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Abstract
Optical fibers are becoming increasingly important for communication systems
because of their large bandwidth and low propagation losses. The rapid growth of the
fiber-optic industry has resulted in significant research effort being directed towards the
development of high-performance, low cost optoelectronic devices, such as diode lasers,
modulators and detectors. Traditionally, the fabrication of fiber-coupled devices involves
the interruption of the fiber and the insertion of the device. Several drawbacks are
associated with this approach, including high insertion loss, mechanical instability, and
high packaging costs. In-line fiber devices, in which light is evanescently coupled
between single mode fibers and multimode high index waveguides, offer solutions to
these problems.
This work focuses on gallium arsenide (GaAs) based in-line devices. GaAs and
other compound semiconductors offer advantages over other materials such as lithium
niobate, electro-optic polymer and liquid crystal, in that they can be monolithically
integrated with lasers and high-speed electronics, thereby reducing fabrication costs. The
difficulty in phase-matching the modes of the single mode fiber and the GaAs waveguide,
which are made of materials of vastly different refractive indices, is overcome by the use
of dielectric mirrors in the semiconductor structure. The demonstrated devices include a
filter with a minimum linewidth of 0.5nm, a wavelength selective detector with a
linewidth of 1.6nm and a external quantum efficiency of 75%, an intensity modulator
with an on/off ratio of 4:1, as well as a resonant light emitter. The theory, design,
fabrication and characterization of these novel optoelectronic devices are discussed in
detail.
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Chapter 1
Introduction
1.1 Introduction
1.1.1 Why fiber optics?
The tremendous increase in the availability of inexpensive, high-speed personal
computers has led to an exponential growth in internet traffic, resulting in greatly
expanded demands for high-speed digital communication channels. Other applications
such as the transmission of video and voice over long distances also require high
bandwidth links.
Until recently, virtually all communication systems have relied on the
transmission of information at radio or microwave frequencies over electrical cables or
free space. The use of light for communications allows much greater transmission
capacity due to its higher carrier frequency (1014 Hz compared with 1010 Hz for
microwave). The burst in optical communication research started in the early 1960s with
the invention of the laser 1 and the investigation of semiconductor diode lasers. 2,3
Concurrent with this work, research on optical fibers was conducted, since they promised
to provide a much more reliable and versatile optical channel than the atmosphere. In
1970, continuous-wave (CW) operation of a semiconductor laser at room temperature
was realized, 4 and fused silica fibers with a 20dB/km attenuation were developed. 5 Later
on, laser diodes operating at 0.85, 1.3 and 1.55µm were made available, and fiber
attenuation has decreased to below 0.2dB/km (1.55µm). 6
Apart from having low transmission loss and wide bandwidth, optical fibers have
several other advantages over conventional copper cables:

1

1. Immunity to interference. The dielectric nature of optical fibers means that they are
immune to electromagnetic interference (EMI), such as inductive pickup from signalcarrying wires and lightning.
2. Signal security. Using an optical fiber ensures a high degree of data security, since the
optical signal is well confined within the waveguide (with any leakage being absorbed
by the opaque jacketing around the fiber).
3. Small size and weight. The low weight and small (hair-sized) dimensions of fibers are
especially important for use in aircraft, satellites, and ships, where lightweight cables
are advantageous.
4. Abundant raw material. Silica is the principal material in an optical fiber. This raw
material is abundant and inexpensive, since it can be found in ordinary sand.

1.1.2 In-line fiber devices

Fig. 1-1. The basic elements of a fiber-optic communication system.

Fig.1-1 shows the schematic diagram of a fiber-optic communication system. The
transmitter converts an electrical signal into an optical one and sends it along the fiber. It
consists of a laser source, which can either be directly modulated or externally modulated
with a modulator. The modulator is useful because of the poor high-frequency
performance of directly modulated laser diodes. 7,8 The middle part of the link consists of
optical fibers along with optical amplifiers which are used to counter fiber propagation
losses. 9,10 When the signal reaches its destination, it is converted back into electrical form
at the receiver, of which a photodetector is an important part.
In a standard point-to-point link, an optical fiber has one source at the transmitting
end. Since an optical source has a narrow spectral width, this type of transmission scheme
makes use of only a very narrow portion of the fiber bandwidth. For example, the loss
minimum for silica fibers at 1.55µm is about 25THz wide, while present-day optical

2

devices (lasers, modulators, switches and detectors) have bandwidths that are less than
100GHz. By simultaneously transmitting multiple optical signals over the same fiber,
each having a different emission wavelength, a dramatic increase in the information
capacity of a fiber can be achieved. The development of this technology, known as
wavelength division multiplexing (WDM), 11,12 promises to meet our insatiable demand
for bandwidth and is what is responsible for the explosive growth in the fiber-optics
industry since the late 1990s.

(a)

(b)
Figure 1-2. Two different approaches to coupling an optical fiber to information processing elements: (a)
conventional “insertion” method, and (b) in-line fiber architecture where evanescent wave coupling occurs.

A high-performance optical communication system requires high-performance
optoelectronic devices. The conventional approach to fabricating fiber-coupled devices
involves the interruption of the fiber and the insertion of the device. Several drawbacks
are associated with this approach, including high insertion loss, mechanical instability,
and high packaging costs. In-line fiber devices, in which light is evanescently coupled
between single mode fibers and multimode high index waveguides, offer solutions to
these problems. Fig. 1-2 illustrates the two approaches. Materials that have been used in
the implementation of in-line fiber devices include liquid crystals, 13 electro-optic
polymers14 and lithium niobate substrates. 15 Gallium arsenide and other compound
semiconductor devices offer significant advantages over the above materials in that they
3

can be monolithically integrated with lasers and high-speed electronics, thereby reducing
fabrication costs. In addition, the sharp index contrast between the semiconductor and the
fiber leads to wavelength-selective coupling, which can be exploited for WDM
applications.

Figure 1-3. The schematic of a GaAs in-line fiber device. The fiber is side-polished so that the remaining
cladding thickness is about 1µm.

The goal of this thesis work is to demonstrate various compound semiconductor
in-line fiber devices. The operation of these devices requires evanescent wave coupling,
and hence phase-matching, between a side-polished single mode fiber and a high-index
semiconductor waveguide. Compound semiconductor materials usually have refractive
indices in the range of 3~3.5, while the index of glass fibers is about 1.45. Therefore this
large index mismatch has to be overcome in order for phase-matching to occur between
the modes of the two waveguides. This can be accomplished by the use of dielectric

4

mirrors in the semiconductor waveguide. The mirrors can be designed to provide high
reflection for a specific mode angle, therefore the optical wave inside the semiconductor
waveguide can propagate with an effective index much lower than the material index.
This class of optical waveguides, where guiding is achieved by reflections from dielectric
mirrors rather than total internal reflection at dielectric interfaces, is commonly referred
to as anti-resonant reflecting optical waveguides (ARROW). 16,17 By incorporating
quantum well absorption/gain layers in the core of the ARROW, active devices such as
modulators, detectors and light emitters can be realized in this configuration. This thesis
is concerned with the design, fabrication and characterization of these devices, whose
generic diagram is shown in Figure 1-3.

1.2 Organization
The organization of this thesis is as follows. Chapter 2 provides the theoretical
background necessary for understanding guided wave optics. Chapter 3 discusses the
modeling and design of ARROWs and in-line fiber coupled waveguide systems. Chapters
4-6 present the experimental results of a variety of in-line fiber devices. Chapter 4
focuses on passive wavelength selective devices, including narrow linewidth filters and
detectors. Chapter 5 highlights the design and demonstration of multiple-quantum-well
modulators based on the quantum confined Stark effect. The results from a light-emitting
device are shown in Chapter 6. Finally, chapter 7 provides a brief summary of the thesis
and suggests directions for future research.

5

Chapter 2
Theoretical background
The work described in this thesis concerns the interaction between optical
waveguides and the ability to electronically change the interaction. The reader is
therefore presented with a brief introduction to guided wave optics in this chapter. The
emphasis is on the analysis and design of planar dielectric waveguides and optical fibers.
The optical coupling between waveguides is also discussed.

2.1 Planar dielectric waveguides
Long distance free-space optical transmission is difficult to realize due to
diffraction, along with obstruction and scattering by various objects in the beam path. In
order to transmit light efficiently over long distances, a relatively new technology, guided
wave optics, has been developed, whereby the light beam is confined in some sort of
“dielectric conduit”. The basic concept of optical confinement is rather simple. A slab,
strip, or cylinder of material that is embedded in a reflecting medium, which can be either
a mirror or a material of lower refractive index, acts as a light “trap” in which optical rays
remain confined by multiple reflections at the interfaces.
A planar dielectric waveguide is a slab of dielectric material surrounded by
reflecting media. The light inside the slab, which is usually referred to as the “core”, is
guided by reflection from the upper and lower media, which are called the “cladding”. A
mode of a dielectric waveguide is a solution to the wave equation
∇ 2E(r ) + k 02 n 2 (r )E(r ) = 0 ,
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(2-1)

where k 02 = (2π / λ ) 2 , E is the electric field, n is the refractive index and r is the position.
To determine the modes of a waveguide, a formal approach involves solving equation (21) with the appropriate boundary conditions (namely, the continuity of the tangential
components of E and H at the interfaces). There is, however, a more intuitive approach to
this problem  by writing the solution in terms of TEM plane waves bouncing between
the surfaces of the core and imposing the self-consistency condition, the bounce angles
and therefore the propagation constants can be determined.

Figure 2-1. A planar dielectric waveguide. A mode is represented as a TEM plane wave bouncing between
the surfaces of the core. The lines AB and BC are perpendicular to each other.

The self-consistency condition requires a wave to reproduce itself after each
round trip. As shown in Fig. 2-1, the twice-reflected wave lags behind the original wave
by a distance AC − AB = d / cos θ − d cos( π − 2θ ) / cos θ , which can be simplified to yield

AC − AB = 2d cos θ. At each dielectric interface, the reflection can introduce additional
phase shifts, represented as φ1 and φ 2 . For self-consistency, the net phase shift between
the two waves must be zero or a multiple of 2π,
2π
ncore 2d cos θ − φ 1 − φ 2 = 2πm
λ
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m = 0,1,2,... ,

(2-2)

where φ1 and φ 2 are in general functions of the core and cladding refractive indices, the
wavelength, the field polarization as well as the incident angle θ. For a given wavelength,
polarization and index profile, the transcendental equation (2-2) can be solved to yield the
bounce angles of the modes, θ m . The effective propagation index of the waveguide is
then n eff = ncore sin θ m .
In a conventional dielectric slab waveguide, the claddings have lower refractive
indices than the core. When the angle θ is greater than the critical angles θc1 and θc2,
where θ ci = sin −1 ( ncladdingi / ncore ) , waveguiding occurs through total internal reflection of
the plane wave at the interfaces. In an anti-resonant reflecting optical waveguide
(ARROW), however, the core does not necessarily have to have a higher refractive index
than the claddings, as long as the claddings are made of structures that efficiently reflect
the plane wave coming from the core (for example, dielectric mirrors).

2.2 Transfer matrix method for analyzing multi-layer waveguides
Equation (2-2) provides an intuitive understanding of the behavior of dielectric
slab waveguides. However, solving this transcendental equation can become tedious and
time-consuming, and is not the method of choice for obtaining numerical solutions,
especially for multi-layer (>3) or graded index waveguides. Throughout this thesis work,
the approach chosen for waveguide analysis and design is the so-called transfer matrix
method. This method, which is commonly used in studying thin film optical filters, 18 is a
simple and efficient approach that can be applied to arbitrary multi-layer optical
waveguide structures. 19
In essence, the transfer matrix method involves the multiplication of 2x2 matrices
from which one can obtain the transmission resonances, and hence the propagation
constants as well as the field configurations for a multi-layer waveguide structure. In the
structure shown in Fig. 2-2, the electric field at each layer can be expressed in the form
E i = eˆ + E i+ exp[ j ( −k i cos θ i x − k i sin θ i z )] + eˆ - E i− exp[ j (k i cos θ i x − k i sin θ i z )] ,

8

(2-3)

where ê + and ê − represent the unit vectors along which the electric fields point, Ei+ and
Ei− are the complex electric field amplitudes at the interface between layers i and i+1,

and k i = 2 πni λ .

Figure 2-2. The incidence of a plane wave at an angle θ0 onto a layered structure.

In the TE case, the electric fields point along the y-direction, therefore
eˆ + = eˆ − = yˆ . The continuity of Ey and Hz at the interface between layers i-1 and i
requires
Ei+−1 + Ei−−1 = Ei+ exp( j δ i ) + Ei− exp( − j δ i )

(2-4)

and
k i −1 cos θ i−1E i+−1 − k i−1 cos θ i−1 Ei−−1 = k i cos θ i Ei+ exp( jδ i ) − k i cos θ i Ei− exp( − jδ i ) ,

(2-5)

where δ i = k i cosθ i d i . Equations (2-4) and (2-5) can be combined to obtain

 E i+−1  1  exp( jδ i ) ri exp( − j δi )  Ei+ 
 Ei+ 
 −  = 


 

 E  t r exp( j δ ) exp( − jδ )  E −  = S i  E −  ,
i
i
 i 
 i−1  i  i
 i 

9

(2-6)

where t i and ri are the field amplitude transmission and reflection coefficients
respectively. They can be expressed as

ti =

2 ni−1 cos θ i−1
ni−1 cos θ i−1 + ni cos θ i

ri =

ni −1 cos θ i−1 − ni cos θ i
.
ni −1 cos θ i −1 + ni cos θ i

(2-7)

In the TM case (H-field pointing along the y-direction), it can be shown that equation (26) is also valid provided

ti =

2 ni−1 cos θ i−1
ni cos θ i−1 + n i−1 cos θ i

ri =

ni cos θ i−1 − ni−1 cos θ i
.
ni cos θ i −1 + ni−1 cos θ i

(2-8)

In both cases, t i and ri are the Fresnel transmission and reflection coefficients at the
interface between layers i-1 and i. If equation (2-6) is applied at each interface, we obtain

 E 0+ 
 E N+   m11
 −  = S1 S 2 L S N  −  = 
E 
E 
 0
 N   m21

m12  E N+ 
.

m22  E N− 

(2-9)

To arrive at an expression relating the input field (E0 ) to the output field (EN+1 ), we need
to find the relationship between EN and EN+1 , which is straightforward due to the lack of a
backward traveling wave in layer N+1 ( E N− +1 = 0 ),

E N+ +1 = E N+ t N +1
E N− = E N+ rN +1

.

(2-10)

Combining equations (2-9) and (2-10), the transmission coefficient of the multi-layer
stack can be expressed as
t=

E N+ +1
t N +1
=
.
E 0+
m11 + m12rN +1

(2-11)

In order to use the transfer matrix method to calculate the propagation
characteristics of planar waveguides, layers 1 to N (in Fig. 2-2) may correspond to the
actual waveguide structure (claddings and core), while layers 0 and N+1 are high index
input and output layers added for the ease of computation. The transmission of the
structure ( E N+ +1 E 0+ ) can be calculated as a function of the input angle θ0 , and the values
10

of θ0 at which the resonance peaks appear are related to the real part of the propagation
constants by the simple expression β = k 0 sin θ 0 . Once the propagation constant of a
particular mode is determined, the relative field strength at each interface can be
calculated using equation (2-6) and the mode shape is obtained.

2. 3 Optical fibers

Fig. 2-3. Schematic of a step index optical fiber.

An optical fiber is a cylindrical waveguide made of low-loss materials, such as
silica glass. The core in which the light is guided is embedded in a cladding of slightly
lower refractive index (Fig. 2-3). As in the case of a conventional slab waveguide, light
rays incident at angles greater than the critical angle at the core-cladding interface
undergo total internal reflection and are guided inside the core.
The propagation characteristics of an optical fiber are determined by solving the
wave equation (2-1). The cladding radius (b) is usually much larger than the core radius
(a) such that it can be safely assumed to be infinite when examining the guided waves in
the core and near the core-cladding boundary. Since the refractive index profile n(r) of a
fiber is cylindrically symmetric, it is convenient to use the cylindrical coordinate system,
where the field components are Er , Eφ , E z , H r , H φ and H z . Because the unit vectors r̂
and φ̂ are not constant vectors in a Cartesian coordinate system, only for the z
component of the field vectors does the wave equation retain its simple form,
∇ 2U + n 2 k 02U = 0 ,

11

(2-12)

where U(r,φ,z) represents Ez or Hz in cylindrical coordinates, and ∇ 2 is the Laplacian
operator given by

∂2 1 ∂ 1 ∂ 2
∂2
∇ = 2+
+
+
.
∂r
r ∂r r 2 ∂φ 2 ∂z 2
2

(2-13)

For a wave traveling in the z-direction with a propagation constant β, the zdependence of U takes the form e − jβz . Because U must be a periodic function of the
angle φ with a period of 2π, its φ-dependence can be expressed as e − jlφ , where l is an
integer. Substituting
U (r , φ, z ) = u ( r )e − jlφe − jβz ,

l = 0, ± 1, ± 2,....

(2-14)

into (2-12), an ordinary differential equation for u(r) is obtained,
d 2u 1 du
l2
2
2
2
+
+
(
n
k
−
β
−
)u = 0 .
0
dr 2 r dr
r2

(2-15)

By requiring the solution be bounded (i.e., n 2 k 0 < β < n1k 0 ) , the solutions to (2-18) are
given by

r < a (core)
,
r > a ( cladding )

 AJ ( k r ) ,
u (r ) =  l t
 BK l ( γr ),

(2-16)

where k t = n1 k 0 − β 2 , γ 2 = β 2 − n 2 k 0 , A and B are constants, J l is the Bessel
2

2

2

2

2

function of the first kind and order l, K l is the modified Bessel function of the second
kind and order l. The z-component of the field is continuous at r = a , therefore
A = BK l ( γa) J l ( kt a ) .

(2-17)

The remaining field components E r , H r , Eφ and H φ are determined in terms of E z and

H z with the help of Maxwell’s equations j ωε 0 n 2E = ∇ × H , and − j ωµ 0 H = ∇ × E . By
matching the boundary conditions at r = a (i.e., the continuity of E z , H z , E φ and H φ ), a
characteristic equation relating the propagation constant β to the known parameters

n1 , n 2 , a and λ is found.
In practice, most fibers are weakly guiding (i.e., n1 ≈ n2 ) so that the guided rays
are almost parallel to the fiber axis. As a result, the longitudinal components of the
electric and magnetic fields are much smaller than the transverse ones and the guided
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waves are essentially transverse electromagnetic (TEM). The linearly polarized modes in
the x- and y-directions then form the orthogonal states of polarization. In this case, the
wave equation (2-12) can be applied to the Cartesian field components E x , E y , H x and
H y , which are much larger than the z-components. And the general solution is given by

(2-16). Since Eφ can be expressed as
Eφ = − E x sin φ + E y cos φ ,

(2-18)

it becomes simply proportional to either E x or E y if one of the components vanishes.
Therefore the continuity of Eφ is equivalent to the continuity of E x or E y , and the
boundary condition (2-17) is still valid.
In the limit of n1 ≈ n2 , k t and γ are both much smaller than β. Taking into
account this approximation and after some laborious algebra, 20 the characteristic equation
can be written as

kt

J l±1 ( k t a )
K ( γa)
= ± γ l±1
.
J l (k t a)
K l ( γa )

(2-19)

The two equations above (with + and – signs) are mathematically equivalent given the
following properties of Bessel functions
l
1
J l ( x) = [ J l −1 ( x ) + J l +1 ( x )]
x
2
.
l
1
K l ( x) = − [ K l −1 ( x ) − K l+1 ( x)]
x
2

(2-20)

Equation (2-19) may be solved graphically by plotting the its left- and right-hand
sides as functions of k t a , given the constraint
( k t a ) 2 + ( γ a) 2 = (

2π a 2 2
2
) ( n1 − n2 ) = V 2 .
λ

(2-21)

For each azimuthal index l, the characteristic equation yields multiple solutions of the
propagation constant βlm , m = 1,2,3,...., each representing a mode. Fig. 2-4 shows an
example of the graphical solution of the characteristic equation (2-19) with l=0 and V=5.
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Fig. 2-4. Illustration of the graphical approach to solving the characteristic equation (2-19). The left-hand
and right-hand sides are plotted as functions of k t a . The intersections are the solutions.
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Fig. 2-5. The field intensity distribution of a typical single mode fiber operating at 830nm. The parameters
are n 1 =1.4583358, n 2 =1.45253 and a=2.27µm.

It is evident from Fig. 2-4 that the number of guided modes is equal to the number
of roots of J l±1 ( k t a ) = 0 that are smaller than V. Considering the minus sign in the
characteristic equation, the smallest root of J l−1 ( k t a ) = 0 is 0 (when l = 0) and the next
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smallest is 2.405 (when l = 1) . Thus for V<2.405, the fiber becomes a single mode
waveguide. Physically, single mode operation can be achieved by using a small core
diameter, a small numerical aperture (making n1 − n 2 small), or a longer wavelength. The
mode of a single mode fiber has a bell shaped distribution (Fig. 2-5) and provides the
highest confinement of light power within the core. In a multimode fiber, modal
dispersion (different modes travel at different group velocity) causes pulse spreading and
limits the transmission bit rate. Therefore it is advantageous to use single mode fibers in
an optical communication system.

2.4 Evanescent wave coupling
When two waveguides are sufficiently close to each other such that their fields
overlap, light can be coupled from one guide to the other and optical power transfer
occurs. This can be regarded as a scattering effect. The presence of waveguide 1 scatters
the field outside waveguide 2, thus creating a source of optical radiation which modifies
the field amplitude in waveguide 2. Conversely, waveguide 2 has the same effect on
waveguide 1. This phenomenon is known as evanescent wave coupling, which is the
basis for making waveguide couplers and switches, as well as the various devices
described in this dissertation.

Fig. 2-6. Coupling between two waveguides. The optical field in waveguide 1 overlaps slightly with the
core of waveguide 2, which induces gradual power transfer. On the left, light is mostly in waveguide 1,
while on the right, it is mostly in waveguide 2.
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The formal approach to investigating the propagation of light in a coupledwaveguide structure involves solving Maxwell’s equations with the appropriate boundary
conditions for the overall system. An exact analysis is difficult and is usually carried out
with complex numerical routines. 21,22,23 However, in the case of weak coupling, where the
optical field amplitudes vary only slowly over the distance of one wavelength (always
true for practical devices), a simple approximate theory, known as coupled-mode theory,
usually suffices.
The coupled-mode theory assumes that the mode shape of each waveguide
remains approximately the same in the absence of the other, and that coupling affects the
amplitude of these modes without modifying their transverse field distribution and
propagation constants. Using the coordinate system shown in Fig. 2-6, when the two
waveguides are not interacting, the complex field amplitudes can be written as

E1 ( y, z ) = a1u1 ( y ) exp( − j β1 z )
.

(2-22)

E2 ( y, z ) = a 2u 2 ( y) exp( − j β 2 z )
The amplitudes a1 and a 2 are constant. Under the premises of the coupled-mode theory,
when coupling occurs, a1 and a 2 become functions of z but the transverse field
distribution u1 ( y) and u 2 ( y ) , and the propagation constants β1 and β 2 remain
unchanged.
(a)

(b)

1

1

P2(z)

P1 (z)

Power

Power

P1(z)

P 2(z)

0

0

Distance (z)

Distance(z)

Fig. 2-7. Exchange of power between two waveguides: (a) when the two guides are phase-matched; (b)
when the two guides are not phase-matched.
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In the case where both waveguides are lossless, it can be shown24 that the
amplitudes a1 and a 2 are related by two coupled first-order differential equations
da1
= − jC exp( j∆βz ) a 2 ( z )
dz

,

(2-23)

da2
= − jC exp( − j∆βz ) a1 ( z )
dz

where ∆β = β1 − β2 , and C is the coupling coefficient which is proportional to the field
overlap between the waveguides.
Assuming that at z=0, light is completely confined in waveguide 1 (i.e., a1 ( 0) = 1
and a 2 ( 0) = 0 ), then (2-23) can be solved to yield

a1 ( z ) = exp(

j ∆β z
∆β
)(cos γz − j
sin γz )
2
2γ
,

a2 ( z) =

(2-24)

C
j ∆βz
exp( −
) sin γz
jγ
2

where
γ2 = (

∆β 2
) +C2 .
2

(2-25)

The optical powers are therefore
P1 ( z ) ∝ a1 ( z ) = [cos 2 ( γz ) + (
2

∆β 2
) sin 2 ( γz )]
2γ

.
2

P2 ( z ) ∝ a 2 ( z ) =

C

(2-26)

2

γ2

sin 2 ( γz )

In the case of phasematching (i.e., ∆β = 0 ), (2-26) becomes

P1 ( z ) = cos 2 ( Cz)
.

(2-27)

P2 ( z ) = sin 2 (Cz )
The periodic power exchange between the waveguides is illustrated in Fig. 2-7. When
∆β = 0 , the exchange of power is complete within a distance of z = L0 = π / 2C , which is

called the transfer length or coupling length.
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Chapter 3
ARROW and coupled waveguide simulation
This chapter describes the analytical and numerical modeling of ant i-resonant
reflective optical waveguides (ARROW), which form the basis of this thesis work. In
addition, a simplified version of the coupled mode theory as applied to coupled ARROWfiber waveguide systems is discussed.

3.1 GaAs/AlGaAs material system
In this work, all our ARROWs are based on the GaAs/AlGaAs material system.
Gallium arsenide is the second most commonly used semiconductor after silicon. In
terms of integrated circuit applications, GaAs is not as popular as Si due to processing
problems such as the lack of a stable native oxide. However, this material does possess
certain unique advantages. A higher electronic mobility than Si makes it attractive for
high speed electronics, and a direct bandgap leads to efficient light generation and
absorption.
In one of its rare cases of cooperation, nature has gifted us with the ability to
make heterostrutures on GaAs using Alx Ga1-xAs alloys. Since the lattice constant of AlAs
is very close to that of GaAs, high quality materials can be produced. The bandgap of the
AlGaAs alloy increases with Al concentration. At room temperature, the band gap of the
alloy is given by Adachi25
E g ( Al x Ga1− x As) = 1.424 + 1.247 x (eV),

E g ( Alx Ga1− x As) = 1.900 + 0.125 x + 0.143 x 2 (eV).

x < 0.45

x > 0.45

(3-1)
(3-2)

The split is due to the fact that the bandgap becomes indirect when the Al composition of
the alloy is higher than 45%. In the direct gap regime, it is commonly accepted that the
band offset for materials with different Al compositions is split between the conduction
18

band and the valence band in a 65% to 35% ratio. One other physical property that is
relevant to this work is the complex index of refraction. Like other material parameters, it
is also a function of the Al composition, which makes possible the fabrication of multilayer optical structures. The formulae for calculating the refractive index are given by
Adachi25 and will not be quoted here. At energies close to the GaAs bandgap, which, as
shown later, are the energies of interest to this work due to large electro-optic effects, the
real part of the refractive index varies from about 3 in AlAs to about 3.5 in GaAs in a
more or less linear fashion.

3.2 Anti-resonant reflective optical waveguides

(a)

(b)

Fig. 3-1. An illustration of a conventional dielectric slab waveguide (a) and an ARROW (b). In (a), the
−1

mode angle θ has to be larger than the critical angle ( sin ( n cladding n core ) ) for a guided mode, while in
(b), θ can be independent of the core and mirror indices.

In its conventional form, a planar dielectric waveguide consists of a high index
core layer sandwiched between two low index cladding layers. With such a configuration,
waveguiding is obtained through total internal reflection, therefore the effective
propagation index for a guided mode is always larger than the largest cladding index and
smaller than the core index. The refractive index of AlAs, which is the material with the
lowest index within the GaAs/AlGaAs material system used in this work, is about 3 (at
850nm). This means that for a conventional GaAs/AlGaAs waveguide with AlAs
claddings, the effective propagation index of a guided mode cannot be smaller than 3. On
the other hand, the propagation index for typical glass fibers is about 1.45. Therefore, a
19

different waveguide design is needed in order to match the propagation indices of an
AlGaAs waveguide and a single mode fiber. One way to achieve this is to use an
ARROW structure, where the core layer is surrounded on one or both sides by dielectric
mirrors. A dielectric mirror can be designed to provide high reflection at specific shallow
angles, so the propagation index of an ARROW is not limited by the material indices of
the mirror layers. For example, to phase-match an ARROW with GaAs core to a single
mode fiber, the mode angle (θ in Fig. 3-1b) needs to be about 24.5 degrees
( θ = sin −1 ( n fiber nGaAs ) ).

3.2.1 Distributed Bragg reflector mirrors

Fig 3-2. Schematic of a DBR mirror. The drawing on the right illustrates the incident and reflected rays for
a constituent layer in a DBR structure.

In the GaAs/AlGaAs material system, a dielectric mirror usually consists of a
stack of layers with alternating Al contents (and therefore, refractive indices). A
schematic diagram of such a mirror, called a distributed Bragg reflector (DBR), is shown
in Fig. 3-2. Despite the fact that the reflection from each interface may be small, when
added up in phase, the aggregate reflectivity can approach unity. The phase condition is
satisfied if the accumulated phase difference between two successive reflections is a
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multiple of 2π. Since a phase-shift of π occurs on reflection at one of the two interfaces
(according to equations 2-7 and 2-8), the phase contributed by the path length difference
should be an odd multiple of π. This condition is expressed as (in terms of the symbols
used in Fig. 3-2)

2π( AO + OC ) n1
= ( 2m + 1) π ,
λ

(3-3)

which can be rearranged to yield
d1 =

λ
.
4n1 cos θ

(3-4)

In the special case of normal incidence, θ = 0 so d = λ 4n1 , which is why a DBR is
also commonly referred to as a quarter-wave stack.

(a)

(b)

Fig 3-3. The calculated reflectivity for a DBR with 25 pairs of AlAs/Al0.33 Ga 0.67As (791Å/671Å). The
incident medium is Al0.33Ga 0.67As. (a) Reflectivity as a function of wavelength for a 25° incident angle; (b)
Reflectivity as a function of angle at 8300Å. TE (TM) polarization means that the incident electric
(magnetic) field component lies in the plane of the layers.

The transfer matrix method introduced in the chapter 2 can be used to calculate
accurately the reflection of a DBR mirror. Rearranging equations (2-9) and (2-10), the
reflectivity of a dielectric multilayer is expressed as

E 0−
R= +
E0

2

2

m + m22 rN +1
= 21
.
m11 + m12 rN +1
21

(3-5)

Fig. 3-3 shows the calculated reflectivity of an AlAs/AlGaAs DBR mirror optimized for
830nm and an incident angle of 25°. The reflectivity remains very close to unity within a
certain wavelength and angle range. As the wavelength and the angle changes, the layer
thicknesses deviate more and more from the resonant condition (3-4), the reflectivity
starts to decrease sharply. The difference between the TE and TM polarizations is due to
the different Fresnel reflection coefficients (equations 2-7 and 2-8) at each interface.

3.2.2 ARROW design example

Fig. 3-4. Structure of a GaAs/AlGaAs ARROW designed to phase-match to a single mode fiber at 830nm.

In this section, the design procedure of a GaAs/AlGaAs ARROW is illustrated.
First, the phase-matched wavelength is chosen, which, in this particular example, is
830nm. Then, the material composition of each layer is decided. One of the
considerations here is that the DBR needs to be lossless, which then limits the mirror
materials to those that are transparent at the resonant wavelength. Knowing the
component materials, the resonant wavelength, and the fiber propagation index, the
structure of the DBR mirror can be determined (Fig. 3-4). The core thickness is then
chosen such that the transmission peak of the structure occurs at an index value that is
matched to the effective index of the fiber mode (Fig. 3-5). Once the ARROW structure
22

is determined, the dispersion curve can be obtained by calculating the resonant angle (or
index) at different wavelengths (Fig. 3-6).
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Fig. 3-5. The calculated TE optical transmission of the ARROW structure as a function of the propagation
index (at 830nm). The peak corresponds to an effective index value of 1.4553, which is the same as the
fiber propagation index.
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Fig. 3-6. The calculated dispersion curves for the fiber mode and the highest order confined ARROW mode
(TE).
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The transmission calculation can be performed either by keeping the existing
ARROW structure, or by dividing the structure up into thin layers (10Å, for example).
The former is faster because of the smaller number of layers. But the latter is useful when
one needs to calculate the field distribution inside the waveguide. In this case, a transfer
matrix is associated with each thin layer, and the total field amplitude at the interface
between two layers is calculated by summing the forward- and backward-traveling wave
amplitudes (section 2.2). If the layers are thin enough, a good representation of the modal
field shape can be obtained (Fig. 3-7).

Fig. 3-7. The calculated field profile for the highest order confined mode in the ARROW (TE). The
wavelength is 830nm.

3.3 Coupled-mode analysis of ARROW-fiber systems
There exist detailed analytical models which describe the coupling between a
single-mode fiber and a simple slab waveguide. 26,27,28 The case of coupling between a
fiber and a semiconductor ARROW, however, is much more complex because of the
presence of DBR mirrors. To gain physical insight into a coupled fiber-ARROW system,
a phenomenological model based on the coupled-mode theory described in chapter 2 is
used. The differential equations for the model are
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∂
Af ( z ) = − jC exp[ j∆βz ] As ( z )
∂z

(3-6a)

∂
As ( z ) = − jC exp[ − j∆βz ] A f ( z ) − α s As ( z ) ,
∂z

(3-6b)

where Af is the complex field amplitude in the fiber, As is the field amplitude in the
semiconductor ARROW, z is the propagation direction, ∆β = β f − β s is the difference
between the propagation constants, C is the coupling coefficient, and α s is the amplitude
loss coefficient in the ARROW. The loss is a phenomenological term which includes
mirror leakage, absorption and scattering losses, as well as lateral diffraction in the
ARROW which prevents light from coupling back into the fiber.

3.3.1 Propagation losses in an ARROW

Fig. 3-8. A propagating Gaussian beam.

The lateral diffraction can be modeled as the propagation of a Gaussian beam in
the plane of the ARROW core. The expression for the field intensity in a onedimensional Gaussian beam propagating in the z-direction (Fig. 3-8) is 7

I ( y, z) =

I 0 w02
− 2y2 
exp
 w 2 (z)  ,
w2 ( z )



(3-7)

where I 0 is a constant, w0 is the minimum spot size, and w( z ) is the spot size at position
z . The spot size is defined as the lateral distance y at which the field amplitude is down
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by a factor 1/e compared with the peak value. The beam expands laterally as it propagates
according to the formula
w2 ( z ) = w02 (1 +

z2
)
z 02

(3-8)

πw02 n
,
λ

z 02 =

where n is the medium refractive index and λ is the free space wavelength.
At z=0, the amount of optical power confined within the beam waist is
w0

P( z = 0) = I

2
0

∫

exp( −

− w0

2y2
) dy ,
w02

(3-9)

which can be simplified into the form
P ( z = 0) = I

w02π
erf ( 2 ) ,
2

2
0

(3-10)

where erf(x) is the error function. At a distance z from the origin, the amount of optical
power within the minimum beam waist decays to
w0

I 02
P( z ) =
z2
1+ 2
z0

2y2
∫ exp[ − w2 ( z ) ]dy ,
− w0

(3-11)

which, in terms of the error function, becomes
P( z ) =

w02 π
2

I 02
2

erf (

z
1+ 2
z0

2
).
z2
1+ 2
z0

(3-12)

The diffraction loss can be defined as the decrease in optical power within the minimum
beam waist, and a fitted parameter α diff is used to describe it
erf (
P (z)
=
P (0)

1
z2
1+ 2
z0

2
)
z2
1+ 2
z0

erf ( 2 )
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≈ exp( −2α diff z ) .

(3-13)

Fig. 3-9 shows an example of graphically extrapolating the diffraction loss
coefficient. The ARROW device parameters are typical: n = 3.5 (GaAs ), λ=0.83µm and
w0 = 2.5µm (which is approximately the radius of a single mode fiber at 830nm). The
value of α diff which gives the best fit is 0.0035 µm −1 .
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Fig. 3-9. The calculated power decay due to lateral diffraction in a planar waveguide. The thick line is
based on the Gaussian beam expansion model and the thin line is an exponential fit.

Fig. 3-10. An illustration of an ARROW with propagation losses: mirror leakage and core material
absorption.
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Apart from lateral diffraction, two other major loss mechanisms are present in an
ARROW: material absorption and mirror leakage. For the device shown in Fig. 3-10, the
optical power at a distance z from the origin can be expressed as
P( z ) = P(0) exp( −2α mod e z ) R

z
2 d tan θ

,

(3-14)

where α mod e is the modal propagation loss (due to material absorption) coefficient, θ is
the mode angle, d is the core thickness and R is the DBR intensity reflectance. The modal
loss coefficient is related to the core material absorption coefficient by

Γα mat
,
sin θ

α mod e =

(3-15)

where α mat is the material absorption coefficient and Γ is the fraction of the modal power
confined in the core,
d

Γ=

∫ P( x)dx

0
+∞

.

(3-16)

∫ P( x)dx

−∞

Equation (3-14) can be rewritten in terms of the DBR transmittance T as
z

P( z ) = P(0) exp( −2α mod e z )(1 − T ) 2 d tan θ ,

(3-17)

which, in the case of a highly reflective mirror (T<<1), becomes
P( z ) ≈ P(0) exp( −2α mod e z )(1 −

zT
− zT
) ≈ P( 0) exp( −2α mod e z ) exp(
).
2d tan θ
2d tan θ

The last approximation requires that

(3-18)

zT
<< 1 , which is not unreasonable
2d tan θ

considering some typical ARROW parameters: the core thickness d is usually on the
order of 1µm, the waveguide length z is on the order of 1mm, and the DBR transmittance
T can be made as low as 10-6. With (3-18), one can now obtain the phenomenological
loss coefficient α s used in (3-6),

α s = α mod e + α DBR + α diff =

Γα mat
T
+
+ α diff .
sin θ 4d tan θ

28

(3-19)

3.3.2 Coupling strength between a fiber and an ARROW
An important parameter in (3-6) is the coupling coefficient C, which is
proportional to the field overlap between the fiber and the ARROW. Obtaining a simple
analytical expression for it, though, is not a trivial task, due to the complex mode shape
of the ARROW. One way to extract a numerical estimate of the coupling coefficient is to
analyze the coupled ARROW-fiber waveguide system with the transfer matrix method.
The transfer matrix method works for planar waveguides. In order to apply this to
the analysis of a coupled ARROW-fiber system, the fiber somehow needs to be
“planarized”. For this purpose, an equivalent slab model for step index single mode fibers
developed by Sharma et al. 29 can be utilized. The basis for this model is that the modal
field variation in the direction of interaction (i.e., the direction perpendicular to the plane
of the ARROW) and the propagation constant for the fiber are matched, as closely as
possible, to the modal field variation and the propagation constant of the equivalent slab
waveguide.

Fig. 3-11. The fiber in the polished half coupler shown on the left can be replaced by its equivalent slab
waveguide shown on the right.

The results obtained by Sharma et al. are quoted here. For an ARROW-fiber
coupler with its polished surface parallel to the y-z plane, the index distribution along the
x-axis of the slab waveguide equivalent to the fiber (Fig. 3-11) is given by
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n 2 ( x ) = n x21 = n12 − (U 2 − p 2 ) /( k 0 a) 2 ,

x < σa

= n x22 = n x21 − p 2 sec 2 ( pσ) /( k 0 a ) 2 ,

(3-20)

x > σa

where a is the core radius of the fiber, n1 is the core index, k 0 = 2 π / λ , the expressions
for p and σ are
p 3 = −1.3528 + 1.6880V − 0.01894V 2 ,

(3-21)

σ = 0.8404 + 0.0251V − 0.0046V 2 ,

(3-22)

where V is defined by (2-21) and U = a k 02 n12 − β 2 . β is the propagation constant of the
fiber mode, which can be obtained from either the procedures outlined in section 2.3, or
the well established empirical formula:30
2

β 2 = k 02 n12 − [V 2 − (1.1428V − 0.996) 2 ] a ,

1.5 ≤ V ≤ 2.5

(3-23)

where V is defined by (2-21).

Remaining

Effective index

Effective index

Coupling length

Coupling

cladding thickness

(Anti-bonding

(Bonding state)

(µm)

Coefficient

(µm)

state)

1

1.45417

1.45663

338

0.004652

1.5

1.45448

1.45620

483

0.003255

2

1.45475

1.45593

699

0.002246

2.5

1.45494

1.45575

1023

0.001535

3

1.45508

1.45563

1502

0.001045

(1/ µm)

Table 3-1. The calculated coupling characteristics between a single mode fiber and an ARROW.

With a “planarized” fiber, the coupling coefficient can be obtained by calculating
the transmission through the combined ARROW-fiber structure. As the distance between
the two waveguides is reduced, the individual waveguide modes (with identical effective
indices) transform into two coupled modes: an anti-bonding state (lower effective index)
and a bonding state (higher effective index). The coupling length is the distance over
which a phase difference of π is accumulated between the two modes,
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Lc =

π
λ
=
,
(βb − β a ) 2( nb − na )

(3-24)

where n b and n a are the effective indices of the bonding and anti-bonding states
respectively. The coupling coefficient can then be expressed as
C=

π
.
2 Lc

(3-25)

In Table 3-1, the calculated coupling lengths and coefficients are tabulated as a
function of the cladding thickness between the fiber and ARROW cores. In the
calculation, the ARROW is the one described in section 3.2.2 and the fiber is a
conventional 830nm single mode fiber (see Fig. 2-5). The field intensity distributions for
the coupled modes in the case of 1µm separation are shown in Fig. 3-12. In the bonding
state, the mode has the same phase in both wave guides, while in the anti-bonding state,
the mode reverses phase (i.e., the field intensity drops to zero) between the wave guides.

Fig. 3-12. The calculated field profiles for the two coupled modes of the ARROW-fiber structure. The solid
line corresponds to the bonding state (higher effective index), and the dashed line corresponds to the antibonding state (lower effective index).

3.3.3 Coupled ARROW-fiber wave guide system
After obtaining the values of the coupling coefficient and the ARROW
propagation loss, the power transmission through the fiber can be calculated using the
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coupled-mode equations (3-6). Fig. 3-13 and Fig. 3-14 show the transmission as a
function of the difference in propagation constants between the waveguides. Typical
values for the coupling coefficient and the loss are used. The interaction length is
assumed to be 1mm. The calculation shows that for a given coupling coefficient, C, an
increasing loss, α s , results in a shallower and broader transmission dip. And for a given
loss, α s , an increasing coupling coefficient, C, leads to a deeper dip.

∆β (µm-1)

∆β (µm-1)

Fig. 3-13. The calculated fiber transmission of a
coupled ARROW-fiber waveguide system. The
coupling coefficient is 0.004µm-1, and the values in
the legend are the propagation losses in the ARROW.

Fig. 3-14. The calculated fiber transmission of a
coupled ARROW-fiber waveguide system. The
ARROW propagation loss is 0.01µm-1, and the
values in the legend are the coupling coefficients.
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Chapter 4
In-line fiber filter and detector
The simplest realizable device in the ARROW-fiber coupled waveguide
configuration is a narrow linewidth filter, where light at wavelengths at and near the
resonant wavelength is coupled out of the fiber and into the ARROW. By incorporating
an absorbing layer in the ARROW, the light signal can be converted into an electrical
signal. Hence, a wavelength selective photodetector is realized. The design and
experimental demonstration of these devices are described in this chapter.

4.1 Epitaxial growth
All ARROW samples in this work are grown by molecular beam epitaxy (MBE)
on (100) GaAs substrates. MBE is basically an ultra-high-vacuum evaporation technique
which allows for precise control of growth conditions. Under the correct conditions, the
product material is a single crystal extended from the crystal lattice of the substrate. The
detailed description of the theory and mechanics of MBE can be found in many excellent
works. 31,32
A simplified schematic of a MBE growth chamber is shown in Fig. 4-1. The
source materials are kept in effusion cells whose temperature can be actively controlled
and kept constant throughout the growth process. The temperature of each cell in turn
determines the evaporation rate, or molecular beam flux of the material. A common
selection of source materials include As, Ga, Al, Si (n-type dopant) and Be (p-type
dopant). For normal growth of III-V materials, the column V material (As in this case), is
present in excess and the growth rate is controlled by the arrival rate of the column III
materials. The substrate is heated during growth so that the absorbed material on the
surface has enough thermal energy to find its proper lattice site for incorporation into the
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crystal. The growth chamber of a MBE machine achieves ultra-high vacuum to minimize
incorporation of undesired impurities, with a background pressure of below 10-10 Torr.
During growth, typical beam pressures are in the 10-5 Torr range, but even at this
pressure, the mean free path of the evaporated particles is much larger than the source-tosubstrate distance. Therefore the flux of the evaporated material travels unimpeded
towards the substrate in a line-of-sight “molecular beam”, which can be switched on or
off by mechanical shutters placed in front of each source. Because the molecular beams
impinge on the substrate at an angle, there is a large variation of the growth rate across
the substrate surface. In order to reduce this inherent non-uniformity, the substrate is
usually rotated during growth. The walls of the growth chamber are kept at liquid
nitrogen temperature so that any excess material that fails to hit the substrate is absorbed.
This prevents re-evaporation and hence the contamination of subsequently grown layers
with different composition or dopants.

Fig. 4-1. Illustration of the MBE growth of gallium arsenide.

In addition to the capability of growing high quality crystal materials, MBE offers
very precise control of layer thicknesses. The typical growth rate of 1µm/h corresponds
to roughly one atomic layer per second. The switching speed of the shutters is fast
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enough to make possible the reproducible growth of layers as thin as 10Å. However,
during the growth of thick structures, such as DBR mirrors, the growth rate of a material
can vary during growth. In order to limit the final thickness error to within one or two
percent, in situ corrections can be performed. 33 This method involves measuring the
reflectance spectra of a wafer during growth interruptions. Any discrepancy between the
theoretical and measured spectra is then used to correct for growth rate variations. This
technique is especially important for the growth of vertical cavity or ARROW-based
modulators and lasers, where the wavelength spacing between the quantum well
absorption or gain peak and the structure resonance is critical.

4.2 In-line fiber filter
Wavelength division multiplexing (WDM) increases the channel capacity of a
fiber-optic system by transmitting multiple wavelengths over a single fiber. It is therefore
desirable to have a simple method of extracting a specific wavelength without disturbing
others going through the fiber. This is especially useful for such systems as
multiprocessor interconnects for parallel-processing computers and local area networks
(LAN’s) with ring topologies.
One way to achieve this goal is to use an asymmetric waveguide coupler
consisting of a single-mode fiber and a semiconductor ARROW. At certain discrete
wavelengths, light is coupled from the fiber into the ARROW, due to phase-matching
conditions. The large difference in the dispersion characteristics between the guides
results in very sharp resonances at phase-matched wavelengths. In addition, the in-line
architecture is a highly efficient fiber interface, with low insertion loss and good
mechanical stability.

4.2.1 Device design
As shown in section 3.2.3, the resonance linewidth of an ARROW-fiber coupler is
a function of the dispersion properties and the propagation loss of the ARROW, as well
as the coupling strength between the waveguides. The dispersion of an ARROW is
determined solely by its layer structure and can be controlled more easily than the other
factors under our experimental arrangements, which will be described in the next section.
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As shown in Fig. 4-2, the propagation constant of an ARROW becomes more sensitive to
wavelength changes as the core thickness increases. This can be explained by examining
equation 2-2 (the self-consistency condition of a dielectric waveguide): for a given
change in λ , a larger d requires a larger change in cos θ to maintain the equality. This is
very similar to the case of a Fabry-Perot etalon where a longer cavity length results in
narrower resonances. 34
0.03
3887.2nm

0.025

1203.9nm
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264.8nm

0.015
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0
829.5
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Wavelength (nm)

829.9
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Fig. 4-2. The calculated difference in propagation constants between the fiber mode and the TE ARROW
mode. The three curves represent three ARROWs with the same DBR (as the one shown in Fig. 4-3) but
different core thicknesses (core material = Al0.33Ga 0.67As). The unit for y-axis is µm-1.

Fig. 4-3. The epitaxial structure of the ARROW used in the filter.
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The epitaxial structure of the ARROW is shown in Fig. 4-3. All layers are
undoped. An Al0.33Ga0.67As core of 3.887µm was chosen for this experiment.
Al0.33Ga0.67 As was used because its absorption onset wavelength is well below the
operating wavelength of 830nm. The core thickness was chosen to minimize the
linewidth, while keeping the MBE growth time within a reasonable limit. The
AlAs/Al0.33Ga0.67 As DBR was designed to provide maximum reflectance at an incident
angle of 25 degrees, which is the mode angle needed for phase-matching to a singlemode fiber. The calculated dispersion curves for the ARROW are shown in Fig. 4-4,
showing phase-matching conditions at 818nm (TM) and 830nm (TE). TE polarization
here is defined as the case where the electric field vector lies parallel to the GaAs
substrate plane.

1.64
TE (ARROW)

1.6

TM (ARROW)
fiber

1.56

1.52

1.48

1.44
0.815

0.82

0.825
Wavelength (µm)

0.83

0.835

Fig. 4-4. The calculated dispersion curves for the single mode fiber and the highest order confined modes
of the ARROW. The y-axis shows the effective propagation indices.

4.2.2 Experiment
Following MBE growth, the ARROW wafer was cleaved into pieces for testing.
During testing, a polished fiber half coupler (from Canadian Instrumentation and
Research Ltd.) was mounted on an x-y-z stage and positioned on top of the ARROW
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piece. The fiber half coupler is made by epoxying a single mode fiber into a curved
groove in a glass substrate and then polishing both the substrate and the fiber cladding to
within a few microns of the fiber core. 35 The polished interaction region is about 1mm in
length. The ends of the fiber are spliced to patch cords, which can then be connected to
other fibers, optical sources or testing instruments. The ARROW piece was placed on a
thermoelectric temperature controller. Drops of index matching fluid (n=1.458), whose
index was closely matched to that of the fiber cladding (n=1.452), were applied between
the fiber block and the ARROW to ensure good optical contact. The optical source used
was a fiber coupled GaAs (~830nm) laser diode biased just below threshold. A polarizer
and a fiber polarization controller were used at the input end . The transmission spectra of
the system were measured with a HP70951A optical spectrum analyzer. The
experimental setup is shown in Fig. 4-5.

Fig. 4-5. The experimental setup for testing in-line fiber filters.

4.2.3 Results and discussion
Fig. 4-6a. shows the measured transmission spectra of the filter at 25°C. The TE
dip has a full-width at half-maximum (FWHM) of 0.5nm and the TM dip has a FWHM
of 1.3nm. The TM dip is broader because the DBR mirror reflectance is lower (Fig.3-3)
and hence the ARROW propagation loss is higher. Fig. 4-6b shows the simulated results
using the coupled mode equations (3-4). The differences between the simulated and
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measured results are primarily due to the simplicity of the model (for example, the
curvature of the interaction region is ignored). They can also be attributed to
measurement errors (such as those due to the finite resolution bandwidth of the optical
spectrum analyzer). The positions of the resonance dips are shifted from the design
wavelengths due to thickness variations in MBE growth. The off-resonance insertion loss
(~2dB) of the system is due to imperfect fiber splicing.

(a)

(b)

Fig. 4-6. (a) The measured transmission spectra at 25°C; (b) The simulated spectra. The parameters used
−1

for the simulation are: C = 0.005 µm , α = 0.003µm

−1

−1

(TE), α = 0. 018µm ( TM) .

The transmission spectra of the filter under different temperatures are shown in
Fig. 4-7. As the temperature of the ARROW increases, the refractive index of
GaAs/AlGaAs increases and therefore the phase-matched wavelength red-shifts. The total
shift of 3nm over a 50°C range corresponds to a core index change of 0.005
( dn / dT ≈ 1× 10 −4 ), which is consistent with values reported in the literature. 36
By increasing the layer thicknesses, such structures can be extended to operate at
the fiber communication wavelengths of 1300nm or 1550nm. The filter linewidth and the
rejection ratio depend on the ARROW propagation loss, the coupling strength and the
interaction region curvature and length. The ARROW propagation loss can be controlled
by, for example, creating a ridge waveguide structure which limits lateral diffraction (Fig.
4-8). The coupling strength and the interaction region characteristics are essentially
determined by the fabrication process of the fiber half coupler, over which we do not
39

presently have control. The development of silicon V-grooves-based fiber half couplers, 37
where both the polishing depth and the interaction length can be lithographically
determined, will lend further flexibility to the design of in-line fiber devices.

(a)

(b)

Fig. 4-7. The experimental TE (a) and TM (b) transmission spectra of the in-line fiber filter under different
temperatures.

Fig. 4-8. Cross section views of an in-line fiber filter. The drawing on the left depicts the current device.
The drawing on the right shows an ARROW with a ridge structure for controlling lateral diffraction.
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4.3 Wavelength selective in-line fiber photodetector
In some applications, once light at a specific wavelength is filtered out of a singlemode fiber, it is desirable to convert it into an electrical signal. This can be accomplished
by incorporating absorbing quantum wells in the core of the ARROW, turning an in-line
fiber filter into a photodetector. At the phase-matched wavelength, the light traveling in
the fiber is extracted into the ARROW and absorbed in the quantum well(s), generating a
photocurrent. In addition to its wavelength-selective nature, this type of detector has a
distributed absorbing structure which is conducive to high-speed, high-power operation. 38
The in-line fiber interface also allows for low insertion loss and low cost packaging.

4.3.1 Device design

Fig. 4-9. The epitaxial structure of the ARROW used in the in-line detector.
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The epitaxial structure of the absorbing ARROW is shown in Fig. 4-9. Similar to
conventional photodetectors, the DBR mirrors were doped to form a p-i-n structure, and
an absorbing quantum well was placed in the intrinsic region. The doping concentrations
are 1× 1019 cm −3 for the p-type layers and 1× 1018 cm −3 for the n-type layers. When the
ARROW is attached to the polished fiber half coupler, optical waves can be guided in its
core by reflection from the n-doped DBR mirror on the one side, and a combination of
reflection from the p-doped DBR mirror and total internal reflection from the fiber
cladding on the other side. The n-type and p-type DBR mirrors consist of 40 and 5 pairs
of AlAs/Al0.33Ga0.67As quarter wave layers, respectively. The p-type mirror was designed
to be partially reflective so that there is sufficient field overlap between the guided modes
of the fiber and the ARROW. The core of the ARROW is made up of an Al0.33Ga0.67 As
layer and a 75Å GaAs quantum well. The quantum well was placed at the center of the
core where the intensity peak of the guided ARROW mode occurs, in order to maximize
the quantum efficiency.

(a)

(b)

Fig. 4-10. The structures of two ARROWs: (a) with a leaky DBR, and (b) without a leaky DBR. The phasematched wavelength is 830nm for both waveguides.
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An ARROW with two mirrors was chosen because compared with its equivalent
single mirror version, it has a steeper dispersion curve and therefore a narrower resonance
linewidth. Fig. 4-10 shows the schematic diagram of two ARROWs, one with one mirror
and the other with two mirrors, while both having the same phase-matched wavelength.
The calculated dispersion curves for the two are plotted in Fig. 4-11. As shown in section
4.2.1, another way to decrease the resonance linewidth is to increase the core thickness.
The disadvantage of this approach is that with a thick core, the optical field intensity
varies rapidly and any slight misplacement of the quantum well can lead to a large
reduction in the detector quantum efficiency.
1.54
fiber
ARROW (2 DBRs)
ARROW (1 DBR)

Effective index

1.52
1.5
1.48
1.46
1.44
8200

8220

8240

8260

8280

8300

Wavelength (angstroms)
Fig. 4-11. The calculated dispersion characteristics of the two ARROWs illustrated in Fig. 4-10.

4.3.2 Experiment
Individual devices were defined on the MBE-grown wafer by standard wet
chemical etching (with a 1:5:160 mixture of H2 SO4 :H2 O2 :H2 O). Au/Ge/Ni/Au
(400Å/125Å/120Å/1000Å) layers were evaporated on the backside of the substrate and
thermally annealed (405°C for 30 seconds) to form a n-type ohmic contact. Patterned
Ti/Au (250Å/1000Å) layers formed a p-type ohmic contact on top of each device. The
wafer was then cleaved into pieces (4mm by 3mm). The setup that was used for filter
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testing (Fig. 4-5) was used here, with the addition of an infrared CCD camera which can
be focused on the polished interaction region of the coupler. The position of the fiber core
was determined by launching light from a tunable GaAs laser diode into the fiber half
coupler and observing the scattered light with the camera. After aligning the fiber core to
the ARROW, the two waveguides were brought into contact, with index matching fluid
applied at the interface. The tunable laser diode that was used for aligning then served as
the light source for device testing. A 5V reverse bias was applied to the p-i-n junction
within the ARROW and a 10kΩ series resistor. The photocurrent was obtained by
measuring and converting the voltage that appeared across the resistor (Fig. 4-12).

(a)

(b)

Fig. 4-12. Illustration of photodetector testing arrangement: (a) cross-sectional view, and (b) top view.

4.3.3 Results and discussion
Fig. 4-13a shows the photocurrent as a function of wavelength of TE-polarized
light (electric field vector parallel to the plane of the GaAs substrate) traveling through
the fiber. The response peaks at 816nm with a FWHM of 1.6nm. The laser power coupled
into the input single mode fiber was about 42µW, which means our detector has an
external quantum efficiency of 75%. The TE transmission spectrum of the device
measured with an optical spectrum analyzer is shown in Fig. 4-13b. The broadband light
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source was the same laser diode biased below threshold. The resonance positions and
shapes in the two figures are consistent with each other.
The off-resonance transmission of our device (Fig. 4-13b) is about 70%, with the
loss coming from poor fiber splicing. By reversing the light traveling direction and
obtaining essentially the same photocurrent response, we concluded that each of the two
splices had a power transmission of about 83% (0.83 2 = 0.7). Therefore, with a perfect
splice, our detector would achieve an external quantum efficiency of more than 90%. The
polarization sensitivity of the device could be eliminated by defining a ridge waveguide
in the semiconductor (which compensates for the TE and TM modal dispersion) and
using strained quantum wells (which equalizes the TE and TM absorption). 39 By
changing the quantum well material composition (from GaAs to InGaAs or GaInNAs),
this device can operate at longer wavelengths and prove useful for low cost WDM
applications.

(a)

(b)

Fig. 4-13 (a) The measured photocurrent response. (b) The measured device transmission.
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Chapter 5
In-line fiber modulator
External optical modulators have an important role in high-speed photonic links
because of their low chirp characteristics compared with directly modulated
semiconductor lasers. 40,41 In this chapter, the design and experimental demonstration of
GaAs/AlGaAs optical intensity modulators based on the ARROW-fiber coupled
waveguide structure are presented.

5.1 Quantum well physics
As shown previously, the shape and the position of the resonance dip in an
ARROW-fiber system are functions of the refractive indices (both real and imaginary
parts) of the ARROW layers. Therefore, by changing these refractive index values, the
intensity of the light going through the fiber can be modulated.
The refractive index of a semiconductor structure can be modified through either
bulk effects such as carrier injection, 42 or quantum phenomena such as the quantum
confined Stark effect (QCSE). 43,44 As its name suggests, carrier injection requires the
application of an injection current and is therefore less power efficient than the QCSE,
which only requires the application of an electric field. As a result, the modulation
mechanism chosen for our devices is the QCSE.

5.1.1 Quantum confined Stark effect
In a direct gap semiconductor, the optical absorption near the band edge is
affected by bound electron-hole pairs, which are formed as a result of the Coulomb
interaction between electrons and holes. These electron-hole pairs are called excitons. A
simple theoretical treatment of excitons can be performed by writing the exciton wave
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function as a wave packet constructed from the linear combination of electron and hole
Bloch functions, and then solving the Schrödinger equation. 45 The resultant excitonic
absorption can be expressed as
α (ω) ∝ d cv

2

∑φ

2

n

(r = 0) δ( hω − Eg +

n

where d cv

2

EB
),
n2

is the interband dipole matrix element, φ n ( r = 0)

2

(5-1)

specifies the probability

to find the electron at the same lattice site as the hole. E B / n 2 gives the binding energy
for the nth excitonic state, where E B is a constant known as the Rydberg energy. In the
case of III-V compound semiconductors, the Rydberg energy ranges from 1 to 100meV,
corresponding to Bohr radii of about 10 to 500Å.

Fig. 5-1. Schematic of a semiconductor absorption spectrum. Coulomb interaction not only creates
excitonic resonances below the bandgap, but also enhances the above-bandgap continuum absorption.

The most striking difference between free-carrier absorption (without Coulomb
interaction between electrons and holes) and real semiconductor absorption is that the
former is nonexistent for energies below the bandgap, whereas the latter consists of
discrete lines (excitonic resonances) below the bandgap (Fig. 5-1). However, this effect is
rarely observed for bulk semiconductors at room temperature because of impurity and
phonon scatterings, which eliminates any practical device concepts utilizing excitonic
effects in bulk materials.
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If the electrons and holes can be confined spatially in one direction (as in the case
of a quantum well with dimensions comparable to the Bohr radius), it is expected that the
excitonic absorption spectrum will be different from the bulk (3D) case due to quantum
confinement effects. It can be shown that the 2D excitonic absorption (with an infinite
potential well in the z-direction) is of the form45

α 2d ( ω) ∝ d cv

2

∑

ζ ei ( z e ) ζ hj ( z h )

2

2

φ nxy (rxy = 0) δ(hω − E n2d ) ,

(5-2)

i , j ,n

where d cv

2

is the dipole matrix element as in (5-1), ζ ei ( z e ) ζ hj ( z h )

2

gives the overlap
2

integral of the electron-hole envelope function in the z-direction, and φ xy
n ( rxy = 0) is the
probability that the electron and the hole are in the same unit cell. En2d is expressed as

En2d = Eg + Ehj + Eei −

EB
,
( n − 1 / 2) 2

(5-3)

which corresponds to a series of excitonic transition energies. E B is the 3-dimensional
exciton Rydberg energy, Ehj and Eei are the confinement energies of the ith electron
subband and the jth hole subband. In practice, the δ-function absorption spectra in a
quantum well structure is broadened by several mechanisms, including: interface
roughness, well to well thickness fluctuations in multiple quantum well (MQW) samples,
background impurity scattering and phonon scattering. In high quality GaAs/AlGaAs
MQW samples, the excitonic resonance linewidth is approximately 3 to 4 meV.
Comparing equations (5-1) and (5-2), the most obvious difference lies in the
energy term. In the 2D case, not only is the effective bandgap shifted due to electron and
hole confinement energies, but also the binding energy is increased as can be seen from
the ( n − 1 / 2) 2 dependence in the denominator (e.g., for n=1, the 2D binding energy is 4
times larger than the 3D binding energy). Also in two dimensions, the relative separation
between the electron and the hole is reduced because of quantum confinement. As a
2

result, the φ xy
n ( rxy = 0) term, which describes the probability that the electron and the
hole are in the same location, is larger. The increase in oscillator strengths and binding
energies results in sharp absorption peaks which persist up to high temperatures. This
feature distinguishes quantum wells from bulk materials and makes quantum well
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excitonic devices realizable. It should be mentioned, however, that the exciton situation
in a quantum well with finite barrier heights is intermediate between the 2D and 3D
cases, although it has most of the qualitative features of the 2D case.
In an infinite potential well, the overlap integral term

ζ ei ( z e ) ζ hj ( z h )

2

is zero if

i ≠ j . This imposes one of the selection rules for optical absorption in two dimensions:
the allowed transitions are those between the quantized electron and hole states with the
same quantum numbers. In practical cases, the potential well is always finite and
transitions with i ≠ j are allowed, albeit weakly. One other selection rule pertains to the
2

dipole matrix element d cv . Calculations 45 show that for light polarized in the plane of
the quantum well, the ratio of the matrix element of the heavy-hole exciton to the lighthole exciton is 3:1. However this ratio is 0:1 for light polarized normal to the plane of the
quantum well, suggesting that heavy-hole excitonic transition is not allowed.

Fig. 5-2. Illustration of the change in confinement energies and wave function overlap when a
perpendicular electric field is applied to a quantum well.

When an electric field is applied perpendicular to the plane of a quantum well, the
potential energy experienced by the electron and the hole is modified spatially (Fig. 5-2),
as are the confinement energies. The field also pushes the electron and the hole to the
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opposite walls of the well because of the opposite charges of the two particles, thereby
reducing the overlap between the wave functions. As a result, both the position of the
absorption peak and the transition strength change due to the applied field. The range of
applied electric field strengths and the amount of absorption shift can be greatly enhanced
through quantum confinement. In a 3D structure, because the Bohr radius is on the order
of 100Å, and the binding energy is on the order of 10~100meV, moderate electric fields
of about 10mV per 100Å, or 10kV/cm, are enough to ionize the excitons. This effect can
be observed in a quantum well structure when the field is parallel to plane of the well.
With a perpendicular field, the potential well confines the carriers, the ionization occurs
only if the carriers tunnel out of the well. Therefore it is possible to apply fields as large
as 50 times the classical ionization field, inducing red-shifts in the absorption peak 2.5
times the binding energy, and still observe excitonic resonances. 46 This phenomenon is
known as the quantum confined Stark effect (QCSE). In Fig. 5-3, several measured
absorption spectra for a MQW sample under different biases are shown. 47

Fig. 5-3. The measured absorption spectra for 75Å GaAs quantum wells with 35Å AlAs barriers. The
polarization of the light is TE (parallel to the MQW plane). Details of the experimental procedures can be
found in reference 34.
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5.1.2 Kramers-Kronig relations
The absorption and dispersion of a material are intimately related. Neglecting any
non-linear effects, the relation between the electric polarization of a material and the
applied field is expressed as
P( ω) = ε 0 (χ′(ω) + j χ′′( ω)) E( ω) ,

(5-4)

where P is the polarization, E is the applied field, ε 0 is the permittivity of free space, and
χ′ and χ′′ are the real and imaginary parts of the complex susceptibility. Since equation

(5-4) describes a linear shift-invariant causal system, the real and imaginary parts of the
transfer function χ(ω) are related by what is known as the Kramers-Kronig relations:48

χ′( ω) =

2 ∞ ω′ χ′′(ω′)
P
dω′
π ∫0 ω′ 2 − ω2

(5-5)

2 ∞ ωχ′(ω′)
χ′′( ω) = P∫ 2
dω′ .
π 0 ω − ω′2

(5-6)

The ‘P’ in the equations denotes that the Cauchy principal values of the integrals are
evaluated, i.e.,
∞

∫ = lim (
0

∆→ 0

ω− ∆

∫
0

+

∞

∫ ),

∆ > 0.

(5-7)

ω+ ∆

The complex dielectric constant of a material is directly related to its
susceptibility

ε r = ε′r + jε ′r′ = 1 + χ′ + jχ′′ ,

(5-8)

and the complex index of refraction is defined as

N = n − jκ = ε r = ε′r + j ε′r′ .

(5-9)

For semiconductors, one usually finds that ε ′r >> ε′r′ for the wavelength ranges of
interest. Therefore equation (5-9) can be approximated as
N = n − j κ ≈ ε ′r + j

ε ′r′
2 ε ′r

.

(5-10)

The intensity absorption coefficient can then be written as
α (ω) =

4πκ( ω)
ω
ω
=−
ε′r′ ( ω) ≈ −
ε ′r′ ( ω) ,
λ
cnb
c ε′r (ω)
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(5-11)

where

ε′r (ω) is replaced by a constant, n b , because in practice, the real part of the

refractive index experiences little fractional changes over the relevant wavelengths.
Substituting (5-8) into (5-5) and expressing χ in terms of α and ε ′r , one obtains

2 ∞ − cnb ∆α (ω′)
∆ε ′r ( ω) = P ∫
dω′ .
π 0 ω′2 − ω 2

(5-12)

With ∆ε ′r ( ω) ≈ 2nb ∆n( ω) and changing the variable from ω to λ, (5-12) becomes

1 ∞ ∆α( λ′) dλ′
∆n( λ) = 2 P ∫
.
2π
1 − (λ′ λ) 2
0

(5-13)

This is the form of the relationship used to calculate refractive index changes due to
changes in absorption. For example, when a MQW sample has different absorption
spectra under different biases, the difference of these absorption curves could be used to
determine the difference in refractive index induced by the field. Fig. 5-4 shows the
calculated refractive index based on the absorption values shown in Fig. 5-3.

Fig. 5-4. The calculated refractive index for 75Å GaAs quantum wells with 35Å AlAs barriers. The index
changes with respect to bulk GaAs values are calculated using the Kramers-Kronig relationship. The bulk
GaAs index values are taken from reference 11.
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5.2 Modulator with single-mirror ARROW
5.2.1 Device design
A simple way to realize in-line fiber light modulation is to use an ARROW which
consists of a MQW core layer and a single DBR. When the wafer is attached to a sidepolished single mode fiber, waveguiding is achieved in the core layer by reflection from
the DBR and total internal reflection from the fiber cladding. By applying an electric
field perpendicular to the plane of the quantum wells, the complex index of refraction of
the MQW layer is changed through the QCSE, which results in both a shift in the phasematched wavelength and a change in the shape of the resonance dip. Therefore, intensity
modulation of the transmitted light through the fiber can be obtained.

Fig. 5-5. The epitaxial structure of the MQW single mirror ARROW used in the modulator.

The epitaxial structure of the ARROW is shown in Fig. 5-5. In common with
other QCSE devices, the MQW active region is located in the intrinsic region of a p-i-n
diode structure so that when reverse biased, a large electric field can be applied with
negligible current flow. The structure is capped by Al0.33Ga0.67As and GaAs p+ contact
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layers (doped to 1019 cm −3 ). The field-dependent absorption coefficient and refractive
index for the MQW layer were calculated theoretically 49 and plotted in Fig. 5-6. We
designed our phase-matched wavelength to be close to 840nm (for TE polarization),
which is about 20nm longer than the heavy-hole exciton resonance wavelength, so that
the propagation loss in the semiconductor waveguide is low enough for significant
evanescent coupling to occur.

Fig. 5-6. The calculated TE absorption (a) and refractive index (b) values for the MQW in the modulator.
At 0V, the built-in electric field of the device is 45kV/cm, and at 5V reverse bias, the electric field is
150kV/cm. The refractive index was calculated using the absorption data and the Kramers-Kronig
relationship.

5.2.2 Experimental results and discussion
The processing procedures and testing experimental setup were identical to those
used for the detector described in Chapter 4. The TE transmission spectra of several
devices, measured with a HP70951A optical spectrum analyzer, are shown in Fig. 5-7.
Due to thickness variations in MBE growth, the 0V phase-matched wavelength ranges
from 827nm to 840nm, depending on the location of the device on the wafer. The
quantum well absorption, however, is not nearly as sensitive to growth variations. A 2%
thickness variation in a 65Å GaAs quantum well only leads to a 2nm change in the
position of the first heavy hole exciton resonance. Therefore, essentially the same
quantum well absorption and index values (Fig. 5-6) should apply for all three devices.
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As the phase-matched wavelength of a device gets shorter, the resonance dip gets wider
because of the increased quantum well absorption loss.

Fig. 5-7. The TE transmission spectra for: (a) device #1, which is near the center of the wafer; (b) device
#2, which is halfway between the center and the edge of the wafer; (c) device #3, which is near the edge of
the wafer.

When a vertical electric field is applied to the quantum wells, the real part of the
refractive index increases and the phase-matched wavelength red-shifts. The amount of
red-shift is smaller for devices with longer phase-matched wavelengths, which is
qualitatively consistent with the index change shown in Fig. 5-6b. However
quantitatively, the amount of the predicted red-shift ranges from 0.1nm to 0.2nm for a 5V
swing, which is much smaller than the observed shift of 0.4nm to 0.8nm. This difference
is caused by imperfections in the theoretical model used to calculate quantum well
absorption. As is the case with most theoretical attempts at quantitatively characterizing
the quantum confined Stark effect, the model can accurately predict the positions of the
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excitonic resonances, but the Lorentzian lineshape assumed for the transitions is only
approximate. Therefore, errors may result in the calculation for the refractive index. The
goal of this experiment is to demonstrate modulation effects, hence knowing the position
of the excitonic resonances in relationship to the phase-matched wavelength is of primary
importance. In the future, photocurrent measurements49 can be performed on separate
quantum well samples to accurately measure the absorption constants in order to optimize
the device design.
Device #3 shows a transmission change from 30% to 14% at 828.5nm with a 5V
swing, corresponding to a modulation contrast (defined as (TH -TL )/TH ) of 53%. As in the
previous devices, the off-resonance insertion loss of the device of about 3dB is due to
poor fiber splicing. In all our devices, the application of more than 5 volts resulted in
reverse breakdown. The electric field applied was only 150kV/cm, which is significantly
smaller than the reported breakdown field in GaAs (about 400kV/cm).44 There could be
two possible mechanisms for the premature breakdown: material defects and electron
tunneling through the relatively thin p-type contact layers (Fig. 5-8).

Fig. 5-8. The band diagram of a reverse-biased p-i-n junction. The thin p-type contact layers can be
completely depleted at high biases, therefore electrons can tunnel from the metal contact to the intrinsic
region, causing junction breakdown.
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5.3 Modulator with double-mirror ARROW
5.3.1 Device design
To reduce the electron tunneling current, a thicker p-doped region is required.
Instead of simply increasing the thickness of the contact layer, a partially reflective ptype DBR mirror can be used to ensure that most of the optical field remains confined in
the MQW region, and that part of it leaks into the fiber cladding. In such a device, when
the wafer is attached to the side-polished single mode fiber, waveguiding is achieved in
the MQW core by reflection from the n-type DBR on the one side, and a combination of
reflection from the p-type DBR and total internal reflection from the fiber cladding on the
other side (similar to the detector described in chapter 4).

Fig. 5-9. The detailed epitaxial structure of the double mirror ARROW structure. The intrinsic MQW core
region is surrounded by a highly reflective DBR (n-doped) and a leaky DBR (p-doped).
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The epitaxial structure of the ARROW is shown in Fig. 5-9. The doping
concentrations are 1× 1019 cm −3 for the p-type layers and 1× 1018 cm −3 for the n-type
layers. The experimentally determined field-dependent absorption coefficients and the
calculated refractive indices for the quantum wells used in the ARROW are shown in Fig.
5-3 and Fig. 5-4 respectively. A 40kV/cm field corresponds to the built-in field of our
diode structure. The designed phase-matched wavelength of the device is 855nm (for TE
polarization), which is about 25nm longer than the first heavy-hole exciton resonance
wavelength under zero bias. As in the modulator described in section 5.2, this is to ensure
that the propagation loss in the ARROW is low enough for significant evanescent
coupling to occur. The calculated effective indices for the ARROW and the fiber are
shown in Fig. 5-10.

Fig. 5-10. The calculated TE effective propagation indices for the ARROW and the fiber. The ARROW
mode is the highest order confined mode.

5.3.2 Experimental results
The TE transmission spectra of a typical device are shown in Fig. 5-11a. Due to
thickness variations in MBE growth, the 0V phase-matched wavelength is 845.5nm
instead of the designed 855nm. The off-resonance insertion loss of our device is about
3dB, which, as before, can be attributed to poor fiber splicing. As the applied bias is
increased from zero, the real part of the MQW refractive index increases, resulting
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initially in a red-shift of the phase-matched wavelength. When the bias is large enough
such that the first heavy-hole excitonic resonance coincides with the 0V phase-matched
wavelength, the absorption in the MQW at that wavelength quenches the transmission
dip. The maximum modulation contrast occurs at 845.5nm, where the device
transmission changes from 10% to 40% with a 9V swing. As shown in Fig. 5-11b, the
modulator has an essentially linear voltage-dependent transmission within certain voltage
ranges (such as from 3 to 4.5V, or 6.5 to 7.5V), which lends itself for potential analog
applications. The 4:1 on/off ratio at the 0V resonant wavelength also makes it attractive
for digital or switching applications. In addition, compared with conventional electroabsorption modulators, this device is more suited for high-power applications because at
the high-absorption state of the MQW, most of the light stays in the fiber and very few
carriers are generated in the ARROW.

(a)

(b)

Fig. 5-11. (a) The transmission spectra of the modulator under different bias conditions. (b) Transmission at
845.5nm as a function of applied bias.

5.3.3 Discussion
The appearance of multiple dips in the transmission curves can be explained by
the wavelength-dependent absorption coefficients of the MQW. When there is a variation
in the MQW absorption (and thus, ARROW propagation loss) near the phase-matched
wavelength, the shape of the transmission curve is no longer a simple dip. This behavior
is illustrated in Fig. 5-12, where the transmission spectra are calculated by solving the
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coupled mode equations (equation 3-6) with assumed ARROW loss spectra, which are
roughly based on the MQW absorption data shown in Fig. 5-3.

(a)

(b)

(c)

(d)

Fig. 5-12. An illustration of the “double-dip” effect in the experimental transmission spectra: (a) and (c) are
the assumed wavelength-dependent ARROW propagation loss at two different biases; (b) and (d) show the
corresponding transmission spectra calculated with the coupled-mode equations and the dispersion relations
shown in Fig. 5-10. The assumed coupling coefficient is 3mm-1, and the interaction length is 1mm.

With the development of silicon V-groove technology, fiber half couplers with
arbitrary interaction lengths and polishing depths can be realized. The increase in the
interaction length will lead to devices with much larger on/off ratios. As shown in Fig. 513, a 5mm long device with otherwise identical parameters as the one in Fig. 5-12, has a
calculated on/off ratio of more than 40dB (10000:1).
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Fig. 5-13. The transmission spectra of a 5mm long in-line modulator, as calculated with the coupled-mode
equations. The low- and high-loss cases correspond to the ARROW absorption curves shown in Fig. 5-12a
and 5-12c.

(a)

(b)

Fig. 5-14. The calculated transmission spectra of an in-line modulator with a tapered ARROW. The
coupling coefficient is 3mm-1 for (a) and 8mm-1 for (b).

The useful linewidth of our device is about 1nm, which is ultimately limited by
the width of the resonance dip itself.

With a longer half coupler and a tapered

ARROW,17 above the linewidth can be extended. As shown by the calculated
transmission spectra in Fig. 5-14, a 5nm linewidth is achievable with a 5mm long device
with a 0.5% taper. The main drawback with using a tapered structure is the tradeoff
between insertion loss and on/off ratio. In a tapered device, the effective interaction
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length for a given wavelength is smaller than that of a normal device of the same total
length. Therefore a larger coupling coefficient is needed to obtain a certain on/off ratio,
which in turn causes the transmission of the “on” state (high loss state in the ARROW) to
decrease. This situation is also illustrated in Fig. 5-14.

5.4 Simulation of traveling wave modulators

Fig. 5-15. The concept of a traveling wave modulator: the modulation signal (electrical) travels at the same
speed as the modulated signal (optical).

The speed of our lumped-element device is limited by its RC time constant. The
capacitance of the device can be estimated as
C=

εrε 0Α
d

,

(5-14)

where ε r is the relative permittivity of GaAs, ε 0 is the free space permittivity, A is the
area of the device and d is the thickness of the intrinsic region. The smallest possible
device area is determined by the size of the fiber core and the interaction length. With a
1mm interaction length and a 5µm fiber core diameter, A = 1mm × 5µm , ε r =13, and
d=0.4µm, the minimum capacitance is about 1.5pF. Ignoring other resistances, and with a
microwave source impedance of 50Ω, the RC time constant is 75ps, which means a
bandwidth of about 13GHz. The practical limit, however, is expected to be much lower
than this, mainly due to parasitics as well as transmission line effects which can be
appreciable at these dimensions (with a microwave propagation index of 10, a 13GHz
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signal has a wavelength of 2mm in the medium). In order to increase the operating speed,
a traveling wave electrode design is needed. 50,51 In this case, when a voltage pulse is
applied to the ARROW, it travels along the waveguide, together with the optical signal
(Fig. 5-15). When the propagating velocities of the two signals are matched and when the
voltage pulse travels without loss, the device will have no bandwidth limitations.

5.4.1 Transmission line basics
The requirement for a successful traveling wave device design is, therefore, to
create a microwave electrode structure on the ARROW, such that there is no difference
between the microwave and optical propagation velocities and the microwave
propagation loss is minimized. Here the microwave velocity refers to the phase velocity,
while the optical velocity refers to the group velocity in the fiber (effective index = 1.45).
The simplest transmission line design on a p-i-n diode is the parallel-plate
structure shown in Fig. 5-16a. The line capacitance and inductance (per unit length) are
given by52
C = εr ε 0 w / d ,

(5-15)

L = µ 0 D / w,

(5-16)

where ε r is the relative permittivity of the material, and w, d and D are defined in Fig. 516a. For a standard lossless transmission line, the electrical phase velocity and the
characteristic impedance can be expressed as
vµ = 1

LC = d (ε r ε 0 µ 0 D) ,

Z 0 = L C = w −1 µ 0 Dd ( ε r ε 0 ) .

(5-17)
(5-18)

In a device utilizing the QCSE, the intrinsic region thickness d is usually no more than
1µm in order to limit the operating voltage. Therefore with D>>d, the velocity and the
impedance are much smaller than what they would be for a parallel-plate structure
homogeneously filled with dielectric. From (5-17), the effective microwave index can be
derived:
nµ = εr

D d = nmat D d ,
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(5-19)

where n mat is the material index. With n mat ≈ 3.6 , it is impossible to design a parallelplate structure on GaAs in which the microwave phase velocity can be matched to the
optical signal velocity in the fiber. This situation, which is referred to as the slow-wave
effect, 53,54 can be alleviated by using a planar microstrip (PMS) structure shown in Fig. 516b. Even in this case, because the magnetic field extends into the doped regions, the
lower limit on the microwave propagation index is still imposed by the material index.

(a)

(b)

Fig. 5-16 (a) A parallel plate transmission line; (b) A planar microstrip transmission line.

The microwave propagation loss mainly comes from conduction losses in the
metal electrodes as well as the doped layers. For the PMS structure (Fig. 5-16b), the
metal loss is dominated by the center electrode (signal) because of the high current
density it carries. The side electrodes (ground) are usually much wider, hence the current
density and the loss are much lower. The attenuation due to metal loss can be expressed
as52

Rs
,
wZ 0

α metal =

(5-20)

where Rs is the skin effect surface resistivity of the metal, w is the electrode width and
Z0 is the characteristic impedance of the transmission line. It is clear that increasing the
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electrode width will reduce the attenuation. The surface resistivity is closely related to the
penetration depth of the metal, which is expressed as
δ=

1
,
πfµ 0 σ

(5-21)

where f is the frequency and σ is the conductivity. For a thick metal (thickness t > 3δ ),
the surface resistivity is given by
Rs =

1
,
σδ

(5-22)

and for a thin metal, 55
Rs ≈

1  sinh( 2t / δ) + sin( 2t / δ) 
.
δσ  cosh( 2t / δ) − cos( 2t / δ) 

(5-23)

In either case, in order to have a small Rs , the electrode has to be very conductive as well
as thick.
The propagation loss caused by the doped layers comes from capacitive currents
and induction currents. The capacitive current is the current that charges the p-i-n
capacitor. For the structure shown in Fig. 5-16b, because of the finite conductivity of the
n-type layer, a resistive loss is incurred when the carriers travel from underneath the
center conductor to the side conductors. To reduce this loss, a thicker n-type layer with a
higher doping level (i.e., higher conductivity) is needed. The induction current is the
current induced by the alternating magnetic field in the doped layer. According to
Faraday’s law, an alternating magnetic field induces an electric field, which in the
presence of a conductive material, produces a current. To reduce this current, the n-type
layer needs to be as thin and as resistive as possible. Therefore, a careful choice for the
thickness and the doping level of the n-type layer has to be made, so that the combined
effect of these two loss mechanisms can be minimized.

5.4.2. Electrode design
A traveling wave electrode design, taking into account such practical
considerations as processing constraints and sufficient space for the fiber interface, is
shown in Fig. 5-17. The roughly optimized numerical values for the dimensions are:
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w = 3µm, t = 1µm, s = 9µm , a = 2µm , h = 1µm , g = 3µm , d p = 0.15µm , and d n = 2µm .

The contact metal is gold, with a conductivity of 4.4 × 10 7 S / m . The doping levels for the
n-type and p-type DBRs are 1× 1018 cm −3 ( σ n ≈ 5 × 10 4 S / m )

and 1× 1019 cm −3

( σ p ≈ 1 ×10 4 S / m) , respectively. The one major difference between this structure and the
structure shown in Fig. 5-16b is that the center conductor is divided into two parts,
leaving a slot in the middle for fiber access.

Fig. 5-17. The cross-sectional view of a traveling wave electrode design for an in-line fiber modulator.

The propagation characteristics (propagation index, loss and impedance) of the
transmission line are calculated using the HP Momentum package within the Hewlett
Packard Advanced Design System (HPADS, version 1.1). The software is based on a
numerical discretization technique called the method of moments, 56 which is used to
solve Maxwell’s equations for planar multi-layer dielectric structures. The output of the
program is in terms of the S-parameters of the transmission line, which can then be
converted into propagation parameters using the formulae provided by Eisentadt and
Eo. 57
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(a)

(b)

Fig. 5-18. (a) The actual transmission line structure; (b) The model used for HP Momentum calculation.

Because HP Momentum only handles planar dielectric structures, the device
schematic shown in Fig. 5-17 has to “planarized” before running the simulation (Fig. 518). The p-type layer is omitted in the model because its inclusion would result in gross
over-estimation of the unit length capacitance of the device, therefore affecting the
calculation of the impedance and the effective index. To correct for this omission, the
extra capacitance and loss caused by the p-type layer are added manually after the
simulation.
The overall capacitance per unit length of the transmission line can be
approximated as
Ctot = Ccal (

h + dp
h

)+

ε r ε 0 ( s + 2a )
,
h

(5-24)

where Ccal is the capacitance calculated by HP Momentum. Due to the small dimensions
of the p-type layer, the loss caused by induction currents is expected to be negligible,
while the capacitive current loss dominates. The attenuation coefficient can be derived
from first principles (see Appendix A) and written as
1 − exp( −s C s πfRs ) 
α = Z 0 Rs ( πfCtot ) 2 
,
2 Cs πfRs



(5-25)

where Z 0 is the transmission line characteristic impedance, Rs = 1 /( σ p d p ) is the sheet
resistance of the p-type layer, C s = ε r ε 0 h is the device capacitance per unit area and f is
the signal frequency.
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Despite the many approximations used in the calculation, this method is able to
yield results that are consistent with published experimental data (see Appendix B). In
Fig. 5-19, the calculated values for the attenuation coefficient, the characteristic
impedance and the effective index are plotted as functions of frequency.

(a)

(b)

(c)
Fig. 5-19. The calculated characteristic impedance (a), effective propagation index (b), and the attenuation
coefficient (c) of the traveling wave electrode structure shown in Fig. 5-17.
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5.4.3 Frequency response

Fig. 5-20. The transmission line model used to calculate the modulator frequency response.

Assuming that the modulator is linear, then its optical response, R, will be
proportional to the “accumulation” of the modulation voltage Vm along the device,
 x2

R ∝ Max  ∫Vm ( x, φ) dx  ,

 x1

(5-26)

where x1 and x 2 are the boundaries of the interaction region, φ is a phase variable. By
varying the value of φ from 0 to 2π, a maximum value of the integral can be obtained,
which corresponds to the device response. Using the model shown in Fig. 5-20, and
taking into account multiple microwave reflections inside the modulator, Vm can be
expressed as 58

V T{exp( −γx) + ΓL exp( γx − 2γL)} exp( j ωt + φ )}
Vm ( x, t , φ ) = Re  0
,
1 − Γs Γm exp( −2 γL )



(5-27)

where V0 is microwave source voltage, T is the transmission coefficient from the source
to the modulator, Γs and ΓL are the reflection coefficients at the source and the load,
respectively, γ is the complex microwave propagation coefficient, and ω is the
microwave frequency. In terms of the impedances, the expressions for the T, Γs and ΓL
are

T =

2Zm
,
Zm + Zs
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(5-28)

Γs =

Zs − Zm
,
Zs − Zm

(5-29)

ΓL =

Z L − Zm
.
Z L − Zm

(5-30)

The complex propagation coefficient γ is given by,

γ = αµ + j

ω
,
vµ

(5-31)

where α µ is the microwave attenuation and vµ is the microwave phase velocity.

(a)

(b)

Fig. 5-21. The calculated frequency responses for 1mm long devices (a) with only a fiber, and (b) with a
fiber block.

When an optical pulse starts to propagate with optical group velocity v 0 at t=0
and x=0, it reaches position x at t = x / v0 , at which point the modulation voltage it sees is
Vm ( x, φ) = Vm ( x, t = x / v 0 , φ ) . Therefore the modulator response can be expressed as
 x2

R ∝ Max  ∫Vm ( x, t = x / v0 , φ) dx  .

 x1

(5-32)

In an ideal traveling wave modulator, α µ = 0 , v 0 = v µ , Γs = ΓL = 0 , and T=1, so
Vm ( x, t , φ ) = V0 cos φ and R ∝ V0 ( x 2 − x1 ) (obviously the integral reaches its maximum
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value when φ = 0 ). As the situation deviates from the ideal case, the modulation voltage
seen by the optical pulse becomes position dependant and the response decays.

(a)

(b )

Fig. 5-22. Top view of microwave probing arrangements: (a) with only a fiber where no extra sections of
transmission line are needed for microwave input and termination; (b) with a fiber block where extra
sections are needed to connect the microwave input and termination to the polished interaction region.

In Fig. 5-21, the calculated frequency responses for a lmm long device are plotted.
When the load impedance (50Ω) is different from the characteristic impedance of the
transmission line (~16Ω), a standing wave pattern is created along the interaction region,
which degrades the frequency response and lowers the device bandwidth. If during
testing, a polished fiber embedded in a fiber block is used (Fig. 5-22b), then additional
sections of transmission line are needed to connect the microwave input and termination
probes, which leads to higher losses as well as a more pronounced standing wave effect.
Therefore by using a smaller fiber block, or better yet, by not using any fiber block at all
(i.e., x1 = 0 and x 2 = L , using the notation of Fig. 5-20), the device bandwidth can be
extended. By the same token, reducing the interaction region length will also increase the
bandwidth. Fig. 5-23 shows that a 0.5mm device has a 3dB bandwidth of greater than
20GHz compared with 11GHz for a 1mm device. The drawback, though, is that a shorter
device will have a lower modulation contrast (section 5.3.3).
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Fig. 5-23. The calculated frequency responses for devices with different interaction lengths, assuming that
no fiber block is used.
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Chapter 6
In-line fiber light emitter
All devices described so far operate via the coupling of light from the fiber into
the ARROW. A coupled waveguide system, upon whose physics all these devices are
based, however, is by no means a “one-way street” (i.e., light can travel the other way
too). In fact, if the ARROW can be made to generate light or provide optical gain, the
ARROW-fiber coupled waveguide structure could become a new device paradigm for
fiber-coupled narrowband optical communication sources or in-line fiber optical
amplifiers. In this chapter, a proof-of-concept in-line fiber light emitter is presented.

6.1 Device design and experiment
The epitaxial structure used for this experiment is the same as that of the detector
(Fig. 4-9). By forward biasing the p-i-n diode, electrons and holes are injected into the
intrinsic region and most of them recombine in the quantum well, creating photons. The
photons are emitted into multiple modes, and only those that are phase-matched to the
fiber mode are coupled into the fiber. Therefore, a narrowband output from the fiber is
expected.
After the wafe r was grown, proton implantation, which converts doped layers into
highly resistive layers by creating defects that trap electrons and holes, 59,60 was
performed as the first processing step to provide electrical isolation and current
confinement. The proton doses and energies used are: 4x1015 cm-2 at 10keV, 5.01x1015 cm-2
at 26keV, 3.33x1015 cm-2 at 36keV, and 1.67x1016 cm-2 at 50keV. These numbers were
chosen based on the TRIM Monte-Carlo ion-implantation simulation, 61 with the criterion
that a proton damage density of about 30 times the dopant density is needed for proper
isolation. 62 As a result of these implantation steps, the p-type mirror was rendered
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electrically insulating and current injection only occurs at regions in the vicinity of the
fiber core (Fig. 6-1), thus the efficiency of the device can be improved. The processing
and testing steps that followed were the same as those used for the detector (section
4.3.2), with the exception that the ARROW was forward biased. The optical output in the
fiber was observed with an optical spectrum analyzer.

Fig. 6-1. The cross-sectional view of the light-emitting device testing arrangement.

6.2 Results and discussion
The observed output spectra as a function of injection currents is shown in Fig. 62. The two groups of emission peaks correspond to TE and TM resonances. The TE
resonances have narrower linewidths mainly because of the higher reflectivity of the
DBR mirrors, and hence lower ARROW propagation losses. The total output power
measured with an optical power meter was about 7nW for an injection current of 100mA.
This amount of current results in the injection of about 1018 electron-hole pairs per
second, which ideally would create an equal number of photons per second. At the
photon energy of 1.5eV (~830nm), 1018 photons per second corresponds to a power of
about 200mW. Therefore, discounting any non-radiative recombination, the emission
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efficiency, which is defined as the ratio of the number of photons detected in the fiber to
the number of photons generated in the ARROW, could be as low as 3 ×10 −8 .

Fig. 6-2. The measured emission spectra as a function of injection currents.

This low efficiency is not surprising since there is no lateral optical confinement
defined in the ARROW. Therefore photons can be emitted at angles that are not collinear
with the fiber. By lithographically defining a lateral waveguide (such as the configuration
shown in Fig. 4-8), the two-dimensional photonic density of states can be reduced to a
one-dimensional one, and the number of modes into which photons can be spontaneously
emitted is further restricted. However, as with other microcavity devices, there is always
the challenge of reducing dimensions without increasing surface trap states which can
lead to non-radiative recombination.
The change in the device transmission characteristics under current injection is of
interest because if there are enough carriers in the ARROW core to provide optical gain,
it is entirely possible for the light wave traveling in the fiber to be amplified (Fig. 6-3).
Therefore this device structure might prove useful as an in-line fiber semiconductor
amplifier.
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Fig. 6-3. The calculated transmission spectra of the device for different ARROW propagation gains. The
calculation was performed using the coupled-mode equations (described in Chapter 3), with an assumed
coupling constant of 3mm-1.

(a)

(b)

Fig. 6-4. The transmission spectra under different current injection levels for TE polarized light (a) and TM
polarized light (b).

The measured transmission spectra under different current injection levels are
shown in Fig. 6-4. Due to heating problems, our devices could not sustain more than
100mA. Under this injection level, no transmission gain was observed because there were
not enough injected carriers to overcome the quantum well absorption loss. The sheet
carrier density in the quantum well can be estimated as follows:
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n=

Jτ
,
e

(6-1)

where J is the injection current density, τ is the carrier lifetime and e is the electronic
charge. The non-implanted area of the ARROW was 2mm by 50µm, therefore 100mA of
current corresponds to a current density of 100A/cm2 . Assuming all carriers recombine in
the quantum well with a lifetime of 0.5ns, 63 the sheet carrier density is about
3 × 1011 cm −2 , which is about an order of magnitude less than the injection level needed

for transparency (i.e., loss=0).63
The shift in the TE spectra is due to carrier induced refractive index change 42 in
the quantum well. There is hardly any change in the TM spectra, however, and that can
be attributed to the split in the heavy and light hole bands in the quantum well. At the
present injection level, most holes injected into the quantum well occupy heavy hole
states because of their lower energies (Fig. 6-5). For TM polarized light, only the light
hole transitions are allowed. 64 Therefore changes in the injection current result in much
larger absorption (and index) changes for TE polarized light than for TM polarized light.
This effect is also confirmed by the luminescence data (Fig. 6-2) where the TE emission
peak red-shifts with increasing current, while the TM peak does not move.

Fig. 6-5. The band diagram of a semiconductor quantum well. The split in the heavy and light hole bands
results in most injected holes falling into heavy hole states.
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Chapter 7
Conclusion
7.1 Summary
This thesis demonstrated proof-of-concept in-line fiber devices based on
evanescent wave coupling between single mode fibers and semiconductor (GaAs)
waveguides. This type of device promises to alleviate the problems of high insertion loss
and high cost associated with conventional fiber device packaging, as well as to create a
new device paradigm for wavelength division multiplexing applications. Due to the large
index difference between glass and GaAs, DBR mirrors have to be used in the GaAs
waveguide so that phase-matching can be achieved. The mirrors are designed to provide
high reflection for a specific mode angle, therefore the optical wave inside the GaAs
waveguide can propagate with an effective index that is much lower than the material
index.
The first part of the thesis dealt with the theory and design issues of
semiconductor in-line fiber devices. The transfer matrix method was used in the design of
GaAs/AlGaAs ARROWs, while a simple phenomenological model (couple mode
equations) was adopted to characterize the coupling behavior of the fiber-ARROW
system. The experimental demonstration of a narrow linewidth filter (FWHM=0.5nm
near 830nm for TE light) verified the properties of the in-line device structure. By
including a quantum well absorbing layer in the core of the ARROW, a wavelength
selective photodetector (FWHM=1.6nm) was demonstrated.
Next, an in-line fiber intensity modulator utilizing the quantum confined Stark
effect was investigated. A multiple-quantum-well layer, whose absorption coefficient and
refractive index can be changed under the influence of a vertical electric field, was placed
in the ARROW core. The electric field changes the fiber transmission spectrum, therefore
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intensity modulation at a given wavelength is obtained. The demonstrated device had a
maximum on/off ratio of 4:1 with an applied voltage of 9V. Calculations showed that
traveling wave electrodes on the ARROW are needed to obtain a high device switching
speed. The speed is primarily limited by the microwave propagation loss and the speed
mismatch between the microwave and optical signals. The calculated 3dB cut-off
bandwidth for a 1mm long device is 11GHz.
Finally, a resonant light emitter was demonstrated by injecting current into the
ARROW (same structure as the detector). Emitted photons at phase-matched
wavelengths were coupled into the fiber. The current injection also resulted in
transmission modulation due to carrier induced index shift.

7.2 Suggestions for future work
The work on semiconductor in-line fiber devices is still in its infancy and there
are various avenues remaining for future exploration.
One of the major factors limiting the commercial viability of these devices is their
polarization sensitivity, which is an inherent property of any slab dielectric waveguide.
The only solution to this is by defining an ARROW ridge waveguide collinear with the
fiber. The design of such a structure will likely require a complex numerical routine (such
as a 3D Maxwell’s equation solver). In addition, for the detector and the modulator, the
quantum well layers also need to be made polarization insensitive. This is achievable by
using strained quantum wells in which the degeneracy of heavy- and light-hole states is
reimposed.39
The interaction length and the coupling strength are two important parameters that
affect the performances of an in-line device. The use of silicon V-grooves based fiber
half couplers would allow for the easy control of these two parameters, making it
possible to design devices tailored for specific applications. For example, as mentioned in
Chapter 5, a longer interaction length can drastically increase the on/off ratio of a
modulator, and it can also broaden the resonance linewidth with the use of a tapered
ARROW.
It is desirable for the modulator to have a lower operating voltage. One possibility
is to use coupled quantum wells, through which the field induced carrier separation
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modulation effect is achieved, 65 in place of conventional MQW layers. One could also
improve the ARROW cavity design (i.e., to optimize the distance between the phasematched wavelength and the quantum well excitonic resonance), in order to minimize the
operating voltage.
In the area of light emitting devices, one intriguing device possibility is an in-line
fiber coupled laser. By forming an oscillator (feedback loop) with the help of fiber Bragg
gratings (or a high reflectance coated air-semiconductor interface), it is possible to create
a wavelength stabilized, directly fiber-coupled semiconductor laser (Fig. 7-1). This
device structure could prove attractive for use as a WDM source or a fiber amplifier
pump.

(a)

(b)

Fig. 7-1. Two possible configurations for an in-line fiber coupled semiconductor laser: (a) the feedback
loop is formed between a fiber Bragg grating and a HR-coated air-semiconductor interface; (b) the
feedback loop is formed between two fiber Bragg gratings.

Finally, by applying the same device concept and switching to a new material
system (such as GaInNAs on GaAs, or InGaAsP on InP), one can fabricate devices
operating at 1.3µm and 1.55µm, which are the wavelengths of choice for fiber optic
communication systems.
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Appendix A
Derivation of microwave resistive loss caused by a
doped semiconductor layer

(a)

(b)

Fig. A-1 (a) The physical structure of a p-i-n diode with a p-contact; (b) An equivalent circuit model used
to simulate the situation in (a).

The attenuation caused by the p-type layer in the transmission line structure
shown in Fig. 5-17 can be calculated using an equivalent circuit model. The model is
illustrated in Fig. A-1b. The current and voltage relationships in the circuit are described
by the following differential equations,
∂v ( x, t )
= −i ( x , t )r
∂x

(A-1)

∂i ( x, t )
∂v( x, t )
= −c
,
∂t
∂t

(A-2)

where i is the resistor current per unit length (into the paper), c is the capacitance per unit
area, and r is the sheet resistance of the doped layer. Assuming an exp( jωt ) dependence
for i and v, with
v ( x , t ) = Re[V ( x) e jωt ]
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(A-3)

i ( x , t ) = Re[ I ( x) e jω t ] ,

(A-4)

equations (A-1) and (A-2) can be converted into
dV ( x)
= −rI ( x )
dx

(A-5)

dI ( x )
= − jωcV ( x ) .
dx

(A-6)

Differentiate both sides of (A-6) and then substitute (A-5) into the resulting equation, a
second order differential equation for I(x) can be obtained,
d 2 I ( x)
= j ωcrI ( x ) .
dx 2

(A-7)

The solution to (A-7) is

I ( x) = I 0 exp( −

ωcr
ωcr
x ) exp( − j
x) .
2
2

(A-8)

The solution with positive signs in the exponentials is discarded because of its nonphysical nature. At x=0, I ( x) = I 0 , which is the amplitude of the total current going into
and out of the top electrode.
The power dissipation per unit length (into the paper) wL can now be expressed in
terms of the current distribution,

1 s/ 2
2
wL = 2 × ∫ r I ( x) dx .
2 0

(A-9)

There is a factor of 2 in front because the device consists of two symmetric arms with a
total length of s. (A-9) can be rearranged to yield
wL = I 0 r
2

1 − exp( − s πfcr )
2 πfcr

,

(A-10)

where f is the signal frequency.
If the voltage signal at one location along the transmission line is expressed as
Vs = Vs0 cos( 2πft ) ,

(A-11)

then the capacitive charging current is
I c = 2 πfCtotVs 0 cos( 2πft ) ,
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(A-12)

where Ctot is the total capacitance per unit length for the transmission line. Since the
amplitude of I c should be roughly twice the value I 0 , Vs 0 can be written in terms of I 0 ,

Vs 0 =

I0
.
πfCtot

(A-13)

The average power carried in the transmission line is then
Pave =

Vs20
I 02
=
,
2Z 0 2 Z 0 ( πfCtot ) 2

(A-14)

where Z 0 is the characteristic impedance. Under low loss conditions where the
impedance Z 0 is real, the attenuation coefficient of a transmission line is given by52

α=

wL
.
2 Pave

(A-15)

Substituting (A-14) and (A-10) into (A-15), the final expression for the attenuation due to
resistive losses in the doped layer is obtained
 1 − exp( −s πcfr ) 
α = Z 0 r (πfCtot ) 2 
.
2 πcfr



(A-16)

Due to the fact that not all charging current travels laterally through the p-type layer (i.e.,
some current goes directly underneath the electrodes or I c > 2I 0 ), equation (A-16)
represents a slight overestimation of the attenuation.
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Appendix B
Simulation of non-planar transmission lines using
HP momentum
In this appendix, the validity of the method of moments as used in simulating
non-planar microwave transmission lines is verified by comparing calculated results with
published experimental data. The experimental structure chosen here was reported by
Liao et al. 51 and its dimensions are shown in Fig. B-1a. The structure is a traveling-wave
InAsP/InGaP MQW electro-absorption modulator grown on InP for 1.3µm operation.
Fig. B-1b illustrates the planar model used in the simulation. Similar to the example
shown in section 5.4.2, the extra capacitance and loss caused by the top p-type layer are
added manually after the simulation.

(a)

(b)

Fig. B-1. (a) The experimental transmission line structure. The dimensions are: d=2.3µm, s=6µm, w=3µm,
h=0.9µm, g=2.5µm and d p =0.8µm. The contact metal (Au) thickness is 0.6µm. (b) The model used for HP
Momentum calculation.

The overall capacitance per unit length of the transmission line can be
approximated as
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ε pm ε 0 ( s − w)
w h + dp
Ctot = C cal ( )(
)+
,
s
h
d

(B-1)

where Ccal is the capacitance calculated by HP Momentum, and ε pm is the relative
dielectric constant of the polyimide material ( ε pm = 4 in this case).
The capacitive current loss due to the p-type layer can be derived using the same
method as shown in appendix A. If the voltage signal at one location on the transmission
line is
Vs = Vs0 cos( 2πft ) ,

(B-2)

then the capacitive charging current per unit length is
I c = 2 πfCtotVs 0 cos( 2 πft ) = I 0 cos(2 πft ) ,

(B-3)

where Ctot is the total transmission line capacitance per unit length. The average power
carried in the transmission line can then be expressed as
Pave =

Vs20
I 02
=
,
2
2Z 0 8 Z 0 π 2 f 2C tot

(B-4)

where Z 0 is the characteristic impedance. The power dissipated per unit length in the ptype layer is
wL =

1 2
I 0 Rp ,
2

(B-5)

where R p is the vertical resistance per unit length (with the dimension Ω ⋅ m) of the layer
and can be expressed as
Rp =

dp
σw

,

(B-6)

where σ is the conductivity. Combining (B-5) and (B-4), the attenuation due to the
resistive loss in the p-type layer is therefore

α=

wL
2
= 2Z 0 π 2 Ctot
f 2 Rp .
2 Pave

(B-7)

In the simulation, the dielectric constant for the semiconductor layers is taken to
be 12.5. The conductivities for the doped layers are derived from the doping levels and
published mobility values.64 And the numbers are: 8 × 10 4 S / m (n), 4 × 10 4 S / m (n+),
and 400 S/m (p). The conductivity for the contact metal (gold) is 4.4 × 10 7 S / m . The
85

published experimental data, along with calculated values for the characteristic
impedance, the attenuation coefficient and the effective index are plotted in Fig. B-2.
There is close agreement between simulation and experiment. Only for the effective
index is there significant error, and this can be attributed to the assumption in the model
that the intrinsic and n-doped layers extend to infinity in the lateral direction.

(a)

(b)

(c)
Fig. B-2. Comparison between HP Momentum simulation results and published experimental data for the
structure shown in Fig. B-1.
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