation, before and after applying 10V reverse bias.

Figure 4-12: The beam propagation in the waveguide based on N417— Ny17— Npl8
doping profile a) before and b) after applying the 10V reverse-bias voltage.
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4.4.1.4 Ny17— N417 — Npl15 Doping Profile
In this profile, the upper cladding, core and lower cladding have the doping
concentrations of 1017, 107 and 10'® cm™3, respectively. The beam propagation,

before and after applying 10V reverse bias can be seen in Figure 4-13.

Figure 4-13: The beam propagation in the waveguide based on N417— Ny17— Nplh
doping profile a) before and b) after applying the 10V reverse-bias voltage.
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4.4.1.5 Aly1Gapg9As-Based Cladding
The most efficient doping profile for an Aly ;Gag.9As was found to have 108, 10!8
and 10'® cm™ in the upper cladding, core and lower cladding layers, respectively.

The beam propagation, before and after applying 10V reverse bias can be seen in

Figure 4-14.

Figure 4-14: The beam propagation in the waveguide based on Aly1GaggAs
claddings a) before and b) after applying the 10V reverse-bias voltage.
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Moreover, in the case of Alyi5GaggsAs the most efficient doping profile was
108, 10 and 10'® cm™2; however, the switch suffers from a low extinction ratio as
discussed later.

Table 4-1 summarizes the transfer distance and overall length of the abovemen-
tioned switch designs.

Table 4-1: The switch dimensions

X Upper Clad Core Lower Clad Transfer Distance Overall Length

Na (em™®) Ny (cm™) Np (em~?) (pim) (pm)
0.06 107 107 10™ 1400 24240
0.06 1016 105 10" 1275 24920
0.06 10'7 1017 10 1400 24950
0.06 10'7 1017 10% 1030 23840
0.10 1018 1018 1018 1000 24040
0.15 1018 1016 108 515 22575

4.5 Power Considerations

Figure 4-15 represents the variations in the relative power in the z-direction. As
can be seen, the losses are generally lower in the waveguides made of Al,Ga;_,As
claddings with x values higher than 0.06. Since the refractive index of Al,Ga;,_,As
reduces by the x value, higher x values result in claddings with lower indices, and
therefore more confinement in the core region.

Figure 4-16 demonstrates the change in the overlap power of the switch in the
z-direction. The overlap power is lowest in the lower cladding with doping concen-

tration of merely 10 cm™3.

The significant reduction in the electric power in a waveguide with 10'° cm™3

doped lower cladding can be explained by the conduction band energy variations
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Figure 4-15: The relative power variations in the waveguides with different doping
profiles a) before and b) after applying the 10V reverse-bias voltage. a) OV b) 10V
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Figure 4-16: The optical field overlap in the bar state switch a) before and b) after
applying the 10V reverse-bias voltage.
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along the thickness of the waveguide, shown in Figure 4-17. In this figure, the
one-dimension modeling of the structure in the y (thickness) direction has been
carried out using the software developed by Snider [45]. The conduction band energy
becomes negative in the lower cladding region of structures with 10*® ¢cm=3 doped
claddings while in the 10'® cm™2 doped lading, it is still positive. This translates
into much more concentration of electrons and therefore higher carrier-related index
reduction in the lower cladding. The lower refractive index brings about a higher

confinement inside the core region.
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Figure 4-17: The conduction band energy of the structure versus the depth from the
surface.

In Figure 4-18, the overlap power changes versus beam traveling distance in

Al,Gay_, As claddings with x values of 0.1 and 0.15 are compared against that of a
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Figure 4-18: The optical field overlap in the bar state switch a) before and b) after
applying the 10V reverse-bias voltage.
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typical structure with = value of 0.06. As expected, the overlap power is generally
higher in the optical switches comprising of claddings with higher Al contents (i.e.

lower refractive indices) which result in higher light confinement in their core region.

4.6 Analysis of the Waveguide Performance

The insertion loss, i.e. the loss of signal power, in the waveguides is defined as,

P out

Insertion.Loss(dB) = 101og;, ( 2

) (4.9)

where P,,; and P, are the output and input power. Table 4-2 presents a summary
of insertion losses in waveguides of different doping profiles in their bar- and cross-

states.

Table 4-2: The calculated insertion loss for different switching materials

X  Upper Clad Core Lower Clad Insertion- Loss (0V) Insertion- Loss (-10V)
Ny (em™3) Ny (em™3) Np (em™)  bar state cross state  bar state cross state
0.06 10 10 10%8 -0.12  -15.67 -17.3  -0.08
0.06 101¢ 1015 1018 -0.06 -18.55 -7.16 -0.93
0.06 10'7 10'7 108 -0.14 -14.84 -5.25 -1.54
0.06 10%7 10%7 10% -1.63 -5.05 -9.49 -0.52
0.10 1018 1018 108 -0.68 -8.39 -15.28 -0.13
0.15 108 106 108 -2.16  -4.07 -6.01 -1.25

The maximum transmittance of a modulator is almost always less than unity
because of losses that can arise from reflection, absorption and scattering. Addition-
ally, the minimum transmittance is not exactly zero as a result of misalignments of
the propagation direction and polarization directions relative to the crystal axes and

the polarizers [14]. The extinction ratio is defined as the ratio between the maximum
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and minimum transmittance,

Ex.R.(dB) = 10logy, (

(4.10)

where P;gn and Py, are the highest and lowest output powers in each state. The

calculated extinction ratios for different doping profiles are summarized in Table 4-3.

Table 4-3: The extinction ratio of the waveguide with different doping profiles

X  Upper Clad Core Lower Clad Extinction Ratio (dB)
Ny (em™3) Ny (em™) Np (em™3)  bar state cross state

0.06 10% 10" 10'® -15.55 -17.22

0.06 106 10% 1018 -18.49 -6.23

0.06 10" 10" 10' -14.7 -3.71

0.06 10%7 10%7 10%° -3.42  -8.97

0.10 108 108 1018 -7.71 -15.15

0.15 108 106 108 -1.91 -4.76

According to Table 4-3, the switch with the N418 — N415 — Np18 profile shows

the best performance in terms of extinction ratio followed by N416 — Ny415 — Npl8.

Waveguide structures made of Al,Ga;_,As claddings with z values higher than 0.06

were found to suffer from low extinction ratios. In general, waveguides with higher ex-

tinction ratios (more negative numbers, i.e. < —40dB) are preferred in the telecom-

munication switching applications. Minimum operation temperature, voltage and/or

thickness wedge can result in higher extinction ratios [2] and might be employed to

further improve the performance.

4.7 Summary

The optimum Al content of AlGaAs claddings was found to be 0.06 at%. Al-

though, higher Al content in claddings can lead to higher confinements, it creates
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a switch with low extinction ratios. An optical switch with the 10'® cm™ doped
AlgosGagosAs upper cladding, 10* cm ™2 doped GaAs core, and 10*® cm™ doped
AlgosGagosAs lower cladding was found to yield the best results in terms of power

efficiency, extinction ratio and switch dimensions.
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CHAPTER 5
Conclusion

In this work, the effect of doping on the performance of the Mach-Zehnder
optical switches with a double heterostructure was simulated. First of all, the static
permittivity and electro-optic coefficient of the materials of interest at the working
wavelength (1550nm), and for different alloy compositions as well as doping levels
were modeled. Secondly, the electric field-related effects (the Pockels and electro-
refractive effect) as well as the carrier-related effects (the band filling and plasma
effect) were evaluated and the overall change in the refractive index due to these
mechanisms was determined. The optical switch device was finally designed based on
the most efficient doping profiles and its performance in each condition was evaluated
by beam propagation software.

The best combination of the extinction ratio, power efficiency and overall switch
dimensions was found in an optical switch with the 10'® cm=3-doped Aly osGag.g4As-
upper-cladding, 10 cm™3-doped GaAs-core and 10'® cm™3-doped Alg oG ag.gsAs-
lower-cladding. Devices with claddings made of aluminum gallium arsenide with
higher Al contents were found to lack the extinction ratios needed for telecommuni-
cation switching applications.

The V.L values in these design ranged from 5.15 to 14 V-mm. These values were

more promising than 1.4 V-cm found by Feng et al [46] for a 1 mm long SOI (silicon
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on insulator) device at 6V. Chen et al. [47] found a V,.L value of 2 V-mm in a device
made of AlGalnAs quantum wells. Ushigome et al. [48] found this value as 1.2 V-
mm in a structure made of InGaAs/InAlAs five layer asymmetric coupled quantum
wells, with half-wave voltage of 2.3 V. Hence, using quantum wells in the structure as
well as moving towards InGaAs/InAlAs multilayers can further decrease the V,..L
value and in other words result in a more efficient phase modulation.

Previously, Menard and Kirk [6] developed a 2 x 2 integrated Fabry-Perot space
switch based on GaAs/AlGaAs planar waveguides. By utilizing the optimized doping
profile found in this work in their design, an optimized refractive index modulation as
a function of applied voltage can be expected that can lead to a better performance
by the optical switch. A trade off has to be measured between the refractive index

modulation amount and extra insertion loss which arises from the dopants.
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