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Abstract

Semiconductor Slow-Light Device

by

Pei-Cheng Ku

Doctor of Philosophy in Engineering- Electrical Engineering and Computer Science

University of California at Berkeley

Professor Constance J. Chang-Hasnain, Chair

Slow-light, i.e. light with an ultra-low group velocity, has experienced unprece-

dented progress in the last decade since the discovery of electromagnetically induced

transparency (EIT) in 1991. Artificial manipulation of a highly dispersive medium

while keeping reasonably low optical absorption allows the propagation speed of an

optical signal being considerably slowed down without much distortion. Despite its

popularity, slow-light has so far been merely of scientific interest mainly because it

can only be observed in atomic vapor or solid crystalline materials. It is thus the

purpose of this dissertation to study the aspect of slow-light in engineering. Our goal

is to answer the following three questions: 1) “Why” is slow-light useful? 2) “How”

can slow-light be useful? and 3) “Can” slow-light be useful?

Historically, semiconductor devices are the key to practical applications. A re-

alization of a compact and fast semiconductor slow-light device will give positive

answers to all three questions above. We will show that an efficient slow-light device

can indeed be implemented in semiconductor materials by two different approaches,

namely the waveguide dispersion engineering and the material dispersion engineer-
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Chapter 1

Overture

1.1 Aspects of Semiconductor Slow-Light Devices

Changing the group velocity of light has attracted many interests in recent years

[1–3]. Group velocities faster than the speed of light (superluminal) [4–8], slower than

the speed of sound [9–12], stopped light [13–15], or even negative velocity [16, 17]

have all been experimentally reported. The ability to control the group velocity of

light is not only interesting in a fundamental understanding of physics governing the

propagation of light in a dispersive media [18] but also promises many applications in

engineering such as all-optical buffers, optical signal processing, phase-array antenna,

quantum information, etc. Realization of a semiconductor slow-light device suitable

for this purpose is the key to the practical realization of these fields and forms the

topic of this dissertation.

Despite of the success of these slow-light experiments in atoms and solid state

crystals, they inherit fundamental practical difficulties. The three main reasons are

as follows.
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1. The atomic or crystal systems are bulky and the samples are hard to prepare.

Historically, semiconductor-based devices have proven to be far more impor-

tant. There are plenty of historical examples: semiconductor transistors versus

vacuum tubes, diode lasers versus gas lasers, etc. The vast potential advantages

include compactness, low power consumption, and opportunity for monolithic

integration.

2. The atomic or crystal systems usually have very long coherence times. The long

coherence is the key that leads to a nearly stopped light speed. However, the

resulting operating bandwidth is also very small, typically less than 1 MHz. The

small bandwidth thus allows only a small amount of information being slowed

or stored in the system at any time. To increase the operating bandwidth,

we need the ability to decrease or even control the coherence time. But in an

atomic or crystal system, the coherence time is an intrinsic material parameter

and can not be changed nor be controlled.

3. The operating wavelength in an atomic or crystal system is fixed by the material

being used and can hardly be engineered. In semiconductor materials, however,

operating wavelength can be designed and easily controlled by the selection of

materials and dimensions of the device structure. Plus the advanced thin-film

and processing techniques that have been developed for semiconductor materi-

als, the aspect of ”slow-light engineering” can eventually become promising.



3

Figure 1.1: Definition of a slow-light device. The input optical signal experiences an
externally controllable amount of delay. The control can be either an external voltage
source or another optical signal. The input and the output optical signals only differ
by a proportionality constant p.

1.2 Definition of Slow-Light Device

To set up a ground for our study, we define the “light” as a “directional” optical

signal 1, which is a monochromatic light whose “amplitude” is modulated by the

“information”. The definition of “directional” light means its energy is confined

in the neighborhood around a space-time point (z, t) and propagates along a certain

definite path, usually between two different space-time points (z1, t1) and (z2, t2). The

understanding of the above definition should not be restricted to the classical sense

in which the “amplitude” means the actual electric field strength. This idea can be

generalized to a quantum regime in which the ”amplitude” is replaced by the quantum

state of a qubit, for example, a photon. After we choose the type of light we are

interested in, we can give the functional definition of a slow-light device. A slow-light

device is a two-port device as shown in Fig. 1.1. The input port receives an optical

signal f(0, t) at certain time t and keeps the signal for an externally controllable

1In this dissertation, the meaning of “light” and “optical signal” are interchangeable.



4

amount of time τ before releasing the signal from its output port. The output signal

can be allowed only limited distortion depending on applications. Quantitatively, the

function of a slow-light device can be expressed as follows.

f(L, t′) = p× f(0, t− τ) (1.1)

where p is a proportionality constant. In many cases, we find it more convenient to

use the slow-down factor S instead of the actual delay τ . The slow-down factor is

defined as

S ≡ c
τ

L
(1.2)

In most of the applications, it is very important to be able to vary the amount of

delay τ whether in a continuous or a quantized fashion. In our language, the vari-

ability of the delay time can be characterized by the quantity ∆S/S. Depending on

different designs, ∆S/S can be quite different. For example, if the slow-light mecha-

nism is a long device length, ∆S/S = ∆L/L. As we will discuss in the next Chapter,

a device structure which possesses a large slow-down factor does not necessarily give

a large ∆S/S.

To illustrate the importance of a slow-light device, we discuss several potentially

enabled applications in the following.

1.3 Potentially Enabled Applications

1.3.1 All-Optical Buffers in Packet-Switched Networks

Light has been proven to be a robust and efficient information carrier for an op-

tical communication system. With only 0.2 dB/km loss in fibers and the availability

of Erbium-doped amplifiers, transmission capacity of a single fiber link has exceeded
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10 Terabits / second in the laboratories. The most common modulation format of

such a system is DSK (digital shift keying) in which two different light intensity levels

represent the data bits 0 and 1, respectively. According to the nature of the infor-

mation, the traffic can be divided into two categories, the voice and the data. While

the sequence of information for voice traffic is important, the data traffic typically

can be broken into many smaller units, namely the packets. When communicating

the data between two locations, these data packets don’t have to arrive at their com-

mon destination at the same time, nor in the original order. The restoration of the

original data can be easily done at the end user side. This type of communication

system is called the packet-switched network in which each data packet has its own

routing path in analogy to an interstate highway system in which each car has its

own driving direction. Despite of its seemingly simple architecture, an optical packet-

switched network has not yet been realized mainly because of the lack of availability

of an all-optical buffer, which is by definition a controllable optical delay line.

In the situation that two cars trying to merge into the same lane from two different

directions at the same time, a collision event will occur unless one car brakes or enters

an auxiliary loop to wait for the passage of the other car. A similar situation happens

for the case of an optical packet-switched network when two optical signals from two

different ports request to be routed into the same output port as shown in Fig. 1.2.

The network will experience a packet loss unless one packet can be buffered (delayed

or stored) first until the port is cleared. The amount of delay τbuff required depends

on the applications. For example in a 40-Gbit/s optical network, τbuff of 50 ps may

be enough for header synchronization while τbuff as large as 10.6 ns is required for an

ATM (asynchronous transfer mode) [19] packet storage. Although there have been

proposals recently for a bufferless system, for example by inserting an erasure code in
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Figure 1.2: Schematic of an optical switch in a packet-switched network. (a) Two
packets requested to be routed into the same port C. (b) Buffering one packet and
let the other go first. (c) After the port is cleared, release the buffered packet.

the packet level [20], they usually require several times of the bandwidth compared

to a system equipped with optical buffers.

There are two possible approaches for the implementation of an optical buffer

[21, 22]. One is to let the light travel in a longer distance. The other is to let the

light travel at a lower speed. One major drawback of the former approach is due to

the fast speed of light. For an optical signal to delay for 1 ns, the light must travel

for an extra 20 cm in the fiber. A classic example of the former approach is the fiber

loop as shown in Fig. 1.3 [23–26]. One most basic design typically consists of a 2
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Figure 1.3: Fiber delay line used as an optical buffer with storage time determined
by the loop length. [23]

× 2 optical switch connected with a fiber loop. Other components such as optical

isolators, amplifiers and dispersion compensation devices have also been included to

reduce impairments due to reflection, loss and dispersion.

The 2 × 2 optical switch is first set to direct the data train into the fiber loop

and subsequently is closed to allow the data to recirculate in the loop. The storage

capacity, i.e. amount of data stored, is limited by the time τloop required to travel

through one loop subtracted by that required to set the switch. This is because when

the optical data stream is longer than τloop, the data of the leading part of the packets

will overlap with that in the back to cause interference [27]. The storage time, i.e. how

long the data is kept in the loop, is an integer multiple of τloop. The turn off (release)

time is also determined by τloop. This is because once a packet enters the delay line,

it can only emerge at a fixed duration of time later. It is impossible to remove the

packet from the delay line before that fixed time interval. The fundamental difficulty

facing this design is that the storage time is fixed or quantized by the time required

to travel one loop. With the data arrival being random and unsynchronized in real

networks, optical routers based on fixed delay times cannot guarantee contention-
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free connections throughout the network. The fixed time also makes the design of

architecture very challenging. These are probably the main reasons why such buffers

have not been deployed.

To reduce the amount of the travel distance required and to control the amount

of delay time in a continuous fashion, we propose to implement an optical buffer

with a slow-light device [21]. With a slow-down factor of 100, we already can shrink

the device size to mm scale. Also by varying the slow-down factor with an external

control, we can continuously tune the buffering time.

1.3.2 Optical Signal Processing

Optical signal processing means a set of operations acting on an optical signal to

change its outcome. Since any linear and causal signal processing can be represented

by a linear system which is uniquely characterized by a transfer function H(ω) in the

frequency domain, the output signal G(ω) is nothing but the product of the input

signal F (ω) and the transfer function. If the signal is analog, we have

G(ω) = F (ω)H(ω)

=

∫ ∞

0

f(τ)h(t− τ)dτ

≡ f(t) ∗ h(t) (1.3)

which is characterized by a continuous time t. If the signal is digital, we have

G(z) = F (z)H(z)

= Z{f(n) ∗ h(n)} (1.4)
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which is characterized by a discrete time n. The z-transformation Z{·} in Eq. (1.4)

is defined as

G(z) =
∞∑

n=0

g(n)zn (1.5)

where the operator z can be viewed as a time-delay operator.

Traditionally, the convolution operation in Eq.(1.3) or (1.4) is implemented in

the frequency domain, i.e. replaced by the combination of Fourier transforms and

multiplication operations. While the multiplication can be done with a nonlinear

optical device, the Fourier transform needs either a free-space lens [28] or a grating

structure. Although grating optics can be realized in an integrated platform using

arrayed-waveguide gratings (AWG) [29], the best resolution in the frequency domain

scales with the number of output waveguides and becomes unpractical in an ultrafast

system. In order to deal with this problem, we notice that the fundamental operations

(1.3) or (1.4) can be realized directly in the time domain provided the availability of

a slow-light device which functions as a controllable optical delay line.

1.3.3 Phased-Array Antenna

A high-bandwidth satellite communication network relies on an efficient direc-

tional antenna to improve its performance. Traditionally, this need is met by the

use of a parabolic reflector antenna. With the increasing need of a satellite com-

munication system “on the move”, researchers have developed a technology called

phased-array antenna (PAA). By adjusting the phase relationship between different

radiating components, the output beam direction can be steered without the actual

physical movement of the antenna. An ideal PAA should have size compactness, low

losses, continuous variability, true-time delay (TTD) and broad bandwidth [30–33].

The necessity for TTD is explained in the following.
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Figure 1.4: Schematic of a phased-array antenna consisting of N radiating compo-
nents. [30]

As shown in Fig. 1.4, the RF signal with frequency ω feed into an N component

PAA is first distributed into N radiating units in which the signal acquire a different

phase and magnitude change am exp(−iφm) from the m-th unit. The far-field pattern

at an angle θ is then given by

E(θ, t) =
N∑

m=1

am exp(−iωt) exp(−iφm + i
ω

c
mΛ sin θ) (1.6)

where Λ is the distance between two adjacent radiating components. By adjusting

φm, we can electronically steer the output beam direction. For example, if the desired

steering angle is θ0, we simply set φm to

φm = −m
ω

c
Λ sin θ0 (1.7)

It is now clear why TTD is important. If we design a PAA with a “constant” phase

φm, that is we design φm according to Eq.(1.7) for a particular frequency ω0, the

radiation pattern for an instantaneous change of ω0 will drift in direction and is

called “beam squint”. To avoid this problem, we must carefully design the phase unit

such that each of them provides a “true time-delay” τm according to

τm =
dφm

dω
= −m

1

c
Λ sin θ0. (1.8)
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It is now obvious why a slow-light device can provide the necessary TDD in a

PAA system.

1.3.4 Quantum Information

The fundamental unit for quantum information is a “qubit” which is a superposi-

tion state of two quantum states |1〉 and |2〉. A qubit can be represented mathemat-

ically as a|1〉 + b|2〉 for two arbitrary complex numbers a and b. A qubit can be im-

plemented by photons, electrons, atoms, and quantum dots [34]. Two or more qubits

form entangled states and are important for quantum cryptography [35], quantum

teleportation [36], and quantum computing [37]. Photons have been demonstrated to

form robust entangled states [38,39]. It has been shown that the Bell inequality [40]

is violated even when two photons are 10.6 km apart [41].

Similar to the “classical” signal processing discussed in Section 1.3.2, a coherent

control of the propagation velocity of a quantum state can lead to quantum state

memory, generation of squeezed atomic states, quantum information processing, etc.

A quantum storage scheme has been proposed based on slow-light or stopped-light

[42]. A compact and versatile slow-light device is thus the key to an ultimate chip-

scale quantum information platform.

1.3.5 Others: Nonlinear Optics, Modulators, ...

In addition to those potential applications discussed above, a slow-light device

can be applied to many other fields. There is an enhanced nonlinear optical effect

due to an effectively longer interaction length [43, 44]. Other examples are harmonic

frequency generation [45, 46] and enhanced four-wave mixing [47, 48]. A slow-light

device can also be based to design a novel ultra-low Vπ Mach-Zehnder modulators
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Application S ∆S/S Bandwidth
(∆ν)

Operating
Speed

Optical buffer moderate large large fast
Optical signal
processing

large large large fast

Phased-array
antenna

small moderate small moderate

Quantum in-
formation

large large large fast

Table 1.1: Design parameters of different applications

which we will discuss in details in Chapter 6.

1.4 Design Parameters

For all the applications discussed above, not only the absolute level of the slow-

down factor is crucial to achieve a compact device, there are other important param-

eters we should keep in mind in order to meet the requirement of the application, for

example the variability of the slow-down factor, the operating speed, etc. Since no

ideal slow-light devices can yet be fabricated so far, we have to carefully choose the

most suitable structure to meet the specifications. Table 1.1 lists the requirement of

several important design parameters for different applications. We see that at least

a modest ∆S/S is called for all applications.

1.5 Review of Previous Work and the Goal of this

Dissertation

In spite of the importance, there are only a few slow-light schemes which have

being implemented so far. They include a motorized variable optical path, optical
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fiber loop, and photonic bandgap structure in phased-array antennas. The first two

approaches change the propagation distance of an optical signal and usually result

in a large slow-down factor. The variability of the slow-down factor ∆S/S for the

motorized variable optical path approach can be large but the operating speed is

slow. ∆S/S for the fiber loop is quantized by the loop size and the operating speed

is slow as well. Both of the first two approaches result in a bulky device. The last

approach using a photonic bandgap structure gives a much smaller slow-down factor

but the device size can be made very compact. ∆S/S is determined by ∆n/n for this

approach where n is the refractive index of the material. Since the variation range

of the refractive index is typically very limited (� 0.01%), it is nearly impossible

to achieve a large ∆S/S. Since none of these approaches can satisfy the need of

the applications (refer to Table 1.1), it is natural to ask if a useful slow-light device

can ever be fabricated. With the motivation of the slow-light research in the atomic

vapors and the solid state crystals in recent years, however, we are encouraged to

re-investigate this challenge. The goal of this dissertation is therefore to answer the

following three questions: 1) “Why” is slow-light useful? 2) “How” can slow-light be

useful? and 3) “Can” slow-light be useful? We have answered the first question in

the above introduction. We will focus on the second question in the major part of

this dissertation and conclude with the third question.

The outline of this dissertation is as follows. We start with the systematic study

of the light propagation in a dispersive media and discuss the general principle of

how the group velocity of light can be changed in a continuous fashion (Chapter 2).

In the following three chapters, we discuss three different semiconductor slow-light

structures including structures based on optical filters (Chapter 3), structures based

on electromagnetically induced transparency (EIT) (Chapter 4), and structures based
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Theoretical Work Experimental Work
Slow-light via filter struc-
tures

1) Large index contrast
grating

Fabrication of large index
contrast grating

2) Optical buffer based on
ring resonators

Slow-light via EIT EIT in semiconductor
nanostructures

1) EIT via exciton corre-
lation
2) EIT via spin coherence
at room temperature

Slow-light via population
pulsation

Population pulsation in
semiconductor materials

1) Population pulsation in
quantum wells
2) Semiconductor slow-
light device demonstrated

Novel applications Low Vπ Mach-Zehnder
modulator

Table 1.2: Dissertation outline

on population pulsation (Chapter 5). For each approach, we will study both theoret-

ical and experimental aspects as summarized in Table 1.2. We have demonstrated a

semiconductor slow-light device which has a slow-down factor as large as 31200 (cor-

responding to a group velocity of 9615 m/s) and an operating bandwidth as large as

2 GHz. Before the conclusion, we discuss a new-type of ultra-low Vπ Mach-Zehnder

modulator based on the slow-light device in Chapter 6.



15

Chapter 2

Design Principle - Dispersion

Engineering

2.1 Propagation of Optical Signal

In this chapter, we study the propagation of light, i.e. an optical signal, through

a dielectric media and present the general design principle, namely the dispersion

engineering, of a slow-light device. We restrict ourselves only on dielectric materials

simply because they are the most available and compatible materials for optoelec-

tronic devices.

From the definition of a slow-light device Eq.(1.1), we are looking for a device

with a transfer function given by

H(ω) = peiωτ(ω) (2.1)

where τ is the buffering time (or capacity) which can in general be a function of

the frequency ω. A slow-light device will generate signal distortion if τ(ω) explicitly

depends on ω. An ideal slow-light device should have τ independent of ω in the
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frequency range we are interested. We define the bandwidth of a slow-light device as

the full-width-half-maximum (FWHM) of the τ(ω) spectrum.

On the other hand, for an optical signal propagating in any dielectric media with

length L, the transfer function has the following form,

H(ω) = eik(ω)L (2.2)

where k(ω) ≡ β + iκ is the complex wave-vector along the propagation direction

whose functional form is determined by the material and structure property of the

device. κ accounts for the amplitude change. We can arbitrarily choose β to be

positive definite. k(ω) is related to the complex dielectric constant ε(ω, k) of the

media through k2 = ω2ε/c2. Identifying Eq’s (2.1) and (2.2) and making Taylor

expansion on both sides around the center frequency of the signal ωs, we get the

following relationship.

τ(ω = ωs + δω) = τ(ωs) +
∂τ

∂ω

∣∣∣∣
ωs

δω +
1

2

∂2τ

∂ω2

∣∣∣∣
ωs

δω2 + · · ·

=

[
1

vg(ωs)
− cπD(ωs)

ω2
s

δω +O(δω2)

]
L (2.3)

where the group velocity vg and group velocity dispersion D are defined as follows.

1

vg(ωs)
≡ ∂β

∂ω

∣∣∣∣
ωs

(2.4)

D(ωs) ≡
ω2

s

2πc

∂2β

∂ω2

∣∣∣∣
ωs

(2.5)

In terms of the real refractive index n(ω, k) defined as Re
√

ε(ω, k), we have

∂β

∂ω
=

n

c
+

1

c

(
∂n

∂ω
+

∂n

∂β

∂β

∂ω

)
, (2.6)

which gives us an expression for the slow-down factor according to Eq.(1.2) as follows.

S = Re
n + ω

∂n

∂ω

1− ω

c

∂n

∂β

(2.7)
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Note that we have adopted an “effective index” definition for n. In general, a wave

at frequency ω propagating with a wave-vector k “feels” as it is travelling in a ho-

mogeneous media with an effective refractive index n(ω, k) even if the media has a

non-uniform index distribution n(x, y, z), such as in a Bragg grating.

From Eq.(2.3), there are two possibilities to make τ large and variable. One is to

make the signal travel for a longer distance, i.e. larger L. The other is to make the

group velocity vg very small, i.e. the slow-down factor S very large. The needs for the

variability of the buffering time make the first approach difficult to be practical as it

requires a considerable variability of device length. We will adopt the latter approach

and focus on how to design a slow-light device based on Eq.(2.7) throughout this

dissertation. From (2.7), to achieve a large value of S, we have the following three

choices:

• make n large,

• make ∂n/∂ω positive and large,

• make ∂n/∂β positive and large.

or an arbitrary combination of either of them. The first choice is not favored because

it will result in a large index mismatch between the slow-light device and both the

input and output ports. The index mismatch will result in a very large insertion

loss. Thus we will restrict our study only on the ways of making ∂n/∂ω or ∂n/∂β

positive and large while at the same time keeping the absolute level of n unchanged.

Since the part n(ω) originates from the material response and n(k) originates from a

non-uniform refractive index distribution, we call the former case material dispersion

engineering and the latter case waveguide dispersion engineering, respectively.
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2.2 Waveguide Dispersion Engineering

When light propagates through a region with nonuniform refractive index distribu-

tion, two signals with different wave-vectors k’s effectively feel like they are travelling

in two different “uniform” media with different refractive indices n(k). Since differ-

ent indices will result in different optical reflectivity and thus different transmission

response, these structures are generally referred as “optical filter” structures. The

classification of slow-light structures based on optical filters has been studied by Lenz

et al. in details [49]. Here we briefly review the results.

Optical filters can be divided into two categories, the minimum-phase filters

(MPF) and the non-minimum-phase filters (non-MPF). In MPF, the magnitude

and phase of the complex transmission coefficient are uniquely related to each other

through Hilbert transform (analogous to Kramers-Krönig relation for real and imag-

inary parts of a dielectric constant). In non-MPF, however, this relationship is no

longer unique. A non-MPF allows independent engineering of magnitude and phase

responses respectively. For an ideal slow-light device, we require the magnitude to be

unity and independent of the frequency while at the same time control the phase re-

sponse to provide a large slow-down factor. Among non-MPF’s, the unity-magnitude

non-MPF is called the all-pass filter (APF) and has been proposed [50] and demon-

strated experimentally [51] by a ring resonator structure.

An APF can be realized using several different structures including ring resonators,

fiber Bragg gratings with reflected instead of transmitted signal, and thin-film filters

with a 100% reflector on one side. Theoretically, the cascade of many stages of APF

can provide a slow-down factor as large as 106 but with an operating bandwidth of

only in the order of Hz. To achieve such a slow-down factor, 100 stages of rings, each

with 1 mm diameter, are cascaded. In spite of the limited bandwidth provided by
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Group Material/ S Ref.
Structure

Scalora et al. 30 pairs of
GaAs/AlAs
vertical DBR

13.5 [53]

Wang et al. Two cas-
caded fiber
Bragg gratings
(FBG) each
with 3 mm
length

2.27 [54]

Eggleton et al. apodized FBG 3 [55]
Shaw et al. GaAs/AlGaAs

sampling
grating (hori-
zontal)

3 [56]

Table 2.1: Summary of measured slow-down factors in grating structures.

optical filter based slow-light devices, they have been applied to provide variable true

time-delay (TTD) in RF photonics, in particular in phased-array antennas. Corral et

al. [33] and Molony et al. [32] used chirped fiber grating to increase the bandwidth

and successfully demonstrated a 6-bit delay line for signal frequency up to 3 GHz.

Khurgin [52] has proposed to use a chirped Moiré grating (MPF) to enhance the

slow-down factor to 1000. A Moiré grating is a grating composed of two overlapped

DBR (distributed Bragg reflector) grating with periods slightly different from each

other. Several experimental measurements of slow-down factors in grating structures

are summarized in Table 2.1.

As pointed out by Lenz et al. [49], there is a bandwidth-buffering time tradeoff

for any filter-based slow-light structure, that is

τ∆ν ∼ constant (2.8)

We will also see a similar tradeoff relationship in the following discussion on ma-
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terial dispersion based slow-light devices. This means that in order to increase the

bandwidth without sacrificing the buffering time at the same time, we need to cascade

many slow-light structures each with slightly different operating wavelength together.

Since the overall transfer function of such a cascaded system is the product of the

transfer functions in each stage, the total group delay is addable according to the

following expression.

Htotal(ω) = p1p2 · · · pNeiω(τ1(ω)+···+τN (ω)) (2.9)

An example is the cascading of ring resonators with different radii. As shown in Fig.

2.1, a larger bandwidth can be achieved despite with ripples in its response.

Since a filter-based slow-light device is based on a non-uniform refractive index

distribution, to tune the slow-down factor in a such a device requires the change of

refractive index in certain part of the structure. For example, the slow-down factor

in a DBR grating structure is given by Eq.(3.2). In order to change S, we need to

change the refractive index modulation depth ∆n. In general, refractive index can

be changed by temperature (slow) or by externally applying an electric field across

the material via electro-optical effect, or by injecting carriers into the structure. The

typical change in index is around 0.0005% per degree Celsius or per Volt across a 1

µm GaAs material at 1.55 µm wavelength. Carrier induced refractive index change

can be larger but they often generate optical loss and noise due to carrier scattering

and recombination.

In Chapter 3, we will discuss the design of two filter-based slow-light structures.

The first one uses cascaded ring-resonators with an independent phase shift element

in each ring to increase the overall operating bandwidth. The second one uses a DBR

structure but with the introduction of a novel large index contrast grating which can

improve the slow-down factor by 4.4 times compared to the conventional GaAs/AlAs
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Figure 2.1: Larger bandwidth achieved by cascading of ring resonators with different
radii. Total group delay of ten cascaded ring resonators of radii varying from 1000 to
1180 µm with 20 µm spacing. The total group delay is a function of wavelength. The
thin lines are responses from each single ring resonator. The thick line is the overall
response.
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DBR.

2.3 Material Dispersion Engineering

The main drawback of using waveguide dispersion for slow-light devices is the very

limited tunability of the slow-down factor. This is because the waveguide dispersion

originates from a “static” distribution of the refractive index rather than being “in-

duced” dynamically when needed. In material dispersion engineering, however, the

large index variation over a narrow frequency range can be induced by an external

control, usually another strong laser beam. The coherent interaction of the signal with

the strong laser beam induces a large and positive ∂n/∂ω and hence large slow-down.

According to the Kramers-Krönig (KK) relations, the real and imaginary parts of

a dielectric constant ε satisfy the following relationships.

Re ε(ω) = 1 +
1

π
PV

∫ ∞

−∞

Im ε(ω′)

ω′ − ω
dω′ (2.10)

Im ε(ω) = − 1

π
PV

∫ ∞

−∞

Re ε(ω′)− 1

ω′ − ω
dω′ (2.11)

where PV stands for the principal value. These relationships generally apply to

any index dispersion induced from a local, linear, and causal optical response to the

optical signal Es(x, t). In this case, the macroscopic polarization P (x, t) induced by

the signal can be expressed as

P (x, t) =

∫ t

−∞
dt′G(x, t− t′, Ep)Es(x, t′) (2.12)

where we have explicitly spelled out the possible dependance of the kernel G on the

external strong field Ep. Although G can be any nonlinear function of Ep, it can not

depend on Es due to the requirement of linearity.
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Figure 2.2: Absorption spectrum that gives a slow-light dispersion characteristic.

From the KK relation and the definition
√

ε = n + icα/2ω, a large and positive

slope ∂n/∂ω for the index dispersion corresponds to a narrow spectral hole (or a gain

peak) as shown in Fig. 2.2. Thus to design a semiconductor slow-light device based

on material dispersion engineering is equivalent to finding a coherent optical process

that can induce a dip (spectral hole) in the absorption spectrum. The philosophy of

our approach is outlined in Fig. 2.3. We look for an analogous optical process that

has been demonstrated in atomic or solid systems to give rise to a spectral hole in

their absorption spectra and explore the possibility of the survival of this process in

a semiconductor material dominated by carrier-carrier and carrier-phonon scattering.

Reduced group velocity has also been observed in semiconductors in earlier studies

of spectral hole burning [57] and exciton-polaritons [58], the slow-down factor that

has been achieved is severely limited by inherent rapid docoherence processes. In this

dissertation, we will show that processes such as EIT and population pulsation can

leverage a longer-lived coherence and achieve appreciable slow-down factors.
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Figure 2.3: Schematic of our approach for the design of a semiconductor slow-light
device based on material dispersion engineering.

2.4 General Relation of Slow-Down Factor for Ma-

terial Dispersion Engineering

In this Section, we derive a general expression for the slow-down factor at the

center frequency ω of an arbitrary slow-light device using material dispersion as the

slow-light mechanism. The derivation will only make use of the KK relation and

therefore works for any dielectric media with a narrow spectral hole in its absorption

spectrum.

We start with the expression for S (Eq.(2.7)) and substitute the real part of

dielectric constant with the integral of the corresponding imaginary part according

to Eq.(2.10) as follows.

S(ω) ' nbac +
ω

2nbac

∂Re(ε)

∂ω

= nbac +
ω

2πnbac

∂

∂ω

(
PV

∫ ∞

−∞

Imε(ω′)

ω′ − ω
dω′
)

= nbac +
ω

2πnbac

∂

∂ω
lim
ε→0

[∫ ω−ε

−∞

Imε(ω′)

ω′ − ω
dω′ +

∫ ∞

ω+ε

Imε(ω′)

ω′ − ω
dω′
]

= nbac +
1

2πnbac

PV

∫ ∞

−∞

Imε(ω′)

(ω′ − ω)2
dω′ (2.13)

If we replace Imε(ω′) with the lineshape of the spectral hole −∆α(δ) where δ =
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ω′ − ω, the slow-down factor becomes

S(ω) = nbac −
c

2π
PV

∫ ∞

−∞

∆α(δ)

δ2
dδ (2.14)

For any symmetric lineshape function−∆α(δ) with respect to the center frequency

ω, i.e. δ = 0, the terms odd in δ vanish in the Taylor expansion of ∆α(δ) around the

linecenter where δ = 0. The result is the following.

∆α(δ) = ∆α(0)− 1

2
δ2

∣∣∣∣d2∆α(δ)

dδ2

∣∣∣∣
0

+ · · · (2.15)

where the quantity ∆α(0) is the depth of the spectral hole. Note the second derivative

term is always negative because it is a dip in the absorption spectrum. In order to

evaluate the integral (2.14), we have to take care of the seemingly divergence due to

the infinite number of terms in the expansion (2.15). We use the trick called Padé

approximation often used in the perturbation theory in quantum physics. We observe

that if the linewidth of the spectral hole is narrow enough that the contribution from

higher order terms in (2.15) is small and convergent. We can then “re-sum” the

expansion to the following form and notice that it reproduces the same expansion to

the first two orders as Eq.(2.15).

∆α(δ) =
∆α(0)

1 +
1

2

|∆α′′(0)|
∆α(0)

δ2

(2.16)

Substituting Eq.(2.16) into Eq.(2.14), we get

S(δ = 0) = nbac +
c

2
∆α(0)

√
|∆α′′(0)|
2∆α(0)

(2.17)

This expression can be further simplified by observing that the FWHM width ∆ν of

the spectral hole (2.16) is given by

∆ν =
2√

|∆α′′(0)|
2∆α(0)

(2.18)
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Eq.(2.17) then becomes

S(δ = 0) = nbac + c
∆α(0)

∆ν
(2.19)

or in terms of the buffering time τ = LS/c for a device of length L,

τ(δ = 0) =
nbacL

c
+ L

∆α(0)

∆ν
(2.20)

These simple relationships (2.19) and (2.20) contain very important information for

the design of a slow-light device using material dispersion. Although it seems like

the bandwidth-storage time product for the case of material dispersion engineering

can be made arbitrarily large for a longer device, the loss can not be made arbitrarily

small. This is not obvious right now but will be clear later in our discussion on the

power dependance of ∆α and ∆ν. We will see that despite either ∆α or ∆ν can

be increased by a larger power, the ratio ∆α/∆ν reaches a maximum for a certain

power and will roll off for an even larger power. This is because of different power

dependance for ∆α and ∆ν. Two examples are given in Table 5.1 which summarizes

the power dependence of two slow-light mechanisms, the EIT and the population

pulsation. On the other hand, for a device with a given maximally tolerable loss,

it also sets an upper limit for the device length L. Therefore the bandwidth-storage

time tradeoff similar to the case we have seen for the waveguide dispersion engineering

(Eq.(2.8)) still holds.

In spite of the universal bandwidth-storage time tradeoff for any dispersion based

slow-light device, the slow-down factor is still not fixed. For given design requirements

such as bandwidth and storage time, we can always find a maximally possible slow-

down factor to reduce the device length. Hence we conclude that neither bandwidth

nor storage time is a good figure-of-merit in the design of a slow-light device. It is

the product of the slow-down factor S and its variability ∆S that can be

a good figure-of-merit for a slow-light device.



27

Chapter 3

Slow-Light via Optical Filter

Structures

Despite a larger device size and smaller tuning range of the slow-down factor

compared to a material dispersion based slow-light device, a filter-based device is

easier to implement due to a more mature semiconductor fabrication techniques that

have been developed. In this Chapter, we study two different designs of slow-light

devices based on the principle of waveguide dispersion. The first one is based on a

ring-resonator structure and the second one is based on a DBR structure. In ring-

resonator structure, we designed an optical buffer for a 40 Gbit/s optical network. In

DBR structure, we propose a novel large contrast grating to enhance the slow-down

factor of a conventional GaAs/AlAs grating by a factor of 4.4.
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3.1 Slow-Light Device Based on Ring Resonator

Structures

As discussed in Section 2.2, an all-pass filter (APF) is a non-minimum phase filter

(non-MPF) whose phase and magnitude responses in its transfer function can be

independently designed. An APF can be implemented by a ring resonator structure

with a ring waveguide coupled to a straight waveguide via a directional coupler as

shown in Fig. 3.1 [50, 59]. For an ideal ring resonator, the magnitude of the transfer

function is unity and independent of the frequency. This can be easily seen from the

consideration of energy conservation that there is only one output port to where the

energy can go and no energy can be reflected from the directional coupler. The phase

response of a ring resonator, however, is frequency dependent. This is because the

maximum coupling happens for the frequency component in resonant with the Fabry-

Perot mode of the ring structure, namely ω = mc/R for some positive integer m. At

this frequency, the signal stays longer inside the ring. Since the slow-down factor is

proportional to the slope of the phase with respect to the frequency (Eq.(2.1)), the

ring resonator can provide a large slow-down at the vicinity of its resonant frequency.

The transfer function of each ring is given by [49]

H(ω) =

√
1− κ exp(iφ)− exp(iδT − 2πRα)

1−
√

1− κ exp(iφ) exp(iδT − 2πRα)
(3.1)

where δ is the detuning from the resonant frequency, T is the round trip time and α

is the absorption coefficient. κ is the power coupling ratio for the directional coupler.

φ is an extra phase introduced by the phase shifter. These phase shifters can be used

to increase the bandwidth of the slow-light operation by assigning a different phase

to each ring in a ring group. We have seen a possible implementation of the phase
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Figure 3.1: Schematic of ring resonator based slow-light device. The ring waveguide
is coupled to the straight waveguide via a directional coupler which can be simply
an air gap or filled with another lower refractive index material. The radius R is
measured from the center of the ring to the middle point of the waveguide. Each ring
can have its own radius but with the same waveguide width. An extra phase shifter
can be added to each ring to introduce an additional phase.

shifters by varying the radius of the ring as shown in Fig. 2.1. A phase shifter built by

changing the ring radius, however, introduces a phase term linearly dependent on the

frequency. Possible implementation of phase shifters independent of the frequency

include heating, current injection, etc.

To implement an optical buffer using these ring resonators for a bandwidth of a

40 Gbit/s digital signal, we design our device with 300 rings grouped into 3 different

groups. In each group, the phase shifters are assigned values from 0 to 2π. We choose

SiO2 as the waveguide material. To ensure a single mode operation, the width of the

waveguide is set at 0.9 µm . The calculated propagation constant corresponds to an

effective index of 1.61. All rings are identical with a radius of 335 µm . The spacing

between two adjacent rings is set at 10 µm to minimize the interference between two

rings. We also assume a power coupling ratio κ = 0.25. Fig. 3.2 shows the input
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(a) α = 0.05dB/cm (b) α = 0.1dB/cm

Figure 3.2: Propagation of optical signal through a ring-resonator based optical buffer.
(a) and (b) show the input and output pulse shapes of a 40 Gbit/s optical signal
through a cascaded ring resonator system consisting of 300 rings divided into 3 groups.
The absorption losses in (a) and (b) are 0.05 and 1 dB/cm, respectively. All rings are
identical but with phase shifters set between 0 to 2π in each group.

and output pulse shapes for two different absorption coefficients 0.05 dB/cm and 0.1

dB/cm. The total group delay is 3.3929 ns which corresponds to a slow-down factor of

10 where we have calculated the slow-down factor based on a device length measured

by the straight waveguide part. There is nearly no distortion for the output signal.
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3.2 Slow-Light Device Based on Grating Struc-

tures

The slow-down factor of a DBR grating comprising of two materials with indices

n1 and n2 (assume n1 > n2) and period Λ is given by the following expression [60].

S =
n̄√

1−
(κ

δ

)2
(3.2)

where n̄ = (n1 + n2)/2 is the average index. The coupling coefficient κ and the phase

mismatch ∆β from the Bragg frequency ωB = πc/n̄Λ are given by

κ =
ωΓconf∆n

2c
(3.3)

∆β =
n̄

c
(ω − ωB) (3.4)

In above equations, the index modulation depth ∆n is defined as (n1−n2)/2 and Γconf

is the optical confinement factor. From Eq.(3.2), we see that in order to increase the

slow-down factor, we need to increase the normalized index modulation depth ∆n/n̄

as much as possible. For fiber Bragg gratings (FBG), ∆n/n̄ is only about 0.1%. For

typical semiconductor materials, ∆n/n̄ can be as large as 10 %. For semiconductor /

oxide (or air) materials such as GaAs / AlOx and Si / SiO2, ∆n/n̄ can approach 70

%. In principle, if one can remove or oxidize one material in a semiconductor DBR

structure, one can immediately increase the slow-down factor.

A semiconductor / oxide DBR structure can be easily formed in the direction

perpendicular to the substrate. While Si / SiO2 DBR can be formed by depositing

polysilicon and SiO2 in an alternating fashion, GaAs / AlOx DBR can be formed by

first epitaxially growing GaAs / AlxGa1−xAs (0.9 < x ≤ 1) followed by the oxidation

of AlGaAs layers [61].
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Although the vertical-cavity DBR is easier to fabricate and design, it has several

disadvantages compared to a horizontal-cavity DBR structure. These disadvantages

include the lack of waveguide structure, limited device length (∼ µm), difficult inte-

gration, and no carrier injection path to change the refractive index because oxide

is an insulator. A horizontal-cavity semiconductor / oxide (or air) DBR structure,

on the other hand, requires the deposition of oxide material on nonplanar substrates

or simply use air as the low-index material [62] by deep etch. The disadvantages of

these approaches include large optical scattering loss due to rough interfaces between

semiconductor and deposited oxide (or air) materials and lossy waveguide due to a

short distance between the grating and the air surface.

To circumvent these problems, we propose a novel large-index contrast DBR grat-

ing structure that brings the idea of a vertical-cavity GaAs/AlOx grating to the hori-

zontal direction in a monolithic way [63]. High aluminum content AlxGa1−xAs (0.9 <

x ≤ 1) is known to be controllably oxidizable under elevated temperature in the

presence of water vapor [61, 64]. Selectively-oxidized AlxGa1−xAs layers grown on

nonplanar substrates make the lateral oxidation rate periodically varies at different

location which leads to a buried horizontal cavity GaAs/AlOx DBR grating.

3.3 Novel Fabrication Technique for Large-Index

Contrast Buried Grating Structures

The schematic of how to fabricate the horizontal-cavity large-index contrast DBR

grating structure is shown in Fig. 3.3. After growing bottom cladding layer, we pat-

tern the substrate with a desired grating pattern and period. High aluminum content

AlxGa1−xAs is then epitaxially grown onto this nonplanar surface. After growing



33

Figure 3.3: Fabrication of large-index contrast buried grating structure.

the AlxGa1−xAs grating layer, we can continue the deposition of top cladding, etc.

After the epitaxial process, the as-grown sample is patterned with a ridge waveguide

structure to expose its AlxGa1−xAs grating layer. The sample is oxidized to form the

oxide grating. The details are described in the following.

3.3.1 Experimental Methods

The 2-inch GaAs wafer is first cleaved into quarters, cleaned by solutions in the

order of acetone, isopropanol, deionized (DI) water, and dried by nitrogen gas. The

sample is then spun on with Shipley 1805 photoresist at a rotation speed of 6000

RPM for 30 seconds. Before transferring grating pattern onto the sample with a non-

contact stepper, the sample is baked at 90◦C for 5 minutes. After lithography, the

exposed pattern is developed by Microposit concentrated developer mixed equally in

volume with DI water for 1 minute before being baked at 125◦C for 10 minutes. The

grating pattern is then formed by an H2SO4 : H2O2 : H2O (1:8:160) etchant.
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The overgrowth is performed in our low-pressure MOCVD (Emcore D75) cham-

ber (Fig. 3.4). Tertiarybutylarsine (TBA), triethylgallium (TEGa) and trimethylal-

luminum (TMAl) are used as precursors for AlxGa1−xAs. The growth pressure and

growth rate for AlxGa1−xAs layer are 90 mbar and 4.8 µm/hour, respectively. V/III

ratio is controlled at 12 or 24 for most of the samples. The growth temperature is

varied between 580◦C and 640◦C. The growth uniformity is controlled within 2% for

80% of wafer area from the center of the 2-inch wafer platter. The total flow is 12 slm

and the platter is rotating at the speed of 1400 RPM. An in-situ growth monitoring

system as shown in Fig. 3.5 is used to monitor the growth rate as well as the chemi-

cal composition of the surface material. A laser diode of 670 nm is used to measure

the reflectivity from the as-grown surface. The reflected light is intentionally made

oblique to bypass the beam-splitter to minimize the laser interference. A typical re-

flectivity trace is shown on the right of Fig. 3.5 which exhibits an damped oscillating

feature. In this run, the sample is first heated up from the room temperature to the

growth temperature 640◦C during the time interval 10 to 20 minutes. The reflectivity

increases with the sample temperature. A GaAs buffer layer is then deposited on

the GaAs substrate between 20 and 40 minutes. The reflectivity remains flat during

this interval because there is no interface between two GaAs layers while the sample

temperature is kept constant. At 40 minute, we start the deposition of AlAs and

GaAs in an alternating fashion. From the period T , the average reflectivity, and the

damping rate Γ of the oscillation, we can determine both the growth rate and the

chemical composition at real time using the formulae developed in [65]. The mea-

sured chemical composition is correlated with the data taken from high-resolution

x-ray diffractometry (HRXRD).

After growth, the layer thickness and material quality are examined by an scanning
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Figure 3.4: Emcore D75 low-pressure MOCVD system. The rotating-disk reactor
(RDR) has the metalorganic source inlet in perpendicular to the sample surface. The
wafer platter can accommodate a 2-inch substrate on a single resistance heating zone.
The wafer is loaded into the loadlock chamber first before being transferred to the
growth chamber on the left via a magnetic arm.

Figure 3.5: In-situ growth rate and chemical composition monitoring. The reflectivity
is measured from the ratio of the incident and the reflected laser powers. On the right
shows a typical reflectivity trace taken during a growth rate calibration run.
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Figure 3.6: Example of a bad morphology of GaAs/AlxGa1−xAs overgrowth on a
grating pattern. The sample is cleaned by H2SO4 : H2O2 : H2O (1:8:160) etchant
instead of an HCl solution. Polycrystalline-like structure starts to build up after the
deposition of the first AlxGa1−xAs layer.

electron microscope (SEM). The aluminum composition x in AlxGa1−xAs grating layer

ranges from 0.9 to 1. All the growths are performed on (100) GaAs substrates. To

examine the thickness enhancement on different crystal facets, we grow four pairs of

GaAs/AlxGa1−xAs thin layers, each with nominal thickness of 80 nm and aluminum

composition 0.92 at the planar region. The trench depth varies from 125 nm to 500

nm and the period varies from 4 µm to 10 µm with 50% duty-cycle. Immediately

before overgrowth, the sample is cleaned by concentrated HCl solution for 2 minutes

and rinsed by DI water. The cleaning solution and time are very critical in achieving

good overgrowth quality. HCl is the best compared to H2SO4 or NH4OH. Fig. 3.6

shows an example of bad growth morphology of a sample cleaned with H2SO4 based

etchant. Polycrystalline-like structure starts to build up after the deposition of the

first AlxGa1−xAs layer.

A defect-free growth can be achieved with HCl cleaning as shown by the cross-

sectional SEM views in Fig. 3.7. The AlxGa1−xAs layer thickness is enhanced on

higher Miller-index planes both for [011]- and [011]- direction trenches. Fig. 3.7(a)
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and (b) are two samples both with [011]-direction trenches but are grown at different

temperatures. There is more thickness enhancement when the growth temperature is

lowered from 640◦C to 600◦C and a typical thickness enhancement ratio of 2 is ob-

tained. The convergence of two sidewalls is observed as in Fig. 3.7(c). The thickness

enhancement is orientation dependent. As shown in Fig.3.7(d), thickness enhance-

ment exists although not appreciable (enhancement ratio ∼ 1.17) for trenches along

[011] directions except for the no-growth (111)B arsenic-terminated planes (marked

by a while circle) in our group-V rich growth condition [66].

So far, the growth condition that leads to a defect-free material quality is found

to be mainly dependent on the surface cleaning immediately before the overgrowth

and the growth temperature. Grating orientation is found not to be critical (see the

summary in Fig. 3.8 and Fig. 3.9). In fact, a good quality overgrowth can be achieved

along any crystal orientation as shown in Fig. 3.10. No polycrystalline-like defects

are observed on any part of the sample surface.

We explain the thickness variation using the following boundary-layer model. Our

MOCVD reactor is a rotating-disk reactor in which the sample is spinning at a high

speed, typically between 1400 and 1600 RPM. As shown in Fig. 3.11, the temperature

difference between the top flange and the sample creates a downward force that drags

the injected metal-organic (MO) sources to the vicinity of the sample surface. The

spinning of the sample and the viscosity between the sample and the sources changes

the velocity direction parallel to the surface. The layer in which the vertical velocity

is smaller than a certain fixed value is called the boundary layer [67]. MO source

molecules have no velocity and travel to the surface only via the diffusion process

before being decomposed into reactant adatoms. The diffusion process is balanced
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Figure 3.7: Cross-sectional view of buried GaAs/AlGaAs grating structure. SEM
cross-sectional views of four different samples each with four pairs of GaAs/AlGaAs.
Darker regions are AlGaAs layers. Samples (a) and (b) have trenches along [011]
directions but were grown at two different temperatures, 600◦C for (a) and 640◦C for
(b). The thickness enhancement ratios between the sidewall and the planar region for
samples (a), (b) and (d) are 2.20 and 1.32 and 1.17, respectively. Sample (c) shows
the convergence of two sidewalls. Sample (d) has [011]-direction trenches. (111)B no-
growth plane is circled. The aluminum compositions in the planar substrate region
for these samples are 0.92.
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Figure 3.8: Summary of different growth conditions attempted in the course of achiev-
ing good quality overgrowth. The table compares the growth conditions and sample
preparation used for each run and the summary of the material characterization.
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Figure 3.9: Continuation of Fig. 3.8. The bottom table summarizes the cleaning
procedures used immediately before the overgrowth.
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Figure 3.10: SEM top view of overgrowth along all crystal orientations.

by the depletion of MO molecules at the surface due to reaction,i.e.

D
dρ

dz

∣∣∣∣
z=0

= kρ(z = 0) (3.5)

where ρ is the concentration of the MO source in the vapor phase, D is the diffusion

coefficient, k is the reaction rate at the surface. The growth rate G and the boundary

layer thickness L therefore have a simple relationship as follows.

G = kρ(z = 0) =
kρ(z = ∞)

1 + L(k/D)
(3.6)

For a large k/D, the growth rate is inversely proportional to L and “independent” of

the reaction rate!

For the growth on a planar substrate, the boundary layer thickness is uniform

throughout the sample. In the deposition of AlGaAs, because of the boundary layer

thickness difference between the gallium and aluminum sources due to the viscosity

difference, the solid composition Xs of AlXsGa1−XsAs is different from the ratio of

the gallium and aluminum source concentrations in the vapor phase, Xv. They are

related to each other by

Xs

1−Xs

=

(
2× LGa

LAl

)
Xv

1−Xv

(3.7)
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Figure 3.11: Schematic of a rotating-disk MOCVD reactor. The MO source is injected
from the top. The sample is spinning at a high speed. The flow lines represent the
velocity direction of the MO molecule.

where the factor 2 is required for an aluminum source with dimer nature such as

trimethylaluminum or triethylaluminum. Eq.(3.7) fits well with the experiment as

shown in Fig. 3.12 for triethylgallium (TEGa) and trimethylaluminum (TMAl) as

gallium and aluminum sources, respectively. From the slope, we can extract the

boundary layer thickness ratio between TEGa and TMAl to be 1.583.

For growth on a nonplanar substrate, the boundary layer is no longer uniform

and therefore the growth rate is also position dependent. In addition to the thickness

variation, we also expect the solid composition of Al is position dependent from

Eq.(3.7).

3.3.2 Formation of Aluminum Oxide Gratings

After overgrowth, a waveguide structure is opened to expose the AlxGa1−xAs layer

and the sample is thermally oxidized with a temperature at 450◦C or 470◦C. The

carrier gas is N2 with a flow rate of 500sccm. Typical oxidation rate for our sample

with aluminum composition x = 0.97 is about 0.5µm /min. The oxide front pattern

is observed from both the optical microscope (bright field image) and the SEM with
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Figure 3.12: The relationship between solid composition of AlGaAs and TEGa/TMAl
ratio in the vapor phase. Xv is defined as [TMAl]/([TMAl] + [TEGa]).
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Figure 3.13: Oxide front pattern of AlxGa1−xAs on nonplanar substrates along [011]
trenches. (a) A schematic shows the nonplanar substrate. (b) Oxide front pattern
bright field image. (c) Oxide front pattern top view from the SEM with the backscat-
tered detector.

the backscattered detector. The top view is shown in Fig. 3.13. The oxide front

is uniform in the planar substrate region while forms a saw-tooth pattern in the

nonplanar region. An average of 25% to 35% higher oxidation rate is obtained for

AlxGa1−xAs layers grown on higher Miller-index planes compared to (100) planes. It

is also interesting to note that the oxidation rate in AlxGa1−xAs grown on planar part

of the substrate is much slower, forming a natural tapered waveguide structure. We

think this is due to enhanced lateral oxidation along the direction perpendicular to

the oxidant flow [68].

Similar differential oxidation rate is obtained for trenches along both [011] and

[011] directions as shown in Fig. 3.14(a), which makes this technique interesting to

create cross-wire type photonic crystals [69]. The period of the grating after oxidation

is only half of that before oxidation as shown in Fig. 3.14(b). This is because in each

period there are two higher-index planes that will have higher oxidation rates. This
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Figure 3.14: Frequency doubling property of buried aluminum oxide grating. (a)
Oxidation front shows saw-tooth pattern both for AlxGa1−xAs along [011] and [011]
trenches. (b) The comparison of the grating period before and after oxidation. The
top schematic shows the grating geometry. The bottom is the bright field image of
the oxide front. Trenches are along [011] direction.
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Figure 3.15: Semiconductor-oxide grating formed by selective oxidation of AlGaAs.
The SEM image from a backscattered detector of an oxidized sample is shown. The
darker region corresponds to the oxidized AlGaAs.

spatial frequency doubling property enables us a way of fabrication high-resolution

distributed-feedback devices with lower-resolution lithography technique.

We can control the oxidation time such that the oxidation fronts grown from

the two sides of the ridge waveguide can meet each other and form the desired Al-

GaAs/oxide grating. This is shown in Fig. 3.15. The darker region is the oxidized

area. The alternating unoxidized and oxidized regions in the middle of the waveguide

is clearly seen.

3.3.3 Slow-Down Factor

To calculate the enhancement of the slow-down factor for the buried-oxide grating,

we first generalize the conventional coupled-mode theory [70, ch.8]. The conventional

coupled-mode theory assumes that the signal intensity varies only slowly along the

grating direction because of the small index contrast ∆n. In the large-index contrast
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grating, this approximation is no longer valid. In order to lift this approximation,

we generalize the coupled-mode analysis by keeping the second derivative term in

the wave equation. For simplicity, we consider only TE modes. The TE mode wave

equation for an electric field propagating in the z direction ~E = Ey(x, z) ≡ E is given

by

∂2E

∂x2
+

∂2E

∂z2
+ k2

0n
2(x, z)E(x, z) = 0 (3.8)

where k0 = ω/c. When the refractive index profile n(x, z) is independent of z, the

solution to this wave equation E(x, z) can be decomposed into x and z components

by E(x, z) = E(x)eiβz where

d2E

dx2
+ (k2

0n
2
0(x)− β2)E(x) = 0 (3.9)

The spectrum of β2 consists of a discrete part and a continuum. The fundamental

mode has the largest β which we call it β0. When β2 < k2
0 min n2(x), we have a

continuum which corresponds to the radiation modes. Any solution can be written

as an expansion by the complete set as follows

E(x, z) =
∑
m

eiβmzEm(x) +

∫ k2
0 min n2(x)

0

dβ2eiβzEβ(x) (3.10)

where Em(x) and Eβ(x) are solutions to (3.9).

Now let n(x, z) become a function of z. We no longer can make the separation of

variables as E(x, z) = E(x)E(z). But because (3.10) stills forms a complete set, we

can expand the new solution by this complete set with a coefficient dependent on z

as follows.

E(x, z) =
∑
m

Am(z)Em(x) exp(iβmz) +

∫ k2
0 min n2(x)

0

dβ2Aβ(z)eiβzEβ(x) (3.11)

Since n(x, z) is periodic in z with a period Λ, we can expand n(x, z) in its Fourier
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series as

n2(x, z) = n2
0(x, z) +

∞∑
p=−∞

εp(x)eip 2π
Λ

z (3.12)

Substituting (3.11) into (3.8) and using (3.12) as well as demanding the following

normalization condition∫
E∗

n(x)Em(x)dx =
2ωµ

|βm|
δ|m||n| ≡ 〈n|m〉, (3.13)

we get the generalized coupled-mode equation as follows.[
−i

2βn

d2An

dz2
+

dAn

dz

]
eiβnz +

[
−i

2βn

d2A−n

dz2
− dA−n

dz

]
e−iβnz

=
iωε0

4

(∑
m

+

∫
dβ2

m

)
1

2π

∫
dq〈n|εq|m〉ei(q+βm)zAm(z) (3.14)

where we have used the identity (3.10). In the normalization condition (3.13), the

prefactor before δ|m||n| is chosen such that the Poynting vector is unity and dimension-

less. For modes in the continuum, the indices m and n become continuous variables

and the delta function in the above normalization condition has to be replaced by the

Dirac delta function δ(β2
m − β2

n).

The generalized coupled mode equation (3.14) is exact although we have only one

independent variable z now. The x degree of freedom has been traded with a series

and an integral. Except for the case βn ∼ 0 that both terms on the LHS of (3.14)

have to be kept, we can drop either term and obtain a more compact equation as

follows.

sgn(βn)

(
−i

2βn

d2An

dz2
+

dAn

dz

)
=

iωε0

4

(∑
m

+

∫
dβ2

m

)
1

2π

∫
dq〈n|εq|m〉ei(q+βm−βn)zAm(z) (3.15)

The most important parameter in the coupled-mode equation (3.15) is 〈n|εq|m〉
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which is related to the conventionally defined coupling coefficient κnm as follows.

κnm =
iω

4
ε0〈n|εq|m〉 =

iω

4
ε0

∫
E∗

n(x)εq(x)Em(x)dx (3.16)

The coupling coefficient κnm has a physical unit [1/m]. Note, En(x) and Em(x) are

eigenmodes of the unperturbed wave equation (3.9) corresponding to the eigenvalues

βn and βm, respectively.

For the case of large-index contrast grating, there are only two discrete solutions

±β in Eq.(3.10). If we label the corresponding eigenstates as A± and assume the

Fourier component εq falls off very quickly when q becomes large, the coupled mode

equation (3.15) can be simplified to the following.

d2A

dz2
+ 2iβ0

dA

dz
+ (β2 − β2

0)A = −ω2

c2
n̄∆nB (3.17)

d2B

dz2
− 2iβ0

dB

dz
+ (β2 − β2

0)B = −ω2

c2
n̄∆nA (3.18)

In Eq’s (3.17) and (3.18), we have defined the coefficients A(z) and B(z) as follows.

A+ = A(z)e−i∆βz

A− = B(z)e+i∆βz (3.19)

where ∆β = β − β0 and β0 = π/Λ. To solve A and B, let A = aeiξz, B = beiξz and

substitute into Eq’s (3.17) and (3.18), we get

[
β2 − (ξ + β0)

2
]
a = −ω2

c2
n̄∆nb (3.20)[

β2 − (ξ − β0)
2
]
b = −ω2

c2
n̄∆na (3.21)

which implies [
β2 − (ξ + β0)

2
] [

β2 − (ξ − β0)
2
]

=

(
ω2

c2
n̄δn

)2

(3.22)
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where β is known from the structure without the grating. After solving ξ, the final

solution for the electric field can be obtained as

E(z) =
∑

ξ

aξe
i(β0+ξ)z + bξe

−i(β0−ξ)z. (3.23)

The RHS of (3.22) is (2κβ)2 by definition (3.3). The solutions for ξ are

ξ = ±
√

β2 + β2
0 ± 2β

√
β2

0 + κ2 (3.24)

Since only solutions with |ξ| ∼ 0 will be strongly coupled in Eq.(3.15), we only have

to pick the two solutions with negative signs in the square root as follows.

ξ = ±

√
β2 + β2

0 − 2ββ0

(
1 +

1

2

(m

2

)2

− 1

8

(m

2

)4

+
1

16

(m

2

)6

+ · · ·
)

(3.25)

where m is the normalized index modulation depth given by

m ≡ ∆n

n̄
=

2κ

β0

(3.26)

The lowest order term∼ m2 is nothing but the solution from the conventional coupled-

mode equation. As m becomes larger, corrections from higher order terms become

more and more important and cannot be neglected anymore.

Using Eq’s (3.11), (3.19), and (3.25), we can get the transfer function H(ω) of a

large-index contrast DBR grating as follows.

H(ω) =
r+e−σL

r+ − r−e−2σL
+

r−eσL

r− − r+e2σL
(3.27)

where σ and r± are defined as

σ =

√
2β
√

β2
0 + κ2 − (β2 + β2

0) (3.28)

r± =
a

b
= − 2κβ

β2 − (ξ± + β0)2
(3.29)



51

The slow-down factor S is related to H(ω) by Eq.(2.1) as

S =
c

L

darg(H(ω))

dω
(3.30)

For the case of GaAs/AlOx grating, n1 = 3.6 and n2 = 1.6. Assuming the center

wavelength is 1.55µm and Γconf = 0.5 (this confinement factor is somewhat arbitrary

and can be adjusted by controlling the number of grating layers cascaded on top of

each other), the slow-down factor and the corresponding transmission coefficient is

shown in Fig. 3.16(a) with the comparison to the result obtained from the conven-

tional coupled-mode theory (CCMT). It can be seen that the slow-down factor is

underestimated for ∼ 16% if the conventional coupled-mode theory is applied. The

maximum of the slow-down factor occurs near the bandedge of the photonic bandgap.

The corresponding transmission is close to unity. As compared to the same grating

structure before oxidation shown in Fig. 3.16(b), the slow-down factor enhancement

is around 4.4 times.

3.3.4 Control and Modelling of AlGaAs Oxidation

The success of the proposed method of large-index contrast grating fabrication

relies on an accurate control of the oxidation front pattern. Although it is common

sense to use calibration samples that are as similar in structure as possible to the

device samples, it is often not practical due to the facilitation of quick oxide depth

measurements and expense of the wafers. In most of the cases, in order to measure

the oxidation depth directly from the surface, the oxidation layer of the “dummy”

samples used for the oxidation calibration has to placed at a depth shallow enough.

The difference between the ”dummies” and devices raises the issues of the precision

of the calibration runs.
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(a) GaAs/AlOx grating (b) GaAs/AlAs grating

Figure 3.16: Slow-down factor and transmission coefficient of a DBR grating. Cal-
culations from the generalized coupled-mode theory (GCMT) and the conventional
coupled-mode theory (CCMT) are compared.

In this Section, a simple physical model is developed for the thermal oxidation

process of AlGaAs using the continuity equation [71]. The model is based on the

principle of the oxidant mass conservation. Theoretical calculations are compared

with experimental data to a good agreement.

In the past, several authors have proposed models to quantitatively [68,72–76] or

qualitatively [77] explain the experimental observations of oxidation dependence on

AlGaAs structures. The typical starting point is the Deal and Grove model of sili-

con oxidation [78] and its extension to the two-dimensional case [79]. The diffusion

equation was used as the master equation. A few different boundary conditions have

been considered in the literature. These include zero oxidant concentration at the

AlGaAs/GaAs boundaries [75], thickness dependent oxidation rate at oxide/AlGaAs

interface [68], and different gas transport constant [73]. Although they all seem to

fit the presented experimental data well, there are some drawbacks in these existing
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models. For example, the model in [75] assumed vanishing oxidant concentration

at the AlGaAs/GaAs boundaries, which results in no oxide growth at these bound-

aries. This contradicts the experimental observations. On the other hand, although

the model in [68] successfully used the capillary effect to explain part of the thick-

ness dependence, it still required the use of a phenomenological thickness-dependent

prefactor k(θ) which is not universal. These drawbacks make the existing models

incomplete and difficult to apply to the design of a large-index contrast grating.

We develop a unified model to fill the inconsistencies among the previous work

described above. Two main differences between our model and others in the literature

are as follows. First, we start with the complete continuity equation including the

previously ignored drift or velocity term in the equation. Ignoring the drift term

reduces the continuity equation to the diffusion equation used in the Deal and Grove

model [78] and subsequently all the previous oxidation models [68, 72–76]. In the

Deal and Grove model, it was justifiable to ignore the drift term because the diffusion

length
√

Dt (the diffusion coefficient D on the order of 100µm2/min and the time

scale on the order of minutes result in a diffusion length in the order of sub- to several

microns) was much smaller than the opening aperture (tens to hundreds of microns)

exposed to the oxidant/reactants. However, this is totally opposite for the AlOx

oxidation process, where the diffusion length is much greater than the sub-micron

opening aperture in size.

The drift term typically describes the transport behavior of the oxidant across

the oxide layer already present. It could originate from several possible blockade

mechanisms existing along the oxidant transport path [80]. We will show that this

term explains well the to-date unexplained thickness dependence on oxidation rate.

Secondly, we consider that the reaction between AlGaAs and the oxidant molecules
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depends only on parameters in the molecular scale such as the Al composition and

the crystal orientation. Thus, our unified model has only a single equation and is

easily applied to the analysis of batch processing control of device fabrication.

Master Equation for Oxidation Rate

Thermal oxidation of AlGaAs utilizes the high reactivity between Al atoms and

water molecules to form robust AlOx. The oxidant needs to be transported from the

gas phase to the solid interface of AlGaAs through the diffusion process as shown in

Fig. 3.17(a). To describe the thermal oxidation of AlGaAs with a physical model

that is suitable for the process control of device fabrication, we need to know how the

oxidant is transported from the gas phase to the interface between the oxide front and

AlGaAs. The most important parameter to be determined is the oxidation rate as a

function of time for a given device structure and oxidation condition. Several device

structure factors that will affect the oxidation rate include AlGaAs layer thickness,

composition profile, facet orientation, mesa geometry, and spacing between devices.

On the other hand, oxidation conditions that will affect the oxidation rate include

furnace temperature and water steam flow rate.

The oxidant is transported by the carrier gas, usually dry nitrogen, to the gas/oxide

interface. The gas transport effect was reported only to be important when the spac-

ing between two devices is closer than 200 nm [73]. After the oxidant reaches the

gas/oxide interface, it is absorbed into the oxide and diffused through the oxide re-

gion to the oxide/AlGaAs interface. Reaction of the oxidant with AlGaAs transforms

the AlGaAs into oxide, which has a smaller volume. Oxidation by-products AsH3

and H2 [77] diffuse out. The oxidant advances the oxide front by a distance that is

determined by the instantaneous oxidation rate. The determination of oxidation rate
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Figure 3.17: Schematics of thermal oxidation of AlGaAs. (a) Cross-sectional view.
(b) Top view for lateral oxidation in a straight mesa configuration. (c) Top view
lateral oxidation in a circular mesa configuration.
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can therefore be fully characterized by oxidant transport through the oxide followed

by the balance of the reaction rate.

Similar to the physical framework of fluid mechanics [81], we work on a length

scale, that is large enough such that all microscopic interaction between oxidant

molecules or between oxidant molecules and the oxide matrix can be lumped into a

few macroscopic physical states, while on the other hand the length scale is small

enough such that the oxidant molecules as a whole can be treated as a continuum.

We define ρ(~x) as the concentration (mass density) of the oxidant at position ~x

and assume the temperature is uniform throughout the sample under consideration.

Because of the conservation of oxidant mass, the oxidant transport through the oxide

is governed by the continuity equation as follows [82].

∂ρ(~x)

∂t
= ∇ · (D∇ρ(~x)− v(~x)ρ(~x)) (3.31)

In (3.31), D is the diffusion coefficient. We can separate the velocity term v(~x) in

(3.31) into two parts as v(~x) = vc(~x) + va(~x), the part vc(~x) which is independent of

the layer thickness a, and the part va(~x) which is a function of the layer thickness. The

physical origin of this velocity term results from the oxidant transport blockade via

several possible mechanisms as follows. The steady convection vc(~x) of oxidant comes

from the pressure difference built up by oxidation reaction by-product out-diffusion

or external forces such as surface tension at the oxide/AlGaAs interface. Possible

physical origins for va(~x) include the following: (a) the internal stress in the oxide in

which case va(~x) = µSij(a) where µ is the mobility of the oxidant and Sij is a second-

rank tensor corresponding to the internal stress [72, 83, 84]; (b) the oxidant diffusion

path termination due to formation of porous AlOxHy, stuffing of pores in the oxide

with As containing reaction by-products [77, 80]. The exact thickness dependence

of va(~x) requires microscopic physical and chemical properties of the diffusion and
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oxidation processes. Here, we consider only the lowest-order contribution, that is to

keep only the first few terms from the Taylor expansion of va(~x) with respect to a.

We can write

va = −µκa−η (3.32)

where η is the leading order of the expansion and is a proportionality constant with a

unit [µmη+1/min]. The negative sign in (3.32) indicates this velocity acts effectively as

a blocking force for oxidant transport in the oxide [72,80]. In most of the theoretical

work on AlGaAs oxidation, this velocity term is ignored and therefore the structure-

dependent oxidant transport phenomenon is not included at the same time either.

The boundary conditions to (3.31) are given by the balance of two kinetic pro-

cesses. One is the balance between the diffusion current−D∇ρ(~x) and the oxidant ab-

sorption rate at the gas/oxide interface. The other is the balance at the oxide/AlGaAs

interface. At the gas/oxide interface, we have

−D∇ρ(~xG) = h(ρ∗ − ρ)n̂ (3.33)

where h is the gas transport coefficient that accounts for the transfer of oxidant from

the gas phase to just inside the oxide surface and n̂ is the unit vector normal to the

interface pointing toward the oxide. The equilibrium oxidant concentration just inside

the interface ρ∗ is proportional to the partial pressure of the oxidant right outside the

gas/oxide interface in the gas phase through Henry’s law [78]. On the other hand, at

the oxide/AlGaAs interface, we have

−D∇n̂ρ(~x) = k(~xO, n̂)ρ (3.34)

where k is the reaction rate of the oxidation process at position ~xO. n̂ is the unit vector

normal and pointing outward from the oxide/AlGaAs interface at ~xO. The reaction

rate k depends locally (molecular level) instead of globally on the Al composition and
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crystal orientation n̂. This has been shown in [85] that digital alloyed Al0.98Ga0.02As

(AlAs/GaAs monolayer superlattice) has similar oxidation rate as AlAs but is much

faster than a pure Al0.98Ga0.02As alloy.

All the physical parameters above including the diffusion coefficient D, the reac-

tion rate k, and the gas transport coefficient h are functions of temperatures. Each

of them can be expressed in an Arrhenius form as follows [74].

q = q0 exp

[
−Eq

k

(
1

T
− 1

T0

)]
(3.35)

where q stands for D, k, or h and Eq is the activation energy for the parameter q. Eq

is a function of Al composition, crystal orientations, structures, and etc.

After solving ρ(~x) from (3.31) with boundary conditions given by (3.33) and (3.34),

the oxidation rate σ(t) at time t can be obtained by the following equation.

σ(t) ≡ d

dt
(~xO · n̂) =

k(n̂)ρ(~xO)

NOX

(3.36)

In (3.36), NOX is the number of oxidant molecules incorporated into a unit volume

of the oxide layer. In the following, we will solve Eq.(3.31) to get the thickness

dependence of the oxidation rate and explain part of the oxidation pattern we observe

in Fig. 3.14.

Thickness Dependance of Lateral Oxidation Rate

We apply the above model to the large-index contrast grating discussed in the

previous Section. The actual modelling requires the knowledge of the aluminum

composition profile along the straight mesa exposed to the oxidant. For simplicity

and to see how the thickness change can affect the oxidation pattern, we assume

the oxidation rate along the direction parallel to the exposed mesa sidewall is zero.

In this simplified picture, we can model each point separately. Refer to Fig. 3.17,
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the AlxGa1−xAs grating layer is sandwiched between two GaAs layers with negligible

oxidation rates (k = 0). For the case when the thickness-dependent term va(~x)

dominates the velocity term, v(~x) can be replaced by (3.32). We will treat η in the

expression as an unknown parameter at this moment. The continuity equation (3.31)

in this case reduces to the following.

∂ρ

∂t
= µκa−η ∂ρ

∂x
+ D

(
∂2ρ

∂x2
+

∂2ρ

∂z2

)
(3.37)

There are four interfaces in this case: the gas/oxide, the oxide/top- and oxide/bottom-

AlyGa1−yAs , the oxide/AlxGa1−xAs boundaries. These four interfaces determine the

four boundary conditions for the differential equation (3.37) as follows.

−D
∂ρ

∂x

∣∣∣
x=0

= h (ρ∗ − ρ(x = 0, z))

−D
∂ρ

∂x

∣∣∣
x=xO

= kρ(x = xO, z) (3.38)

−D
∂ρ

∂z

∣∣∣
z=±a/2

= 0

The oxidation rates at oxide/top- and oxide/bottom- AlyGa1−yAs interfaces have

been set to be zero in the last line of (3.38) because the reaction rates k vanish at

these interfaces. The solution to (3.37) at steady state with the boundary conditions

given by (3.38) is

ρ(x, z) = P exp (−x/a′) + Q (3.39)

where

a′ =
D

µκ
an (3.40)

and

P =
ρ∗

1− e−xO/a′ +
D

a′

(
1

h
+

1

k
e−xO/a′

)
Q =

(
D

ka′
− 1

)
e−xO/a′

P (3.41)
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The oxidation rate given by (3.36) can now be written as follows.

σ =
De−xO/a′

ρ∗/NOX

a′ (1− e−xO/a′) + D

(
1

h
+

1

k
e−xO/a′

) (3.42)

We consider two limiting cases. First, as the thickness approaches zero, that is

a′ → 0, (3.42) reduces to

lim
σ′→0

σ =
hρ∗

NOX

e−xO/a′
(3.43)

This exponential behavior for very thin layers gives an oxidation process threshold

at a seemingly very thin but finite thickness as observed experimentally in [73] to be

around 15 nm.

On the other hand, for a very thick layer, the oxidation rate (3.42) becomes the

following.

σ =
Dρ∗/NOX

D

(
1

h
+

1

k

) (for a′ � xO) (3.44)

Equating (3.44) with dxO/dt and integrating both sides, we obtain

x2
O + AxO = Bt (3.45)

where the rate constants A and B are defined as follows.

A = 2D

(
1

h
+

1

k

)
B = 2

Dρ∗

NOX

(3.46)

(3.45) is the same as predicted by Deal and Grove model [78].

We study the dynamics of the oxidation process as follows. In the early stage of

oxidation, i.e. when xO is small, the oxidation process is reaction-rate limited. In this

case, the first term in the denominator of (3.42) can be neglected and the oxidation
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rate can be written as follows.

σ =
Be−xO/a′

2D

(
1

h
+

1

k
e−xO/a′

) (for small xO) (3.47)

We see that due to the velocity term, the reaction rate k in (3.46) is changed according

to the following.

k → keff = k exp (xO/a′) (3.48)

The comparison of reported experimental data and (3.47) is plotted in Fig. 3.18.

Fairly good agreement between experiments and the theory is obtained. The order η

is found to be η = 2 and the prefactor µκ is found to be 7× 10−4µm3/min. Ref. [75]

shows much gentler thickness dependence compared to both [86] and [87]. This is

because oxidation rate measurements were taken at different oxidation depths, which

will result in different thickness dependence as described in detail below.

Equation (3.47) also shows that the oxidation rate is an explicit function of the

oxidation depth xO. On the other hand, (3.47) shows different thickness dependence

even under the conditions of fixed rate constants A, and B, e.g. fixed temperatures.

This is plotted in Fig. 3.19. As the oxidation depth increases, the thickness depen-

dence becomes gentler but the ”saturation” thickness, upon which the oxidation rate

can be considered independent of the thickness, becomes larger. When the thickness

increases, the thickness dependence change becomes less noticeable and eventually

they reduce to linear-parabolic relation (3.45).

Fig. 3.20 shows the oxidation rate as a function of the oxidation depth. In this

plot, the parameters are chosen from [86] as in Fig. 3.19. The oxidation rate in general

decreases when the oxidation depth increases. Physically, it means the oxidation

process gradually transits from a reaction-limited process to diffusion-limited process.

For a thinner layer thickness, the decrease of oxidation rate is much more drastic and
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Figure 3.18: Dependence of the oxidation rate on the AlGaAs layer thickness for
lateral oxidation with straight mesas. Solid lines are theoretical curves calculated
from (3.47) and points are reported experimental data. η = 2 is used in the expression
va = −µκa−η for all theoretical curves. Initial oxidation stages are assumed in all
the plots. Different oxidation depths are used in the theoretical curves for [86], [87],
and [75], respectively.
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Figure 3.19: Thickness dependence at a fixed temperature for different oxidation
stages..
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Figure 3.20: Oxidation rate at different oxidation depth. The same physical param-
eters as in Fig. 3.19 are used. An appreciable oxidation rate decrease at deeper
oxidation depth is seen as the thickness is only 50nm.

is observed at an earlier time. The decreasing rate is initially linear but becomes

nonlinear later on. It corresponds to the transition from linear to parabolic behavior

predicted by approximated expression (3.45). When the oxidation depth becomes

even larger, a non-parabolic oxidation depth versus time behavior is expected. The

depth-dependent oxidation rate shows that extra care is needed for the calibration

process when layer thickness is less than ∼100 nm. In addition to typical parameters,

such as oxidation temperature and structure, the oxidation rate must be measured

at the same depths.

The dependence of oxidation depth on oxidation time compared with experimental

data of [68] is plotted in Fig. 3.21 along with the theoretical curves calculated from
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Figure 3.21: Dependence of oxidation depth on oxidation time. Experimental points
are taken from [68]. Theoretical curves are calculated from (3.42). Rate constants A
and B used in the theoretical curves are 337 µm and 540 µm2/min at 420oC and 350
µm and 1270 µm2/min at 450oC, respectively.

(3.42). All physical parameters are kept the same for a given temperature. The values

we used are listed in the figure caption and agreed well with the rate constants values

reported in [68]. The theoretical curves agree with the experimental data except for

the case of 100nm layer thickness at 420oC oxidation temperature. If a better fitting

is desired, the rate constant B has to be adjusted independently to be 1.5 times the

value used for 25nm layer thickness (not shown here).

The oxidation model developed above can be applied to any mesa geometry for

example a round mesa often encountered in a VCSEL (vertical-cavity surface emit-

ting laser) fabrication (Fig. 3.17(c)). The result is particularly interesting in batch

processing of a single-mode VCSEL [71].
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Application to Oxide Grating

For the case of the large-contrast grating, the AlxGa1−xAs layer thickness is from

15 nm to 160 nm which falls into the region between small-thickness limit and the

saturation-thickness regime. The oxidation rate approximately increases linearly with

the layer thickness. Without the thickness dependance of the oxidation rate, the

oxidation pattern depends only on the aluminum composition at each point. Since

the oxidation rate of AlxGa1−xAs scales exponentially as the composition x according

to the following empirical formula (x > 0.85)

σ(x) = σAlAs exp
(
−62.4(1− x) + 195(1− x)2

)
, (3.49)

the oxidation front is expected to be an exponential profile as well. In fact, the

observed straight oxidation front (refer to Fig. 3.14(b)) indicates that the thickness

variation plays a much more important role in our structure than the composition

variation.
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Chapter 4

Slow-Light via Electromagnetically

Induced Transparency

In the previous Chapter, we have seen the implementation of a semiconductor

slow-light device via the use of the waveguide dispersion. A buffering time in the order

of nanosecond can be achieved on a practical size of wafer. However, the control range

of buffering time is fairly limited mainly due to the small index of refraction range

that can be varied in a typical semiconductor material. In this and the next Chapter,

we turn our attention to the second approach of dispersion engineering, namely the

material dispersion. We will discuss two different coherent optical processes, the

electromagnetically induced transparency and the population pulsation that can lead

to the desired dispersive characteristics for slow-light in semiconductor materials.
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4.1 Electromagnetically Induced Transparency

Electromagnetically induced transparency (EIT) 1 is a coherent optical process

which involves two laser beams, one strong (pump) and one weak (signal2) [88, 89].

These two laser beams access two independent dipole-allowed transitions in a three-

level system, respectively. The probability amplitudes of these two light-matter inter-

actions are exactly out of phase and cancel each other. The carriers are thus trapped

in the ground state (coherent population trapping or CPT) and render an originally

optically opaque signal transition transparent. EIT is a special case of the Raman

systems that the two beams are nearly in resonant with the matter transitions. There

has been some research showing that an off-resonant Raman system can also create

the desired slow-light dispersion [90] but it will not be discussed here.

Fig. 4.1 shows the absorption and index of refraction spectra experienced by the

signal beam before and after we turn on the pump beam. The pump beam “dresses”

the original transition and splits the single absorption peak (dashed line) into two

closely spaced resonances (solid line). The induced spectral hole between these two

resonances generates the desired dispersive characteristic for slow-light [91], i.e. has

a large and positive slope at the linecenter ωs.

Before EIT was demonstrated experimentally in strontium [92] and inhomoge-

neously broadened lead vapor [93] using pulsed laser sources in 1991, similar physical

processes have been studied before. For example, Fano has shown the transition prob-

ability can be enhanced or suppressed due to quantum interference between several

possible transitions in a system [94] (Fano interference); Theoretically, Whitley and

1In literature, similar optical processes as EIT are often called different names such as coherent
population trapping (CPT), resonant Raman process, Fano interference, or Adler-Townes effect.

2In the literature, the pump is often named the control or coupling beam; the signal is often
named the probe beam.
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Figure 4.1: Absorption and refractive index spectra with and without the pump
beam. The solid lines and the dash lines represent the cases with and without the
pump beams, respectively. A transparency window is created and induces a large and
positive slope for the index dispersion curve.
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Stroud Jr. has shown that this was also the case for a three-level system with two

nearly-resonant laser beams [95].

In the last decade, many more material systems have been demonstrated to be

able to generate EIT signatures. Examples of these material systems are hydrogen

atoms [45], rubidium vapors [96–99], Bose-Einstein condensates [9,100], rare-earth el-

ements doped crystals [101, 102], semiconductor quantum wells [103–105], etc. Some

important experimental parameters are summarized in Table 4.1. In experiments

using atomic vapors such as Sr, Pb, and Rb, the vapor was stored in an isolated

cell which was heated to maintain an enough density of atoms. Helium gas was often

accompanied to maintain a constant pressure. Because of the high temperature condi-

tion (for example 1150◦C for the lead vapor), collision induced linewidth broadening

and Doppler broadening are often associated and make the required pump power

density 3 higher. There have been experiments carried out using the atomic vapor

in a Bose-Einstein condensate state in which case an enough density of atoms can

be achieved without the disadvantages cause by heating. Since all the atoms occupy

the lowest energy state, there is no collision or Doppler broadening which makes the

system close to ideal. The typical required pump power density is very small, for ex-

ample 55 mW/cm2 in the experiment using cold sodium atoms in a magneto-optical

trap (MOT) [9].

The slow-light effect associated with the EIT process has also been extensively

studied in Bose-Einstein condensate [9, 13], rubidium vapor [11, 15], and Pr doped

Y2SiO5 [14]. Light speed slower than the speed of sound has been reported. The

coupling between the optical signal and the EIT media can be described by a dark

state polariton [106]. It has been shown that the dark state polariton state can be

3The term “power density” is equivalent to the intensity.
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Material Condition Atomic
Configu-
ration

Pump
Laser

Signal
Laser

Pump
Power
Density

Ref.

Sr 5 × 1015

atoms/cm3

heated

Λ 337.1
nm (3 ns
pulse)

570.3 nm
(3.5 ns
pulse)

15
MW/cm2

[92]

Pb 1 × 1017

atoms/cm3

at
1150◦C &
15 torr

ladder 1064 nm
(8 ns
pulse)

283 nm
(5 ns
pulse)

NA [93]

Rb 20◦C ladder 775.8 nm
CW

780 nm
CW

250
W/cm2

[96]

Rb 20◦C Λ 794.8 nm
CW

794.8 nm
CW

19.6
W/cm2

[98]

Na 5 × 1012

atoms/cm3

at 435
nK

Λ 589 nm
CW

589 nm
CW

55
mW/cm2

[9]

Pr3+

doped
Y2SiO5

5.5 K Λ 605.7 nm
CW

605.7 nm
CW

900
W/cm2

[101,102]

In0.47GaAs
/
Al0.48InAs
QWs

30 K ladder 2.34
µm (100
ps pulse)

2.64
µm (100
ps pulse)

2.6
MW/cm2

[103]

GaAs /
AlGaAs
QWs

10 K V 805 nm
(6 ps
pulse)

805 nm
(150 fs
pulse)

NA [104]

Table 4.1: Comparison of previous EIT experiments.



72

Figure 4.2: The “road-map” of slow-light experiments via EIT. For completeness, the
slow-light experiment using population pulsation (PP) [12] is also shown.

adiabetically converted into a pure atomic excitation by gradually turning off the

pump field. This process is reversible and the optical signal can be trapped in the

atoms and restored later [13–15]. Table 4.2 summarizes the research status of slow-

light experiments via EIT and is plotted as a “road-map” in Fig. 4.2.

In this Chapter, we discuss the aspect of slow-light via EIT in semiconductor

materials. First, the theoretical framework is set up. We then derive several important

slow-light parameters. Following that, we discuss our experimental work on EIT.

We will demonstrate EIT in semiconductor quantum wells (QW) both via exciton

correlation and spin coherence. The latter case is performed successfully at room

temperature due to its long spin coherence time. Last, we propose a novel way

of overcoming the inhomogeneous problem often associated with epitaxial growth,

especially in quantum dot growth. We will show that an unbalanced multiple pump

(UMP) scheme can be used to compensate the adversity of sample inhomogeneity

and as large as 60 % of performance can be restored.
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Material Temp Conf S B.W. Method λp

(nm)
λs

(nm)
Ref.

Rb heated ladder 13.2 100
MHz

indirect 775.8 780 [107]

Pb heated Λ 165 50
MHz

direct 406 283 [108]

Cs heated Λ 3000 < 66
kHz

indirect NA NA [109]

Rb 80◦C Λ 3× 106 < 10
kHz

direct 795 795 [11]

Na 450
nK

Λ 1.8 ×
107

< 5
MHz

direct 589 589 [9]

Pr3+

doped
Y2SiO5

5 K Λ 6.7 ×
106

< 70
kHz

direct 605.7 605.7 [14]

Table 4.2: Comparison of previous slow-light experiments via EIT. In the table,
Temp, Conf, and B.W. stand for temperature, EIT configuration, and bandwidth,
respectively. λp and λs are wavelengths of the pump and the signal lasers, respectively.
In these experiments, direct methods used fast photodectectors to measure the group
delay directly. Indirect methods measured the phase delay in the frequency domain
and infer the slow-down factor from the slope of the dispersion curve.
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Figure 4.3: Schematics of three possible EIT configurations. (a) ladder configuration
(b) V configuration (c) Λ configuration. In all cases, thick transition lines represent
the strong pump field and thin transition lines represent the weak signal field. Open
and filled circles represent the unpopulated and populated initial states, respectively.

4.2 Slow-Light in Semiconductor Nanostructures

4.2.1 Material Requirement

There are two criteria for the observation of EIT. The first criterion is to have

three discrete energy levels in which two out of the three possible transitions are

accessible by lights and the third one is dipole-forbidden. The second criterion is to

have a long non-radiative coherence time between these two light-matter couplings.

From these two criteria, the only three possible atomic configurations are ladder, V,

and Λ configurations as shown in Fig. 4.3. For a unified theoretical treatment in the

following, we label the energy levels in the following way: in the ladder configuration,

levels are arranged as E1 < E2 < E3; in a V configuration, levels are arranged

as E1, E3 > E2; in a Λ configuration, levels are arranged as E1, E3 < E2. It’s

worthwhile to mention that the classification of the EIT configurations is determined

by how the fields are coupled to the populated ground state at the beginning of the

interaction. As shown in Fig. 4.3, in V configuration, the pump and the signal share
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the same populated ground state. In Λ and ladder configurations, the pump does

not couple to the populated ground state directly but share the final or intermediate

state, respectively.

In bulk semiconductor materials, discrete energy levels can be formed by exci-

tons, i.e. bound electron-hole quasi-particle states via Coulomb interaction. Due to

carrier-carrier and carrier-phonon scattering, the lifetime of exciton is usually very

short. Once the excitons are broken free into electrons and holes, they form con-

tinuous density of states characterized by the crystal momentum K. The scattering

between different K-states usually make coherent optical processes very hard to ob-

serve although not impossible in bulk semiconductors.

Semiconductor nanostructures, on the other hand, can strength the bond between

electron and hole in an exciton state due to quantum confinement. Depending on

the number of confinement dimensions, we can differentiate the nanostructures into

quantum wells (QWs), quantum wires (QWires), and quantum dots (QDs). In the

extreme case of QDs, the excitons are strong enough to form a delta-function like

density of states and therefore have been regarded in many aspects as “giant” artificial

atoms [110,111].

The second criterion, i.e. long non-radiative coherence between two dipole-coupled

transitions, has also been observed in semiconductor materials, in particular the co-

herence between heavy-hole and light-hole. In bulk materials, Raman beats between

HH1 and LH1 have been reported [112,113]. In semiconductor QWs, coupled resonant

AC Start effect was reported to give direct evidence of HH1-LH1 coherence [114]. On

the other hand, it has been reported that the spin coherence in semiconductor mate-

rials can be very long-lived. A coherence time larger than 10 ns at room temperature

has been observed in an n-modulation doped GaAs/AlGaAs (110) QW [115]. In a
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regular (100) undoped QW, the lifetime is much shorter (70 ps) but still orders of

magnitude longer than the corresponding exciton dephasing time [116]. We will see in

Section 4.4.2 how this long coherence time can lead to semiconductor EIT signature

at room temperature.

4.2.2 Equations of Motion

To properly describe the dynamics of excitons in semiconductor materials, we

need to include Coulomb interactions and many-body effects such as exciton-exciton

correlations into the atomic Bloch equations. Such modifications in the Hartree-Fock

limit are called semiconductor Bloch equations (SBE) [117,118]. Under the condition

of a low excitation condition, the SBE can be approximated by an inhomogeneously

broadened two-level system. This approximation can be extended into a multi-level

system if the number of quantized states in the potential well is more than one.

Therefore we can use the same physical picture shown in Fig. 4.3. To write down the

equations of motion, we first associate the transitions in Fig. 4.3 with the pump and

the signal fields. In all three cases, we define transitions from |1〉 to |2〉 associated

with the signal ωs and transitions from |2〉 to |3〉 associated with the pump. Although

these associations are arbitrary and can be swapped without changing the physics, it

is preferably to couple the pump to two initially empty states in order to minimize

the unwanted population excitation. The detuning δs and δp are defined as ω21 − ωs

and ω32 − ωp, respectively.

There are two physical bases we can choose before coupling to the light. The first

choice is the excitonic basis in which |1〉, |2〉, and |3〉 correspond to exciton ground

state (no excitons), one exciton state excited by signal beam, and one exciton state

excited by pump beam, respectively. The second choice is the electronic basis in which
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|1〉, |2〉, and |3〉 correspond to the actual electron population states. For the latter

picture, there is a dual picture for the hole state as well and the population of the hole

state is exactly identical to that in the electron state because of the charge neutrality.

In our case, since state |2〉 is shared by two transitions, the exciton population density

is not ρ22 − ρ11 nor ρ33 − ρ22. Therefore it is simpler to work in the electronic basis

and we will choose that in the following discussion.

Defining the slowly-varying density matrix envelopes σij in terms of the density

operators ρ̂ as follows.

〈2|ρ̂|1〉 = σ21e
−iωst,

〈3|ρ̂|2〉 = σ32e
−iωpt, (4.1)

〈3|ρ̂|1〉 = σ21e
−i(ωs+ωp)t,

The equations of motion for the off-diagonal density-matrix elements σij (i 6= j)

become the following under the rotating-wave approximation.

σ̇21 = −(γ21 + iδs)σ21 − iΩs(ρ22 − ρ11) + iΩ∗
pσ31

σ̇32 = −(γ32 + iδp)σ32 − iΩp(ρ33 − ρ22)− iΩ∗
sσ31 (4.2)

σ̇31 = −(γ31 + i(δs + δp))σ31 + iΩpσ21 − iΩsσ32

On the other hand, the equations of motion for the diagonal components are as

follows.

ρ̇22 = −γ2ρ22 + (Γ3→2ρ33 + Γ1→2ρ11)− 2Im(Ωsσ
∗
21 − Ωpσ

∗
32)

ρ̇33 = −γ3ρ33 + (Γ2→3ρ22 + Γ1→3ρ11)− 2Im(Ωpσ
∗
32) (4.3)

ρ̇11 = −(ρ̇22 + ρ̇33)

where the Rabi frequency is given by

Ω = µE/2h̄ (4.4)
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In Eq.(4.4), µ is the interband or intersubband dipole moments. To simplify the

discussion in the following, we assume µ is a constant and is given by eIeh~r for i = s

or p; e~r is the dipole moment and Ieh is the overlap integral between electron and hole

wavefunctions (or electron and electron wavefunctions if intersubband transition). Ω

is related to the power density Ii (i = p or s) by the following relationship.

Ω2
i =

|µi|2Ii

4h̄2cε0
√

εbac

(4.5)

where ε0 (dimensional) and εbacε0 (εbac is dimensionless) are the dielectric constants

in the vacuum and in the material but far away from the resonance, respectively. In

Eq.(4.3), Γi→j accounts for the population transfer rate from state |i〉 to |j〉. The

linewidths are defined as follows.

γi =
∑

j

Γi→j (4.6)

γij =
1

2
(γi + γj) + γph (4.7)

where γi and γph are lifetime broadening and dephasing broadening linewidths, re-

spectively [119]. The physical meaning of the two sets of equations of motion (4.2)

and (4.3) are coherent carrier-light interaction and carrier population transfer between

different levels, respectively.

4.2.3 Slow-Down Factor

We assume the signal field is much weaker than the pump field 4. At steady state,

we have

σ31 =
iσ21Ωp

γ̃31

, (4.8)

4For strong signal field, analytical results can also be obtained by the radiative renormalization
method [120].
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and

σ21 =
−iΩs(ρ22 − ρ11)

γ̃21

(
1 +

|Ωp|2

γ̃21γ̃31

) (4.9)

where we have defined two complex detuning paramters γ̃21 and γ̃31 as γ21 + iδs

and γ31 + i(δs + δp), respectively. The macroscopic dimensionless dielectric constant

experienced by the signal beam is related to the off-diagonal component σ21 as follows.

εs = εbac +
2

ε0Es

Γconf

V
σ21µ

∗
21 (4.10)

where Γconf is the optical confinement factor, V is the physical volume of the portion

of the potential well covered by the light. Substituting Eq.(4.9) into Eq.(4.10), we

get

εs(ωs) = εbac +
iU21/h̄

γ̃21 + Ω2
p/γ̃31

(4.11)

where U21 is defined as

U21 = Γconf |µ21|2(f1 − f2)/V ε0, (4.12)

In Eq.(4.12), f1 and f2 are Fermi-Dirac distribution factors. In intrinsic semiconductor

materials at normal temperature operating range, f1 ∼ 1 and f2 ∼ 0. For simplicity,

we assume pump detuning is zero, i.e. δp = 0 in the following discussion. The

slow-down factor at the linecenter (δs = 0) is given by

S(δ = 0) = n + ωs
∂n

∂ω

∣∣∣∣
0

(4.13)

Separating the real and imaginary parts of the dielectric constant as εs = a + bi, we

get

n =

(
a +

√
a2 + b2

2

)1/2

(4.14a)

∂n

∂ω
= − ∂n

∂δs

= − 1

4n

[
∂a

∂δs

+
1

|εs|

(
∂a

∂δs

+ b
∂b

∂δs

)]
(4.14b)
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The derivatives terms are given by

∂a

∂δs

∣∣∣∣
0

=
U21

h̄γ2
21

(1− ηI0)

(1 + I0)2
(4.15a)

∂b

∂δs

∣∣∣∣
0

= 0 (4.15b)

a(δs = 0) = εbac (4.15c)

b(δs = 0) =
U21

h̄γ21

1

1 + I0

(4.15d)

Substituting into Eq.(4.13), we get the expression for S as follows.

S(δs = 0) =

[
εbac +

√
ε2
bac + ε2

res

2

]1/2 [
1 +

1

2
√

ε2
bac + ε2

res

(
nbaccα0

γ21

)(
ηI0 − 1

(1 + I0)2

)]
(4.16)

where residual dielectric constant due to the absorption resonance is defined as

εres =
nbaccα0

ωs

(
1

1 + I0

)
, (4.17)

and α0 is the signal absorption without the presence of pump and is given by

α0 =
ωsU21

nbacch̄γ21

. (4.18)

On the other hand, the normalized pump power density is given by

I0 = Ω2
pT21T31 (4.19)

In Eq.(4.16), we have defined an ideality factor η as γ21/γ31. As we will see below, η

is an important indicator of how good the coherence is in an EIT process. Ideally, η

should be as large as possible.

The explicit expression for the signal absorption for zero pump detuning is given

by

α(ωs) = α0

1 +
I0

1 + (δsT31)2[
1 +

I0

1 + (δsT31)2

]2

+ (δsT21)2

[
1− ηI0

1 + (δsT31)2

]2 (4.20)
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Figure 4.4: Physical origin of EIT absorption spectrum. The EIT absorption spec-
trum (thick line) can be visualized as the composite of two bell-like lineshapes in
which one is oriented up-side down with respect to the other. The widths of these
two lineshapes are characterized by T31 (thin solid line) and T21 (thin dotted line),
respectively.

Eq.(4.20) can be visualized as the composite of two bell-like lineshapes in which one

is oriented up-side down with respect to the other as shown in Fig.4.4. The widths

of these two lineshapes are characterized by T31 (thin solid line) and T21 (thin dotted

line), respectively. The composite (the thick line) of these two absorption curves

forms the absorption spectrum experienced by the signal in an EIT process. It is

clear to see that the width of the spectral hole scales down with η.

From Eq.(4.20), approximate analytic forms can be derived in the following for

the depth and the FWHM width of the spectral hole at the limit of a large η and a
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low pump power I0.

∆α ∼ α0
I0

1 + I0

(4.21)

∆ν ∼ 2γ31

√
1 + I0 (4.22)

In comparison with the expression for the slow-down factor, Eq.(4.16) under the

same approximations, we obtain the following simple scaling relationship.

S(I0) ∼
I0

(1 + I0)3/2
∼ ∆α

∆ν
(4.23)

The result is not surprising because the second equality in Eq.(4.23) can be obtained

from a general consideration of Kramers-Krönig relation, namely Eq.(2.19).

According to Eq.(4.23), the slow-down factor has a maximum at a pump intensity

I0 = 2. When we increase the pump power even further, the power broadening

(Eq.(4.22)) increases faster than the increase of absorption depth (Eq.(4.21)) which

leads to a reduction of slow-down factor.

In the limit of very strong pump power I0, the slow-down factor (Eq.(4.16)) is

proportional to η/I0. That is S only depends on the ratio of the two dephasing rates,

η, not their respective values. In order to obtain a large slow-down factor, it is far

more important to find a system with a very long non-radiative coherence time rather

than a very long light-matter dephasing time. The EIT process in Section 4.4.2 is

an example of this case that the spin coherence is much longer than the exciton-light

dephasing.

It is interesting to see the position of the spectral hole versus the pump detuning.

As seen from Fig. 4.5, the spectral hole is not exactly determined by the two-photon

resonance condition, i.e. δs + δp = 0. The signal detuning is slightly less than the

pump detuning. This is attributed to the asymmetric lineshape especially for the case

of a large pump detuning. The absorption is dominated by the original absorption line
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Figure 4.5: Dependance of spectral hole position on pump detuning. The dependance
of the normalized absorption spectrum α/α0 on the pump detuning δp/γ21. The inset
shows the spectral position of the spectral hole as a function of pump detuning.
The slope is slightly off the two-photon resonance condition, i.e. δs = −δp. In the
calculation, I0 = 2 and η = 5.

at zero tuning and the dip position is slightly pulled toward the strongest resonance.
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4.3 Proposed Semiconductor Slow-Light Device via

EIT

4.3.1 Device Structure

A proposed semiconductor slow-light device based on the EIT process is shown

in Fig. 4.6 [21]. It has a ridge waveguide to guide both the signal and the pump

fields. Underneath the waveguide is the active region which provides the desired

three level system for an EIT process. The pump and the signal propagate in the

same or opposite direction. The advantage of using the counter-propagating scheme is

an easier separation between the pump and signal at the output port. The slow-light

device can be integrated with other photonic devices with similar geometries. For

example an all-optical buffer can be implemented by integrating a slow-light device

(SLD) with a DFB laser and a semiconductor optical amplifier (SOA) in a Mach-

Zehnder interferometry configuration as shown in Fig. 4.7. The DFB and SOA are

used to provide the pump beam and re-amplify the signal beam, respectively. Two 3

dB couplers are used to switch the signal beam into the SLD or a bypass waveguide

based on whether the signal needs to be buffered. The current of the DFB laser can

control the pump power and hence the buffering time. In the following Section, we

will discuss possible candidates for the active region.

4.3.2 Choice of Active Region Materials

Quantum Wells

Due to quantum confinement, excitons can be observed even at room temperature

in semiconductor QWs (refer to Fig. 4.25). The homogneoues linewidth of a good
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Figure 4.6: Schematic of a semiconductor slow-light device based on EIT processes.
Both the signal and the pump are guided by the ridge waveguide structure. The
active region provides the desired three-level system for the EIT process.

Figure 4.7: Schematic of a semiconductor all-optical buffer based on the slow-light
device. The slow-light device (SLD), DFB laser, and a semiconductor optical amplifier
(SOA) are integrated together into a Mach-Zehnder interferometry configuration. The
DFB and SOA are used to provide the pump beam and re-amplify the signal beam,
respectively.
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quality QW is typically in the range of 2 - 10 meV from low temperature to room

temperature.

In QWs, the energy quantization lifts the degeneracy between the heavy-hole and

light hole due to their different effective masses. Near bandedge, the radiatively cou-

pled transitions are dominated by discrete excitonic states. Fig. 4.8 shows the energy

diagram of three doubly-degenerate excitonic states in the electronic basis (two con-

duction bands, two heavy-holes, and two light-holes) as well as their total angular

momentum representations |J, S〉. Also shown in the figure is the convention used

in QW optics. The TE and TM polarized lights have polarizations parallel and per-

pendicular to the QW plane, respectively. TM polarized light does not have angular

momentum component in the QW plane and therefore can only access transitions

LH ↑ −C ↑ and LH ↓ −C ↓. TE polarized light can be decomposed into two circu-

larly polarized lights in the QW plane both carrying an unit of angular momentum

but with opposite helicities (denoted as σ+ and σ−). Since the exciton-light interac-

tion preserves the total angular momentum J , there are only six transitions out of

the eight possibilities between the two conduction bands and four hole bands that are

accessible by the light. These six transitions correspond to three doubly-degenerate

excitons. The remaining two exciton states are not accessible by the light and will

not be discussed here.

The above discussions can be extended to include more quantized states in QWs

such as C2, HH2, etc. The possible EIT three level system in a QW can be freely

chosen from these possible excitonic states. For example, we can choose two interband

transitions (Section 4.4.1) or two intersubband transitions [121], or one interband

and one intersubband transitions (Section 4.3.3). As we will show in Section 4.4.2,

the interband transition can allow the utilization of spin coherence and enables the
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Figure 4.8: Energy diagram for excitons in the electronic basis in quantum wells.
The electronic basis consists of two heavy holes (HH ↑ and HH ↓), two light holes
(LH ↑ and LH ↓), and two conduction bands (C ↑ and C ↓). Three doubly-degenerate
excitons are denoted by the arrows. Symbols on the side of the arrows denote the
required polarization of light to excite these states. σ+ and σ− are two circularly
polarized lights with opposite helicities. z corresponds to TM polarization.

potential of room temperature EIT.

Quantum Dots

Due to the discrete density of states and stronger exciton bond in QDs, homo-

geneous linewidth can be three orders of magnitude smaller than QWs at helium

temperature or 2-3 times smaller than QWs at room temperature. The small ho-

mogeneous linewidth makes the QD an excellent candidate for the active region of a

semiconductor slow-light device.

There have been many different approaches to fabricate III-V QDs. Recently,

there have been extensive research efforts on self-assembled growth of QDs on a

single crystalline semiconductor substrate. In general, the morphology of epitaxial

growth of a material with a lattice constant different from the 2D surface upon which

it deposit can evolve into three different growth modes without defects: layer-by-layer
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Figure 4.9: Three growth modes for an as-growth heterogeneous epitaxy layer.

Epitaxial Method MBE MOCVD ALE
Optical Quality Good Good Good
Dot Density > 1011/cm2 > 1011/cm2 3× 1010/cm2

Homogeneous
Linewidth

Good Good Excellent

Advantages In-situ monitoring
tool available; sim-
pler to control

More choices on
precursors; more
possibilities for
growth variations
such as surface
modification, pat-
terned substrate
and selective area
epitaxy.

Same as MOCVD
plus atomic lay-
ered control.

Sample Unifor-
mity

30-60 meV 30-60 meV 20 meV

Typical Dimen-
sions

Lateral: 10-15 nm;
Vertical: 2 nm

Lateral: 10-15 nm;
Vertical: 2 nm

Lateral: 20 nm;
Vertical: 10 nm

Table 4.3: Comparison of quantum dot properties using three growth techniques.

growth mode (Frank-van der Merwe or FvdM), island growth mode (Volmer-Weber

or VW) and their combination, Stranski-Krastanow (SK) growth mode as shown in

Fig. 4.9. Among these three, SK mode has been demonstrated to form good quality

QDs and has been achieved in molecular beam epitaxy (MBE) [122, 123], metal-

organic chemical vapor deposition (MOCVD) [124–126], and atomic layer epitaxy

(ALE) [127,128]. Table 4.3 provides general comparisons of several properties relevant

to the application of a slow-light device.
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Dephasing Linewidth vs. Homogeneously Broadening Linewidth

Whether or not we can successfully observe an EIT process strongly depends on

the interplay between two dephasing rates γ21 and γ31. The radiative dephasing rate

γ21 is usually larger than or in the same order as the non-radiative dephasing rate

γ31 because the latter can often leverage the spin coherence in semiconductors. The

radiative dephasing rate is equal to the HWHM homogeneously broadening linewidth

h̄γH/2 as follows.

h̄γH = 2h̄γij (4.24)

where the factor 2 comes from the fact that an exciton dephasing process involves

the participation of both electron and hole. For QWs, γij can be fit to the following

empirical formula,

γij = Γ0 +
Γph

exp

(
h̄ωLO

kBT

)
− 1

(4.25)

where Γ0 is the contribution from interface roughness and alloy composition fluc-

tuation. The second term is due to the longitudinal phonon scattering [70, section

13.4].

For QDs, the situation is a little more complicated. The temperature dependance

of γij can be roughly divided into two segments, T < 100K and T > 100K. For

T > 125K, γij can be fitted into the following linear relationship.

γij = 2.27− 0.005× (300− T ) (meV) (4.26)

For T < 100, Table 4.3.2 lists several measured γH [129].
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Temperature
(K)

measured de-
phasing time
(ps)

γH (µeV)

7 630 2
25 170 7.76
50 37 35.6
75 11 119.8
100 6 219.8

Table 4.4: Measured dephasing times and homogeneous linewidths for various
temperatures.

4.3.3 Device Performance

In the following, we evaluate the performance of a semiconductor slow-light device.

We pick a typical set of material parameter for a state-of-the-art QD array (Table

4.5). For QW active region, the result needs only to be scaled by a proper volume

factor V/Γconf and dephasing rate. The sample is for now assumed to be uniform,

that is to have less inhomogeneous broadening than the homogeneous linewidth. The

consequence of the sample inhomogeneity will be discussed later in Section 4.3.4. We

model the QD as a quantum disk model and choose the three-level system to be formed

by designating the first subband of heavy-hole (HH1) as |1〉, and the first two subbands

of the conduction electrons (C1 and C2) as |2〉 and |3〉, respectively. The transition

wavelengths and the dipole moments are calculated and listed in Table 4.5 by solving

Schrödinger equation in the effective-mass approximation. Fig. 4.10 plots the power

dependance of the slow-down factor for three different cases of 2γ21 = 2γ31 = γH: 2

µeV, 0.1 meV, and 4.54 meV which correspond to operating temperatures at 7 K, 75

K, and 300 K, respectively. Initially, as the pump power density increases, the slow

down factor increases. The slow-down factor then reaches a maximum and starts

to decreases afterwards which agrees with the discussion following Eq.(4.23). The

maximum slow-down factors are 107, 3.4 × 104 and 70, respectively. This illustrates
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Figure 4.10: Power dependence of slow-down factor and absorption coefficient in a
semiconductor EIT slow-light device. Three different homogeneous linewidths are
compared. In the plot, we have assumed γ21 = γ31, i.e. η = 1.

a strong dependence of the slow-down factor on the homogeneous linewidth. Also

shown in Fig. 4.10 is the absorption coefficient. The absorption decreases with the

increase of pump power in all cases.

Fig. 4.11 shows the influence of γ31, if it could be independently controlled, on the

maximum achievable slow-down factor as well as the corresponding absorption coef-

ficient and the pump power density. γ21 are fixed for all three cases. Experimentally,

a single QD has been shown to have µeV dephasing at low temperatures [129]. This

would correspond to a slow-down factor of more than 107, requiring only a pump

power density of ∼ 10 W/cm2. The buffer turn-on and turn-off times depend on

pump power density and are of the order of a few ps (or less) for small (or large)



92

Parameters Values
ωs 1.36 µm
ωp 12.8 µm
h̄γH 4.54 meV at 300 K [130]

0.1 meV at 77 K [129,131]
2 µeV at 7K [130]

Volume (V ) quantum disk with
9 nm radius and 3 nm height

|µ32|/e 24.6Å

|µ21|/e 21Å
V/Γconf 5× 103 nm3

Table 4.5: Typical parameters used for QD slow-light device calculation

linewidths with the above material parameters based on the numerical solutions of

time-dependent coupled differential equations (4.2) and (4.3).

To see how a real signal (optical short pulse) propagates through such a QD slow-

light device. We assume the input is a Gaussian pulse with FWHM of 100 ps (10

Gbit/s signal). Fig. 4.12(a) shows the propagation of such a signal through a 1

cm long QD waveguide with a pump power density of 2 MW/cm2 co- or counter-

propagating in the same waveguide. The homogeneous linewidth is assumed to be 2

meV. As seen from the figure, in addition to the signal delay as expected, the output

signal has a larger FWHM due to the non-flat frequency response of the slow-down

factor. At the output of the waveguide, the FWHM becomes 104 ps. Fig. 4.12(b)

shows the dependence of the total buffering time with the pump power density. The

buffering time can be externally controlled via the change of the pump power. The

control is continuous and can vary from 1 bit (100 ps) up to 87 bits (8.7 ns).
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Figure 4.11: Dependence of slow-down factor on the non-radiative dephasing rate
γ31. The influence of γ31 on the maximally achievable slow-down factor as well as
the corresponding absorption coefficient and required pump power density at three
different homogeneous linewidth regimes.



94

(a) Signal propagation through a quantum dot

waveguide with the length of 1 cm.

(b) Control of the buffering capacity (ns) with

the pump power density.

Figure 4.12: Optical signal propagation in an EIT QD slow-light device

4.3.4 Sample Inhomogeneity

One of the major obstacles of observing EIT in semiconductor structures, in par-

ticular QWs, is the large dephasing linewidth (i.e. HWHM homogeneous broadening

linewidth ∼ γH/2) [105] unless spin coherence can be utilized. On the other hand, the

linewidth of QDs can be considerably reduced to µeV range if the dots can be made

uniform. State-of-the-art QDs fabricated by Stranski-Krastinow nucleation, however,

exhibit a large non-uniformity which results in a much larger inhomogeneous linewidth

h̄γinh, typically around 20-60 meV [132] than the homogeneous linewidth ∼ γH which

is ∼ 4.54 meV [129,130] at room temperature.

The dielectric constant (4.11) needs to be modified for an inhomogeneously broad-

ened sample. We have to sum over the contributions from different excitons with dif-

ferent detuning from the signal as well as the pump. The integration can be written
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as follows.

εs = εbac +

∫
dδω21

iPr(δω21)U21(δω21)/h̄

(γ21(δω21) + iδω21) + Ω2
p/ (γ31(δω21) + i(qδω21 + δp))

(4.27)

where the integral is over the entire inhomogeneously broadened spectrum weighted

by the distribution function Pr(δω21). In Eq.(4.27), the factor q accounts for possible

difference of energy shifts for ω21 and ω32.

As an example, we assume the distribution function Pr(δω21) is a Gaussian as

follows.

Pr(δω21) =
1√

πΓinh

exp

(
−δω2

21

Γ2
inh

)
(4.28)

where Γinh = 0.6h̄γinh. Using the parameters in Table 4.5, the power dependance of

slow-down factors for different h̄γinh’s is shown in Fig. 4.13. The sample inhomogene-

ity masks the advantages of a narrower homogeneous linewidth that the QD sample

can provide. We will see in Section 4.5 two methods that can potentially overcome

this adversity.

4.4 Experimental Demonstration of EIT in semi-

conductor QWs

One common feature of the following two EIT experiments that will be discussed in

this Section and the population pulsation experiment that will be discussed in the next

Chapter is a spectral hole in their respective absorption spectra. In all experiments,

we apply either short-pulsed or CW pump and signal to the GaAs/AlGaAs QWs and

study the difference of the signal absorption spectra with and without the presence

of pump. In order to correctly interpret the experimental results and unambiguously

know which optical process they correspond to, we need to know what kind of optical
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Figure 4.13: Effects of sample inhomogeneity on EIT slow-light devices. Slow-
down factor as a function of pump power density for a single pump scheme in
InAs/InGaAs/GaAs quantum dot waveguides at room temperature. Different in-
homogeneous broadening linewidths are compared.
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nonlinearity in semiconductors can lead to a similar absorption spectrum. This is

summarized in Table 4.4 and will be explained in more details when we encounter

them.

The details of the dynamics of the signal (probe) differential absorption in a pump-

probe experiment can be found in [133] or [134]. We will only review the relevant

processes here. The nonlinear optical processes in semiconductors can be categorized

into incoherent (quasi-equilibrium) and coherent (transient) processes. Incoherent

processes are associated with real carrier generation while coherent processes depend

only on the light-matter coupling. When excited state excitons are created by a

narrow-spectral line laser in resonant with the exciton transition, further absorption

will be reduced due to Coulomb screening (incoherent) and exciton state filling effects

(incoherent). In QWs and especially in QDs, state filling is the dominant factor that

leads to absorption bleaching. On the other hand, during the time before light-

matter coupling is relaxed either through carrier-carrier or carrier-phonon scattering,

coherent processes can take place. To probe these effects, a weak signal beam can be

sent in before the relaxation of the polarization created by the pump beam. Depending

on the time delay between the signal and the pump, different phenomena can be

observed. Within 1 ps, non-resonant AC Stark effect [135] and excessive Coulomb

screening can be observed [136]. In the following few ps, Rabi oscillation and splitting

(resonant AC Stark effect) can be observed [137–139]. If pump comes after the probe,

coherent spectral oscillation can occur due to the interference between the incident

probe field and the probe polarization interrupted by a pump pulse [140–142]. To

distinguish in the experiment whether or not the observed spectral hole is from a

coherent process can be done by varying the relative delay between pump and signal

(probe). If the phenomena only exists when pump and signal pulses overlap both in
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Process Category Width of spectral
hole

Temperature
Behavior

Spectral hole
burning

Incoherent
√

1 + I0/T2 width ∼ 5 nm at
300K

EIT Coherent (3-level) ∼ γ31

√
1 + I0 discussed in this

Section
Rabi splitting Coherent (2-level) ∼ Epump only observe at low

temperature
Population pulsa-
tion

Coherent (2-level) ∼ (1 + I0)/T1 discussed in Chap-
ter 5

Coherent spectral
oscillation

Coherent Oscillatory signa-
ture in the absorp-
tion spectrum

only observe at low
temperature

Table 4.6: Comparison between different semiconductor optical nonlinearities that
lead to a spectral hole. I0 is the normalized pump intensity; T1, T2, and 1/γ31

are relevant time constants for each process. Dynamic spectral hole burning (not
listed) happens in the energy continuum states and disappears within 500 fs after
excitation. [143]

spatial and temporal domains, this phenomena is considered as a coherent process.

4.4.1 Low Temperature via Exciton Correlation

In this Section, we study an EIT system in QWs in which the non-radiative

coherence is mediated by the correlations between two excitons. The energy diagram

is shown in Fig. 4.14(a). The pump and signal have opposite helicities to excite

both HH ↑ −C ↑ and HH ↓ −C ↓ excitons. The exciton correlation brings these two

seemingly independent excitons together to form an equivalent three-level V-system

as shown in Fig. 4.14(b). Note it is a V-system because exciton correlation requires

the presence of both excitons and therefore pump is coupled to an initially populated

state. The conjugated pump and conjugated signal fields excite the one-exciton states

to an unbound biexciton state (i.e. exciton pairs correlated by Coulomb interaction).

We will see from the experimental results later why the third level is an unbound
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(a) Energy diagram (b) Equivalent three-level system

Figure 4.14: (a) The thick line and the thin line represent the pump and the signal,
respectively. The non-radiative coherence between these two exciton states is from
exciton correlation via Coulomb interaction. (b) The equivalent V-configuration.

biexciton rather than a bound biexciton.

In the experiment, we use GaAs/Al0.3Ga0.7As QWs whose 1s exciton has a binding

energy of 16.8 meV below the bandedge. Because of the large separation and at helium

temperature, LO phonons don’t acquire enough energy to ionize these excitons into

energy continuum states above the bandedge, we can use a narrow-spectrum pump

laser to excite only the HH-C excitons.

The sample structure is shown in Table 4.7. The active region consists of 15 pairs

of GaAs/AlGaAs QWs. The thickness of the GaAs QW is 130 Å. The sample with

its substrate removed is attached to a sapphire disk before mounted on a copper

finger. The sample is then cooled down to a temperature of 10 K. The optical setup

is shown in Fig. 4.15. To get enough pump Rabi frequency in order to eliminate

any inhomogeneous broadening effect in the sample and to verify the coherent nature

of the experimental result, we use pulsed instead of CW lasers for both pump and

signal fields. A single mode-locked Ti-sapphire laser with a repetition rate of 82 MHz

is used to provide both the pump and signal through a 90/10 beam sampler. The

output of the Ti-sapphire laser is p-polarized. The signal goes through a motorized
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Figure 4.15: Experimental setup for EIT in QWs via exciton correlation.

delay stage to adjust its relative delay with respect to the pump pulse. The pump

on the other hand, goes through a spectral filter to narrow its spectrum. The narrow

spectral pump has two functions: one is to excite only the heavy-hole resonance and

the other is to provide longer interaction time in order to eliminate any ambiguity

from sub-ps processes. The spectral filter consists of a diffraction grating, a lens to

collimate the diffracted beam, and a slit to slice a narrow spectral portion. As shown

in Fig. 4.16(a), the FWHM of the pump spectrum can be reduced to 0.3 nm which

corresponds to a temporal FWHM pulse width of around 3 ps. The peak wavelength

of the pump can be controlled by moving the position of the slit in the transverse

direction. Fig. 4.16(b) shows the relationship is linear. Unlike the long pump pulse,

we keep the signal beam as its original pulse width from the laser. The FWHM

pulse width is 160 fs (assuming Gaussian pulse shape) characterized by the standard

autocorrelation technique.

The pump and signal are focused by two different planoconvex lens onto the
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Material Thickness

GaAs (cap) 200 Å

Al0.3Ga0.7As 0.33 µm

GaAs/Al0.3Ga0.7As active region GaAs varies; AlGaAs 150 Å

Al0.3Ga0.7As 600 Å

Al0.15Ga0.85As 0.17 µm

Al0.26Ga0.74As 1.19 µm

GaAs buffer 0.3 µm

(100) GaAs substrate 350 µm

Table 4.7: Sample structure used for EIT and population pulsation experiments.

(a) Normalized Pump spectrum (b) Peak wavelength versus slit position

Figure 4.16: The input and output pump spectra of a diffraction grating based spec-
tral filter. (a) The spectral linewidth of the pump pulse can be reduced to 0.3 nm.
(b) The relationship of the peak wavelength of the pump beam and the slit position
in the transverse direction of the spectral filter.
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substrate. The focal lengths of these lenses are chosen such that the one used for the

pump (f = 150 mm) is twice as that used for the signal (f = 75 mm) to make sure

the pump can cover the signal beam completely and thus maximize the signal to noise

ratio. From the spot sizes on the sample, we can calculate the relationship between

the average power and the actual power density on the sample. The correspondence

is that for each mW of the average power focussing on the sample, it corresponds to

a 0.4 MW/cm2 of pump power density or a 1.6 MW/cm2 of signal power density.

The pump and signal pulses are first synchronized roughly by placing a BBO

crystal in the same location of the sample stage and looking for the cross-correlation

signal. After we put back the sample stage and optimize the lenses positions, the

synchronization between the pump and the signal pulses will possibly be off again.

In order to re-synchronize them, we look for the pump scattering along the signal

direction via a population grating created by the interference between the signal

polarization and the pump pulse. In Raman-Nath regime of a four-wave mixing

process, the scattered pump along the signal direction corresponds to the first order

diffraction [133]. The result is shown in Fig. 4.17 where we have shifted the zero

delay to the position at which position we get the maximum scattering. The time

delay ∆t is defined as t(pump) − t(signal) where t is the temporal position of the

pulse peak.

Two quarter-wave (λ/4) plates are inserted into the pump and signal paths to

change both of the linearly polarized beams to circularly polarized ones. If the optical

axes of these two λ/4 plates are parallel, pump and signal will be co-polarized and

will excite the same excitonic transition marked by σ+ or σ− in Fig. 4.14. But if

the optical axes of these two λ/4 plates are perpendicular to each other, the pump

and the signal will be counter-polarized and in this case will excite both σ+ and σ−
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Figure 4.17: Pump scattered into the signal (probe) direction at different time delay
∆t. The origin of the horizontal axis has been shifted to correspond to the maximum
scattering position. The measurement is done using a lock-in amplifier with the
chopper in the pump beam path.
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excitons. To induce the EIT process, we need to use counter-polarized pump and

signal. However, a spectral hole can also be observed for co-polarized configuration

which as we will see below corresponds to the Rabi splitting.

In the co-polarized configuration, only two levels need to be considered in the

equations of motion (4.2) and (4.3). Neglecting the contribution from the signal field

Ωs since it is much weaker than the pump field, the time-dependent solution of the

density matrix components can be written as follows.

σ̄(t) = eLtσ̄(0) +
(
eLt − 1

)
L−1I (4.29)

where

σ̄ =


σ21

σ12

η

 (4.30)

and

L =


−(γ21 + iδp) 0 −iΩp

0 −(γ21 − iδp) iΩ∗
p

−2iΩ∗
p 2iΩp −γ2

 (4.31)

I =


0

0

−γ2

 (4.32)

In Eq.(4.30), η = ρ22− ρ11 is the population inversion. At early time, damping terms

γ21 and γ2 can be neglected to give us an analytical formula for σ21 as follows.

σ21 = −δpΩp

2Ω′2 +
Ωp

2Ω′

(
δp

Ω′ + 1

)
eiΩ′t +

Ωp

2Ω′

(
δp

Ω′ − 1

)
e−iΩ′t (4.33)

where Ω′2 ≡ 4Ω2
p + δ2

p. It can be seen from Eq.(4.33) that the polarization σ21

induced by the pump field has three frequency components: one located at the pump
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frequency and two sidebands located at ωp +Ωp and ωp−Ωp, respectively. Depending

on the detuning δp and pump intensity Ωp, the absorption spectrum of a weak signal

beam in the presence of the pump beam can have a spectral hole sandwiched by two

sidebands whose separation is given by 2Ωp which is proportional to the electric field

strength of the pump field. This phenomenon is called the Rabi splitting or the AC

Stark splitting and has been observed in a semiconductor QW before [139]. The Rabi

splitting can only be observed at low temperature with a pump-probe configuration.

At later time when the oscillation is damped out by γ21, we no longer can observe

Rabi splitting or oscillation 5.

For co-polarized pump and signal, the signal absorption characteristics are shown

in Fig. 4.18(a). The Rabi splitting is clearly seen when the pump and signal overlaps

and disappears when the pump polarization has been relaxed at 20 ps. The two

sidebands are not symmetric in shape but with stronger absorption at the higher

energy side. The center of the spectral hole coincides with the peak wavelength of

the pump, 805.3 nm. The dependance of the spacing between the two split sidebands

on the pump power is shown in Fig. 4.18(b) and fits to the square-root dependance

versus pump power well. That means the splitting is proportional to the electrical field

strength which is proportional to the Rabi frequency. The above power dependance

confirms the signature of a Rabi splitting. On the other hand, the spectral hole in

Fig. 4.18 is not due to spectral hole burning from the observation of the temporal

overlap requirement between the pump and signal pulses (refer to Table 4.4). The

spectral hole burning is an incoherent process but the temporal experiment shows

that the spectral hole disappears when the pump and signal pulses no longer overlap

5At steady state, the absorption spectrum of a weak signal beam with the presence of the pump
beam can also possess three resonances provided the pump intensity is much larger than Γ2. These
resonances are, however, different from the Rabi splitting discussed here. More detail treatment of
the steady-state situation will be given in Chapter 5.
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(a) Absorption spectra (b) Power dependence of Rabi splitting

Figure 4.18: (a) A series of absorption spectra due to Rabi splitting at different pump
levels. The pump and the signal are co-circularly polarized. The pump wavelength is
fixed at 805.3 nm as represented by the thin vertical line. The signal average power
is 75 µW. The spectrum (dash-dot line) restores to its original shape when the signal
lags behind the pump for 20 ps. (b) Power dependance of Rabi splitting increases
linearly with pump electric field strength, i.e. the square root of pump power.

with each other.

Rabi splitting is evidence for light-exciton coherent coupling and an indication of

good pump and signal overlap both in the spatial and temporal domains.

For the case of counter-polarized pump and signal, the results are shown in Fig.

4.19. We can see the EIT signature starts to build up when the signal precedes the

pump by 1 ps (pump and signal still overlap because of the long pump pulse). On

the other hand, the EIT signature starts to disappear when delay is more than 2 ps

and is completely gone when pump and signal pulses no longer overlap.

The pump power dependance of the spectral hole is shown in Fig. 4.20. The

pump is fixed at 805.3 nm. The dip is deeper and wider when we increase the pump

power. We also notice the dip position is at the higher energy side of the pump. This
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Figure 4.19: Absorption spectra showing EIT signature via exciton correlations.. Evo-
lution of absorption spectra at different signal delay ∆t is shown. The EIT signature
disappears when the signal delay is 20 ps.



108

is partly attributed to the blue shift of heavy-hole resonance induced by the strong

pump beam.

Unlike the case of Rabi splitting, the position and the depth of the spectral hole

due to EIT is very sensitive to the pump wavelength. Even as small as 0.05 nm of

pump shift, the change of the spectral hole can be appreciable as shown in Fig. 4.21.

The spectral distance between the spectral hole position and the pump wavelength

is larger when the pump is tuned toward the high energy side of the heavy-hole

resonance. The separations are 0.4 meV and 0.068 meV when pump wavelengths

are 805.2 nm and 805.3 nm, respectively. The spectral position of the dip at higher

energy side combining with the shift direction show that the non-radiative coherence

between σ+ and σ− transitions is not due to a bound biexciton resonance in which

case the dip should move in the opposite direction of the pump. A similar experiment

using biexciton resonance has been carried out by Phillips and Wang which showed

the opposite shift [144].

4.4.2 Room Temperature via Spin Coherence

In this Section, we will study the experiment of EIT in GaAs/AlGaAs QWs at

room temperature via spin coherence. The proposed “double-V” three-level system

in this study is shown in Fig. 4.22. We choose excitonic transitions between LH ↑↓

and C ↓↑ to form two identical three-level systems. The coherence between these two

excitonic transitions, i.e. coherence between states C ↑ and C ↓ is determined by

the spin coherence and is long-lived (∼ 70 ps) in (100) GaAs/AlGaAs QWs at room

temperature [116]. These exciton states can be excited by a TM polarized signal and

a TE polarized pump. The TE polarized pump is decomposed into two circularly

polarized beams which excite excitons LH ↑ −C ↓ and LH ↓ −C ↑, respectively.
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Figure 4.20: Power dependance of the absorption spectra for EIT. The pump wave-
length is fixed at 805.3 nm as represented by the thin vertical line.
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Figure 4.21: Wavelength dependance of absorption spectra for EIT. The pump wave-
lengths varies (spectral positions shown by thin vertical lines) are 805.2, 805.25, and
805.3 nm, respectively for three different cases. The average pump and signal powers
are 5.4 mW and 75 µW, respectively.

Figure 4.22: Schematic of a double-V EIT system via spin coherence. Two single-lines
and two double-lines represent the TM polarized signal and the TE polarized pump,
respectively.
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These two identical V-systems can not be distinguished from each other by the

way we excite the excitons and therefore the probability amplitudes must be added to

calculate the optical response of the whole system. If we label LH ↑, LH ↓, C ↓, and

C ↑ as |1〉, |2〉, |3〉, and |4〉, respectively, we can write down the equations of motion

at steady-state for the slowly-varying off-diagonal density matrix components σij for

this double-V system as follows (assume zero detuning).

γ31σ31 = iΩ−
p (ρ11 − ρ33)− iσ34Ωs (4.34a)

γ41σ41 = iΩs ↑ (ρ11 − ρ44)− iσ43Ω
−
p (4.34b)

γspinσ34 = iσ14Ω
−
p − iσ31Ω

∗
s (4.34c)

γ42σ42 = iΩ+
p (ρ22 − ρ44)− iσ43Ωs (4.34d)

γ32σ32 = iΩs ↓ (ρ22 − ρ33)− iσ34Ω
+
p (4.34e)

γspinσ43 = iσ23Ω
+
p − iσ42Ω

∗
s (4.34f)

where

Ω+
p = µC↑,LH↓ · Eσ+/2h̄ (4.35a)

Ω−
p = µC↓,LH↑ · Eσ−/2h̄ (4.35b)

Ωs ↑ = µC↑,LH↑ · Esẑ/2h̄ (4.35c)

Ωs ↓ = µC↓,LH↓ · Esẑ/2h̄ (4.35d)

and γspin is the spin decoherence rate. The pump electric field strength is given by

Eσ± = Ep(x̂± ŷ)/
√

2.

To evaluate Eq.(4.35), we use the symmetry of the Bloch functions for LH and C
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as follows.

LH ↑ = − 1√
6
(X ↓ +iY ↓ −2Z ↑) ; C ↑= S ↑ (4.36a)

LH ↓ =
1√
6
(X ↑ −iY ↑ +2Z ↓) ; C ↓= S ↓ (4.36b)

where S is a spherical symmetric function; X, Y , and Z are functions of spatial

coordinates x, y, and z, respectively. For example, X has odd symmetry along the

x direction and even symmetry along the y and z directions. Substituting Eq.(4.36)

into Eq.(4.35), we have

Ω+
p =

ercvEp

4
√

3h̄
(x̂− iŷ) · (x̂ + iŷ) =

ercvEp

2
√

3h̄
(4.37a)

Ω−
p = −ercvEp

4
√

3h̄
(x̂ + iŷ) · (x̂− iŷ) = −ercvEp

2
√

3h̄
(4.37b)

Ωs ↑ =
er∗cvE

∗
s√

6h̄
(4.37c)

Ωs ↓ =
er∗cvE

∗
s√

6h̄
(4.37d)

where rcv = 〈S|x|X〉 = 〈S|y|Y 〉 = 〈S|z|Z〉.

From Eq’s (4.10), (4.34) and (4.37), the dielectric constant experienced by the TM-

polarized signal in a double-V system is identical to Eq.(4.11) except U21 is replaced

by Ucv given as follows.

Ucv = 2Γconf |ercv|2(fv − fc)/V ε0 (4.38)

The factor of 2 comes from the equivalence of the double-V system to two identical

copies of a three-level system formed by |1〉, |3〉, and |4〉 or |2〉, |3〉, and |4〉.

In order to excite excitons LH ↑ −C ↑ and LH ↓ −C ↓, the signal beam needs

to propagate along the direction parallel to the QW plane. This can be achieved by

using a waveguide geometry as shown in Fig. 4.6. The pump beam, on the other
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hand, has no constraints and can propagate in parallel or in perpendicular to the QW

plane.

The experimental setup is shown in Fig. 4.23. We use a sample with the same

layer structure as in Table 4.7 but with only one single GaAs/Al0.3Ga0.7As QW in

the active region to reduce the absorption. The QW thickness is 175 Å. The sample

is thinned down to 100 µm before being cleaved into a slab waveguide geometry. The

cleaved waveguide has a length of 150 µm . The electric field profile perpendicular

to the QW plane for the TM polarized signal 6 is shown in Fig. 4.24. The optical

confinement factor is 2.1 %. We use the configuration in which the signal is guided

in the waveguide but the pump is normal incident upon the surface of the waveguide.

This configuration makes the separation of pump and signal at the detector side

easier compared to a co-linear configuration in which the pump and signal are both

guided in the waveguide. Similar to the experiment in the previous Section, a mode-

locked Ti-sapphire laser is used to generate both the pump and signal pulses. The

pump goes through both the spectral filter and delay stage to generate a narrow

spectral linewidth in order to access only the light hole transitions. While the pump

is focused by a planoconvex lens (f = 10 cm) to the sample, the signal is focused into

the waveguide by a long-working distance (13 mm) infinite correction objective with a

numerical aperture of 0.55 and a magnification power of 50. The effective focal length

of this objective is 4 mm. The signal at the waveguide output is collected by another

objective with magnification power of 20 and goes into the spectrometer. The actual

pump power density in the sample is 0.9 MW/cm2 for each mW of average power.

The actual signal power density is difficult to quantify because of the loss in the

objective and waveguide coupling but can be roughly estimated to be 5.6 MW/cm2

6Rigorous speaking, no pure TM polarized light can be guided in the slab waveguide geometry.
A small portion of TE polarized component is always accompanied.
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Figure 4.23: Experimental setup of a double-V EIT process in GaAs/AlGaAs QWs.

for each mW of average power if the loss is 20 dB.

The sample is attached to a copper mount on a rotation and translation stage.

The axis perpendicular to the QW plane has a piezo controller to optimize the signal

coupling to the waveguide. Two CCD cameras are used to image the waveguide

facet and top surface onto which the signal and pump focus, respectively. The signal

transmission spectrum received from the spectrometer is normalized by letting the

signal bypass the waveguide. The signal absorption spectrum without the presence of

pump field is shown in Fig. 4.25 for two different signal polarization directions. The

two resonances at 856.5 nm and 860.3 nm correspond to light-hole and heavy-hole

transitions, respectively. The selection rule is clearly seen. The TM-polarized signal

excites only the LH-C exciton while the TE-polarized signal excites both LH-C and

HH-C excitons.

When adding the pump beam, we put a linear polarizer before the spectrometer

to filter out unwanted pump field due to possible nonlinear optical processes in the
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Figure 4.24: Signal electric field profile (thick line) in the direction perpendicular to
QW plane.. Also shown is the refractive index profile (thin line) of the sample.
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Figure 4.25: Signal absorption spectrum without the presence of pump.. TE and TM
polarized signal absorption spectra are compared. The TM-polarized signal excites
only the LH-C exciton while the TE-polarized signal excites both LH-C and HH-C
excitons. The signal average power before going into the objective is 70 µW.
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(a) Signal absorption spectra (b) LH-C exciton transition wavelength

Figure 4.26: Signal absorption spectra at different pump power density. The transi-
tion wavelength for LH-C exciton experiences a red shift due to local heating by the
pump. (a) shows the absorption spectra corresponding to average pump powers of 0,
0.5, 1.5, 2.5, and 3.5 mW, respectively. (b) shows the dependence of peak wavelength
of LH-C transitions on the average pump power.

waveguide. The pump and signal are synchronized again using a BBO crystal at the

sample position. The spectrum-narrowed pump beam has a FWHM linewidth ∼ 3 Å.

Similar to the previous Section, the pump and probe synchronization can be further

checked by looking for the pump scattering into the signal direction.

Because the sample is uncooled, the local heating due to the strong pump makes

the light-hole resonance red-shift when increasing the pump power. This is shown in

Fig. 4.26. In the experiment, the pump and signal wavelengths are adjusted according

to the pump power level such that they keep resonance with the peak of the excitonic

transition.

The signal absorption spectra with the presence of pump is shown in Fig. 4.27.

The EIT signature, i.e. a spectral hole in the absorption spectrum is clearly seen

during the time interval when the pump and signal pulses overlap with each other.
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The coherence of the spectral hole is verified by noting the the dip disappears when

pump and signal pulses no longer overlap. When we increase the pump power to be

more than 1.75 mW, a spectral oscillation feature starts to appear as shown in Fig.

4.28. In Fig. 4.28, we plot the differential absorption (∆α = α(∆t)− α(t = −10ps))

at different delay between the signal and the pump pulses. The signal experiences

alternating absorption and gain dips as time evolves. This oscillation is different

from the spectral oscillation in Table 4.4 in which case the oscillation is due to the

interference between the signal and the signal polarization interrupted by the pump

pulse coming afterwards. In Fig. 4.28, the oscillation feature occurs when pump

precedes the signal. In addition to that, the signal polarization at room temperature

relaxes in a few femtoseconds and its self-interference is too fast to be observed in our

experimental condition. We think the oscillation is due to the long spin coherence time

(∼ 70 ps at room temperature) which makes our measurement still in the transient

stage when the pump power is large. We therefore attribute the spectral oscillation

behavior to the transient oscillation typical in an EIT process [145].

Another possible ambiguity of the spectral hole is the population pulsation (see

the next Chapter). However, as we will show in the next Chapter, the spectral hole

induced by the population pulsation can only be observed in QWs if the pump and

signal beams have the same polarizations. In the above figures, the pump and probe

pulses have different polarizations in order to access the three-level system rather

than a two-level system. We observe the disappearance of the spectral hole when the

pump and probe have the same polarizations. This is shown in Fig. 4.29.

Having confirmed the spectral hole we observe is indeed an EIT process. We can

further optimize the signal to noise ratio by a better alignment. This is shown in Fig.

4.30. We show two absorption spectra with two different sample positions controlled
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Figure 4.27: Temporal dependance of EIT absorption spectra at room temperature.
The average pump and signal powers are 1 mW and 70 µW, respectively.
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Figure 4.28: Oscillatory feature in the differential absorption spectra for different sig-
nal delays. The average pump and signal powers are 3.5 mW and 70 µW, respectively.
The pump and signal are TE and TM polarized, respectively.
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Figure 4.29: Polarization dependance of signal absorption spectra. Comparison of
signal absorption spectra for TM and TE polarized signal is shown. The EIT signature
can be seen at 856 nm for TM polarized signal but not for the TM polarized signal.
∆t = 0 is these measurements. The average pump and signal powers are 1.75 mW
and 70 µW, respectively.
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Figure 4.30: Optimized EIT signature at room temperature. Increasing the piezo
voltage will move the focal point of the signal toward the substrate. The focal spot
for the case of 60 V piezo (thin line) is 1.32 µm deeper than in the case of 56.1 V
(thick line). Also shown is the pump spectrum.

by the piezo voltage. Increasing the piezo voltage will move the focal point of the

signal toward the substrate. The focal spot for the case of 60 V piezo is 1.32 µm deeper

than in the case of 56.1 V. By optimizing the signal coupling to the waveguide as seen

from the increase of the signal absorption level, we can improve the pump and signal

overlap and thus make the spectral hole clearer. The relative depth of the spectral

hole is 4% for the case of 56.1 V. Despite the improved signal-to-noise ratio, this

optimized condition is very sensitive to the piezo voltage which suffers from drift over

time. In the future, a better designed waveguide structure along with possible CW

excitation could potentially lead to a much cleaner signal.
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4.4.3 Discussion

In the room-temperature experiment, the spectral hole depth is only 4%. There are

several reasons that can lead to such a shallow spectral hole. One is that the coupling

between the pump and the signal is still not optimized yet. A better approach is to

send the pump beam through the waveguide along with the signal beam so that the

pump-signal overlap can be made nearly 100%. We have not been very successful on

this approach so far mainly because of the difficulty to separate the pump from the

signal at the waveguide output even with the help of a linear polarizer. On the other

hand, both pump and signal pulses are much shorter compared to the time (i.e. spin

coherence time) required to reach the steady-state of the EIT process. The transient

oscillation behavior has been observed in the experiment for a larger pump intensity

(refer to Fig. 4.28). The sample non-uniformity can also reduce the efficiency of the

EIT process.

To address these problems and to design a better experiment in the future, we

can try the following approaches.

1. Design an epi-structure that has a better optical confinement and use a ridge

waveguide structure.

2. Fabricate on chip polarization 3-dB directional coupler to separate the pump

and the signal fields.

3. Use CW laser sources.

4. Grow the QW on (100) crystal facet to leverage the long spin coherence time (

10 ns) at room temperature.
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4.5 Overcoming the Sample Inhomogeneity

A QD possesses a homogeneous linewidth much smaller than that in of the QW

and therefore potentially has a much better slow-light performance. The need of going

beyond the QW structure to QD makes the sample inhomogeneity an important issue.

As we have seen in Section 4.3.4, the slow-light effect can be completely wiped out

even for a state-of-the-art QD growth. We consider in this Section two possible

approaches to overcome this problem. The first one uses a pump beam comprising of

multiple frequency components. The second one uses only a few number of QDs but

in a high-Q optical cavity as discussed in Chapter 3.

4.5.1 Unbalanced Multiple Pump (UMP) Scheme

In an unbalanced multiple pump (UMP) scheme, the pump beam is comprising

of many discrete frequency components [146]. Each frequency component can have

different power density to optimize the slow-light performance. Fig. 4.31 shows the

slow-down factor for a QD sample comprising of two different sizes of dots. By using a

two-component pump, each size of QDs can interact with the respective nearest pump

component and has a different slow-down factor dependence on the signal detuning.

In Fig. 4.31, the dashed line corresponds to the response to a larger pump power

component and has a wider transparency window. Although the misaligned exciton

group (dashed line in Fig. 4.31) would not contribute to a maximum slow down, the

degradation effect can be substantially reduced.

To see how an UMP scheme works, we follow the same model as discussed in

Section 4.2.2. In order to keep track of which group of excitons is involved in an inho-

mogeneous sample, we introduce a superscript (n) to the density matrix component

to denote which group of excitons is calculated. In addition, we use a subscript (m)
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Figure 4.31: Effect of a two-component pump for a sample with two different resonant
components. Slow down factor vs. signal detuning is shown for two exciton groups
with a fixed signal wavelength but with two different pump wavelengths having dif-
ferent powers. The pump power densities associated with the solid and the dashed
lines are 10 and 50 MW/cm2, respectively. The homogeneous broadening linewidth
is 4.54 meV. The frequency conversion factor at 1.36 µm wavelength is 24 THz for
every meV spacing.
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for the index of pump component, i.e. ωp(m). Consider a (2M + 1)-component pump

and divide the excitons into n groups, the equation of motion of the off-diagonal

density matrix component ρ
(n)
21 becomes

ρ̇
(n)
21 = σ̇

(n)
21 e−iωst − iωsσ

(n)
21 e−iωst

= −(γ
(n)
21 + iω

(n)
21 )σ

(n)
21 e−iωst

− i(ρ
(n)
22 − ρ

(n)
11 )

2h̄

[
µ

(n)
21

∑
m

Ep(m)(ωp(m))e
−iωp(m)t + µ

(n)∗
21

∑
m

E∗
p(m)(ωp(m))e

iωp(m)t

]

+
i

2h̄

[
µ

(n)
32

∑
m

Ep(m)(ωp(m))e
−iωp(m)tσ

(n)
31 e−i(ωs+ωp(n′))t

+ µ
(n)∗
32

∑
m

E∗
m(ωp(m))e

iωp(m)tσ
(n)
31 e−i(ωs+ωp(n′))t

]
(4.39)

where the prime on the index n (i.e. n′) denotes the most resonant pump component

to the transition of that particular group of excitons. The slowly-varying off-diagonal

components σ
(n)
ij are defined as

ρ
(n)
21 = σ

(n)
21 e−iωst

ρ
(n)
32 = σ

(n)
32 e−iωp(n′)t (4.40)

ρ
(n)
31 = σ

(n)
31 e−i(ωs+ωp(n′))t

Under the rotating wave approximation, Eq.(4.39) can be simplified to the following.

σ̇
(n)
21 = −γ̃

(n)
21 σ

(n)
21 − iΩs(ρ

(n)
22 − ρ

(n)
11 ) + iσ

(n)
31

∑
m

Ω∗
p(m)e

−i(ωp(n′)−ωp(m))t (4.41)

Similarly,

σ̇
(n)
32 = −γ̃

(n)
32 σ

(n)
32 − iΩ∗

sσ
(n)
31 + i(ρ

(n)
33 − ρ

(n)
22 )
∑
m

Ωp(m)e
i(ωp(n′)−ωp(m))t, (4.42)

and

σ̇
(n)
31 = −γ̃

(n)
31 σ

(n)
31 − iΩsσ

(n)
32 + iσ

(n)
21

∑
m

Ωp(m)e
i(ωp(n′)−ωp(m))t. (4.43)
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To simplify the above equations of motion, we make the approximation that we only

need to keep the most resonant pump component in the sums of these equations. To

justify how good this approximation is, take Fourier transform of Eq.(4.41) as follows.

−iωR
(n)
21 (ω) =− γ̃

(n)
21 R

(n)
21 (ω) + iΩs[R

(n)
11 (ω)−R

(n)
22 (ω)]

+ i
∑
m

Ω∗
p(m)R

(n)
31 (ω − [ωp(n′) − ωp(m)]) (4.44)

We are interested in the ac component of R
(n)
21 . We want to show that because of the

damping γ
(n)
21 , the only term that should be kept in the sum is the most resonant term,

i.e. m = n′. The response of the first term on the right hand side of Eq.(4.44) acts

as a low-pass filter with a 3-dB bandwidth γ
(n)
21 . Therefore only terms with frequency

difference ωp(n′) − ωp(m) smaller than γ
(n)
21 will survive. For the case that the spacing

between two adjacent pump components is large than γ
(n)
21 , we can safely drop all

non-resonant pump contributions. We call the above situation a linear regime if the

pump spacing is larger than γ
(n)
21 . Otherwise, we call it a nonlinear regime. In the

nonlinear regime, a full set of coupled nonlinear differential equations needs to be

solved. In the following discussion, we will only discuss the linear regime.

From the argument above, the equations of motion for an UMP scheme in the

linear regime are identical to Eq’s (4.2) and (4.3) except now there are in total of

(2M +1) sets of equations with individual pump component applied to each of them.

The slow-down factor from the contributions of all exciton groups is given by Eq.(4.27)

and in the case of UMP as follows.

εs = εbac +

∫
dδω21

iPr(δω21)U21/h̄

(γ21 + iδω21) + Ω2
p(n′)/

(
γ31 + i(δω21 + δp(n′))

) (4.45)

As shown in Fig. 4.32, δω21 is the energy difference of the excitonic transition to

the signal wavelength. n′ is again “the” most resonant pump component. The pump

detuning δp(n′) is evaluated from the most resonant pump component n′. In Eq.(4.45),
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Figure 4.32: Schematic of the UMP scheme. The solid and dash lines represent
two different exciton groups with different transition wavelengths. While the signal
detuning is evaluated with respect to the linecenter of the inhomogeneous broadened
spectrum, the pump detuning is evaluated from the nearest pump component.

we have assumed all material parameters, such as U21, γ21, are identical for all exciton

groups. The physics of UMP is now clear. First, with a tailored pump power density

for each exciton with detuning δω21, the pump detuning δp(n′) evaluated from the

nearest pump component is much smaller than that in the case of a single pump

component which contributes to a pump detuning δp ∼ δω21. Second, each pump

component can have different power density ∼ Ω2
p(n′) to optimize S. Hence, the part

of εs contributed from excitons with larger δω21 can be equalized by the application

of a larger Ω2
p(n′).

As an example, we re-evaluate the QD slow-light device performance at room

temperature with a FWHM inhomogeneous broadened linewidth (h̄γinh) of 20 meV.

We again assume a Gaussian distribution function Pr(δω21) as defined in Eq.(4.28).

We also use the same parameters listed in Table 4.5. As seen in Section 4.3.4, the slow-

light effect with only single pump component almost disappears at room temperature.
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Figure 4.33: Slow-down factor degradation due to QD non-uniformity under UMP
scheme.

But for the case of UMP, the slow-down factor can be restored to nearly 60 % (S ∼ 40)

as shown in Fig. 4.33 if the spacing between two adjacent pump components is equal

to the dephasing rate, i.e. half of the homogeneous linewidth h̄γH. The slow-down

factor degradation in Fig. 4.33 is defined as the ratio between slow-down factors in

QD samples with and without non-uniformity. Fig. 4.34 shows the optimized pump

power density for each pump component for the case that the spacing is 2.27 meV

(h̄γH/2). In the calculations above, the pump components are assumed to be equally

spaced in frequency. The more general case that the pump components not equally

spaced will be investigated in the future.
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Figure 4.34: The optimized UMP pump power density distribution. Dots: pump
power density for each pump components at different detuning δω21. Line: the Gaus-
sian distribution Pr(δω21) of QD transition energies.
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Figure 4.35: Schematic of the QD-microcavity structure. The respective refractive
index of GaAs and AlAs is 3.5 and 3.1 at λ = 1.36µm. [147]

4.5.2 EIT in High-Q Cavity

Another way of overcoming the QD sample non-uniformity is to isolate only a

few dots but embed them in a high-Q cavity [147]. This is an example of combin-

ing waveguide dispersion and material dispersion to enhance the slow-down factor.

Storage time as high as several hundred nanoseconds has been experimentally demon-

strated in a high-Q optical microcavity containing only a few cold atoms (<10) in its

cavity mode [148]. For the case of QDs in a high-Q cavity, the slow-down factor will

increase due to the round-trip behavior of the signal light. The schematic is shown

in Fig. 4.35. The QD active region is sandwiched by two DBR mirrors each with 20

pairs of GaAs/AlAs layers. The layer thickness is designed such that the center of

the photonic bandgap matches the signal resonance of the QD active region. Using

parameters given in Table 4.5, the slow-down factor enhancement due to the cavity

is around a factor of 8.
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Chapter 5

Slow-Light via Population

Pulsation

5.1 Population Pulsation

In the previous Chapter, we study the slow-light using coherently prepared semi-

conductor excitonic states via EIT. The characteristic time scale in an EIT system

is the non-radiative coherence time T31. In order to create a narrow enough spectral

hole in order to achieve an appreciable slow-down factor, we propose to use semicon-

ductor quantum dots (QD) or exciton spin coherence in quantum wells (QW). This

is because in semiconductor materials, carrier-carrier and carrier-phonon scattering

considerably destroy the coherence in a time scale of ps and make many coherent op-

tical processes hard to observe. The dephasing time T2 or the non-radiative coherence

time T31 is not, however, the only characteristic time scale in semiconductor materi-

als. The carrier radiative recombination lifetime T1, on the other hand, is typically

orders of magnitude larger than T2 or T31. In principle, if one can creates a spectral
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Figure 5.1: Schematic for population pulsation. The pump (thick line) and the signal
(thin line) intersect at an angle ∆θ and create both temporal and spatial population
gratings between two electronic states |1〉 and |2〉. The detuning δ is given by ωs−ωp.

hole with a width that is only characterized by ∼ 1/T1 but insensitive to the large

background of 1/T2 or 1/T31, one can also observe a low group velocity in semicon-

ductor materials. In this Chapter, we discuss how that can be done via population

pulsation [149].

The principle of population pulsation is as follows. The interference between two

laser beams, namely the pump and the signal, create both temporal and spatial pop-

ulation gratings, which lead to a spectral hole much narrower than the homogeneous

broadening linewidth ΓH at the peak of the ground-state heavy hole resonance. To

see it more quantitatively, we use the same density-matrix approach as in the previous

Chapter, i.e. Eq’s (4.2) and (4.3), but choose to work on the excitonic basis instead

of the electronic basis. The equation of motion for the exciton population density

nex ≡ ρ22 + (1− ρ11) satisfies the following rate equation (refer to Fig. 5.1).

dnex

dt
= −(1/T1 + 1/Tdiff(∆θ))(nex − n(0)

ex )− 4Im(Ω(z, t)ρ∗21). (5.1)

where T1 = 1/(γ1 + γ2) and we have assumed the upward carrier transfer rate is
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zero, i.e. Γ1→2 = 0. We have also included the extra exciton decay rate 1/Tdiff

to account for a possible spatial population grating that leads to electron and hole

diffusion into opposite directions. The external drive Ω(z, t) is defined as Ω(z, t) =

Ωse
−iωst + Ωpe

−iωpt where Rabi frequencies Ωs and Ωp are given by Eq.(4.4). In

Eq.(5.1), the first and second terms on the right hand side represent the exciton

decay and excitation, respectively. The physical origin of population pulsation can be

read from Eq.(5.1) as follows. The exciton decay acts as a damping to the external

drive Ω(z, t) which consists of both the pump (p) and the signal (s) parts. The

time scale of the damping term determines how fast the exciton population change

(dnex/dt) can follow the drive. When Ω(z, t) has only a single frequency component,

the change of nex can only pick up the DC part. The situation is somewhat different

when Ω(z, t) contains two frequency components. If the detuning between pump and

signal is smaller than the exciton decay rate, nex can dynamically follow this slow-

varying beating and forms a travelling-wave grating in the QW. This phenomenon

is generally called population pulsation, coherent dip or population oscillation in the

literature [150,151]. In Eq.(5.1), ρ21 is the interband polarization; n
(0)
ex is the exciton

population density under thermal equilibrium; T1 and Tdiff(∆θ) are exciton lifetimes

due to recombination and carrier diffusion, respectively. The latter comes from a

slight incident angle difference (∆θ) between the pump and the signal which creates

a spatial population grating with a period Λ given by λ/2nbac sin(∆θ/2). The decay

time constant Tdiff(∆θ) relates to the grating period by Λ2/4π2D where D is the

diffusion coefficient [151]. Tdiff(∆θ) decreases as ∆θ becomes larger.

To solve Eq.(5.1), we need another equation of motion for ρ21. As explained in

the previous Chapter, analytical solutions can only be obtained under low-excitation

approximation in which case the semiconductor Bloch equation (SBE) reduces to the
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following form (cf. Eq.(4.2)).

dρ21

dt
= −i(ω21 − iΓ2)ρ21 − i(Ωse

−iωst + Ωpe
−iωpt)(nex − 1) (5.2)

where Γ2 = 1/T2 is the dephasing rate.

In the case when the signal is much weaker than the pump, we can solve the

coupled differential equations (5.1) and (5.2) exactly for the pump and approximately

to the lowest order for the signal. Similar to the treatment of the previous Chapter,

we define the slowly-varying off-diagonal component σ as

ρ21 = σe−iωpt (5.3)

Eq’s (5.1) and (5.2) become

σ̇ = −(iδp + Γ2)σ − i(Ωse
−iδt + Ωp)η (5.4a)

η̇ = −Γ1(η − η(0))− 4Im
[(

Ωse
−iδt + Ωp

)
σ∗
]

(5.4b)

where δi ≡ ω21 − ωi for i = p or s and δ ≡ ωs − ωp, respectively. We have also

defined η ≡ nex − 1 for the population inversion and Γ1 for 1/T1 + 1/Tdiff ≡ 1/T ′
1,

respectively. The solution of Eq.(5.4) must have three frequency components at 0, δ

and −δ and no others since we are only interested to the lowest order contribution

from the signal field. We can write the solution in the following form.

σ = σ0 + σδe
−iδt + σ−δe

iδt (5.5a)

η = η0 + ηδe
−iδt + η−δe

iδt (5.5b)

Substituting Eq.(5.5) into Eq.(5.4), identifying different frequency components, and

dropping all small terms such as Ωsη−δ, we obtain at the steady state the following
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equations.

0 = (iδp + Γ2)σ0 + iΩpη0 (5.6a)

iδσδ = (iδp + Γ2)σδ + i(Ωsη0 + Ωpηδ) (5.6b)

−iδσ−δ = (iδp + Γ2)σ−δ + iΩpη−δ (5.6c)

Γ1(η0 − η(0)) = 4Im(σ0Ω
∗
p) (5.6d)

(δ + iΓ1)ηδ = 2(σδΩ
∗
p − σ∗0Ωs − σ∗−δΩp) (5.6e)

(δ − iΓ1)η−δ = 2(σ∗δΩp − σ0Ω
∗
s − σ−δΩ

∗
p) (5.6f)

The first and the fourth equations above yield

η0 =
1 + (δp/Γ2)

2

1 + (δp/Γ2)2 + I0

η(0) (5.7)

where the dimensionless normalized pump power density I0 is defined by

I0 = 4|Ωp|2T ′
1T2 (5.8)

All the other quantities such as σδ can be expressed in terms of η0. We are interested

in the signal absorption which is related to the quantity σδ as follows.

σδ =
Ωsη0 + Ωpηδ

−δs + iΓ2

, (5.9)

The population inversion oscillating at the frequency δ can be solved as

ηδ =

2ΩsΩ
∗
pη0

(
1

δp + iΓ2

− 1

δs − iΓ2

)
δ + iΓ1 + 2|Ωp|2

(
1

δs − iΓ2

− 1

δp + δ + iΓ2

) (5.10)

Using Eq’s (5.9) and (5.10), we can obtain the dielectric constant at the signal fre-
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quency as follows.

εs(ωs) = εbac +
nbaccα0

ωs

(
1 + (δp/Γ2)

2

1 + (δp/Γ2)2 + I0

)(
Γ2

δs − iΓ2

)
×1 +

2|Ωp|2
(

1

δp + iΓ2

− 1

δs − iΓ2

)
δ + iΓ1 + 2|Ωp|2

(
1

δs − iΓ2

− 1

δp + δ + iΓ2

)
 (5.11)

where the signal absorption α0 without the presence of the pump is given by

α0 = −
{

gspinΓconfωs

nbacc

|φex(0)|2

LQW

e2|Ieh~rk|2

h̄
T2

}
(n(0)

ex − 1) (5.12)

where LQW is the QW thickness, gspin is the spin degeneracy, Γconf is the optical

confinement factor, φex is the excitonic envelope function, and LQW/|φex(0)|2 accounts

for the effective volume in which the linear response occurs.

To simplify the above expression, we assume the pump detuning is zero, i.e. δp = 0.

We also assume the exciton decay rate Γ1 and the Rabi frequency of the pump are

both much smaller than Γ2. Under these assumptions which are valid in typical

semiconductor materials, the real and imaginary parts of the dielectric constant (5.11)

can be simplified to the following expressions.

Re [εs(ωs)] = εbac +
nbaccα0

ωs

I0

1 + I0

δsT
′
1

(δsT ′
1)

2 + (1 + I0)2
(5.13)

Im [εs(ωs)] =
nbacc

ωs

α0

1 + I0

{
1− I0(1 + I0)

(δsT ′
1)

2 + (1 + I0)2

}
(5.14)

For the case when the pump intensity is large, new resonances in the signal absorp-

tion spectrum can occur [152, 153]. It can be seen by looking for the zeros in the

denominator of the second line in Eq.(5.11). The positions of the zeros are at [154]

δ = 0, δ = ±
[(

2|Ωp|2 + δ2
p

)1/2
+ Γ2

2 + 2Γ1Γ2

]1/2

(5.15)

When Ωp � Γ2, the three resonances are at 0, and ±Ωp provided the pump detuning

is zero. It can also lead to a spectral splitting with separation of 2Ωp in the signal
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absorption spectrum. However, this should not be confused with the Rabi splitting

discussed in the previous Chapter (refer to Eq.(4.33)) which is a transient effect and

doesn’t require the pump intensity to be much greater than the dephasing rate. In

the following discussion, we will only consider a low pump intensity limit for which

case there is only one resonance at δ = 0.

From Eq’s (5.13) and (5.14), we can obtain the expression for the absorption

coefficient as well as the slow-down factor experienced by the signal beam as follows.

α(ωs) =
α0

1 + I0

{
1− I0(1 + I0)

(δsT ′
1)

2 + (1 + I0)2

}
(5.16)

S(ωs) = 1 +
cα0

2nbacΓ1

[
I0

1 + I0

] [
(1 + I0)

2 − (T ′
1δs)

2

[(1 + I0)2 + (T ′
1δs)2]2

]
(5.17)

As a numerical example, Fig. 5.2 shows the pump power dependence of the slow-down

factor for T ′
1 = 0.5 ns. The slow-down factor increases as the pump power increases

but reaches a maximum at I0 = 1/2 and rolls off for an even large power. S larger

than 30000 can be achieved.

It can be immediately seen from Eq.(5.17) that the slow-down factor is propor-

tional to the unsaturated absorption coefficient α0. Similarly, the spectral hole is

deeper if α0 is larger as seen from the second term in the parenthesis of Eq.(5.16).

It is exactly the same situation as in the EIT process. However, there is a major

difference of the spectral hole lineshapes between the population pulsation and EIT.

For the case of population pulsation, the pump and the signal access the same tran-

sition. The signal therefore experiences a reduced absorption even far away from the

spectral hole linecenter. The reduction of absorption level from the strong pump is

contributed from state-filling, Coulomb screening, blue shift and broadening of the

excitonic transition.

In order to characterize the spectral hole, we define four quantities, namely mini-
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Figure 5.2: Pump power dependence of the slow-down factor in a population pulsation
process.
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mum absorption αmin, depth ∆α, FWHM width ∆ν, and the normalized differential

absorption D with respect to the reduced absorption background αbac = α0/(1 + I0).

The expressions are as follows.

αmin =
α0

(1 + I0)2
(5.18)

∆α = α0
I0

(1 + I0)2
(5.19)

∆ν = 2Γ1(1 + I0) (5.20)

D =
I0

1 + I0

(5.21)

There is a simple relationship between Eq’s (5.17),(5.19), and (5.20) at the degen-

erate frequency (δs = 0) as follows.

S = c
∆α

∆ν
(5.22)

This result again agrees with the general result, Eq.(2.19) which is derived from the

general Kramers-Krönig relation.

Table (5.1) compares several important parameters for EIT and population pul-

sation.

5.2 Experimental Demonstration of Slow-Light via

Population Pulsation in Semiconductor QWs

The experimental setup is shown in Fig. 5.3. We use the same sample structure

as in the EIT experiment (Table 4.7). The active region consists of 15 pairs of MBE

grown GaAs (135Å) / AlGaAs (150Å) quantum wells. The sample with its substrate

removed is mounted on a sapphire disk. Because the width of the spectral hole

is characterized by the lifetime T1, the linewidth of the pulsed laser is too broad
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EIT (
γ21

γ31

large) population pulsation

S(I0) ∝ I0

(1 + I0)3/2
∝ I0

(1 + I0)3

αmin
α0

1 + I0

α0

(1 + I0)2

∆ν 2γ31

√
1 + I0 2Γ1(1 + I0)

I0 definition |Ωp|2T21T31 4|Ωp|2T ′
1T2

I0(S = max) 2
1

2

Smax 0.3849
cα0

2γ31

0.1481
cα0

2Γ1

Table 5.1: Comparison between EIT and population pulsation
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to observe such a narrow dip. Instead, a single-mode CW Ti-sapphire laser and a

tunable external-cavity diode laser are used to provide the pump and signal beam,

respectively. We use an RF spectrum analyzer together with a fast photodetector

(D4) to monitor the detuning frequency between the pump and signal beams. Both

the pump and signal are linearly polarized and have the same polarization directions

unless otherwise mentioned. They are focused onto the same spot of the sample using

the same planoconvex lens. While the pump goes straight to the sample, the signal

goes through a Mach-Zehnder interferometer (MZI) with the sample in one arm. The

homodyne detection scheme (detectors D1 and D2) at the output port of the MZI is

used to obtain the dispersive characteristic whose slope determines the group velocity.

A third detector (D3) sampling the signal power density directly out of the sample

is used to measure the absorption spectrum. This setup, similar to the one used to

measure EIT dispersion [107], allows us to measure the real and imaginary parts of

the refractive index spectra simultaneously.

A series of absorption spectra and normalized differential absorption with different

pump power densities are shown in Figs. 5.4(a) and 5.4(b), respectively. The depth of

the spectral hole increases with the pump power and an overall background absorption

reduces due to the saturation of excitonic transition and nonlinear optical processes

such as line broadening and energy shift. The quantity D depends on the pump power

density and ∆θ. A smaller ∆θ makes the diffusion lifetime longer and results in a

more efficient population grating. The corresponding lifetimes T ′
1 for ∆θ = 2.5◦ and

5◦ are 0.51 ns and 0.33 ns, respectively. The data points can be fitted into Eq.(5.21)

with the introduction of a phenomenological prefactor A to account for the part of

αbac attributed from many-body effects, i.e.

D = A(∆θ)
I0(∆θ)

1 + I0(∆θ)
(5.23)
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Figure 5.3: The experimental setup of slow light via population pulsation. BS1 and
BS2 are two nonpolarizing 50/50 beam splitters. D1 and D2 are identical photode-
tectors. The chopper is at a frequency f and lock-in amplifiers 1 and 2 are locked
to frequencies 2f and f , respectively. A half-wave plate λ/2 is inserted to the pump
path to control the polarization.
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Figure 5.4: Population pulsation absorption spectrum characteristics with pump
power dependence. (a) A series of absorption spectrum with different pump power
densities is shown. The pump power densities from top to down are 0.01, 0.05, 0.1,
0.5, 1, and 5 kW/cm2, respectively. f1 is 20 cm. Signal power density is 1.5 W/cm2.
(b) Pump power dependence of the normalized differential absorption D. The signal
power densities are 1.5 W/cm2 for ∆θ = 2.5◦ and 6 W/cm2 for ∆θ = 5◦. Solid curves
are best fits to Eq. (5.23).

The fitted prefactors A for ∆θ = 2.5◦ and 5◦ are 0.46 and 0.11, respectively.

We now turn to the dispersion associated with the spectral hole. The group

velocity vg can be obtained directly from the dispersion of the refractive index. The

homodyne signal D1−D2 is proportional to the cosine of the phase delay ∆β(ωs)L of

the signal beam propagating through the sample:

D1−D2 ∝ e−α(ωs)L/2 cos (∆β(ωs)L + φLO(ωs, ∆l)) (5.24)

The local oscillator phase φLO(ωs, ∆l) arises from unbalanced optical paths ∆l in

the MZI and a background phase delay in the absence of the pump. As shown in
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Fig. 1, we can adjust the local oscillator by controlling the path difference ∆l in

the MZI using a piezo-translator (PZT). Before each scan, the PZT is adjusted such

that φLO(ωs, ∆l) = π/2 + 2mπ with m being an integer number at δ = 0. For

small variations of the phase delay induced by the pump, the cosine can then be

approximated by ∆β(ωs)L. The phase delay of the signal beam through the sample

is obtained after normalization of the homodyne signal with respect to the absorption

spectrum e−α(ωs)L measured by D3. The result is shown in Fig. 5.5 together with

the absorption spectrum for pump and signal power densities of 1 and 0.09 kW/cm2,

respectively. The slow-down factor S at the degenerate frequency (ωs = ωp) is 31200

which corresponds to a group velocity of 9615 m/s. The dependence of the slow-

down factor with the pump power density is shown in Fig. 5.6. The slow-down factor

increases with pump power density initially but later on roll off above 4 kW/cm2.

Both the order of magnitude and power dependence of the slow-down factor agree

with the theoretical calculation as shown in Fig. 5.2.

It is interesting to compare the directly measured slow-down factor with the ex-

pression Eq.(5.22) obtained from the general Kramers-Krönig relation. We extract

both the depth and width of the spectral hole, ∆α and ∆ν from the measured absorp-

tion spectra and plot their ratio as hollow dots in Fig. 5.6. It can be seen that the

directly measured S agree well with Eq. (5.22) although the results from Eq.(5.22)

tend to underestimate the slow-down factor slightly.

We also study the dependence of S on the signal power density. The result is

nearly independent of the signal power for a pump signal power ratio as small as 6.

For a pump signal power ratio less than 4, the signal-to-noise ratio in the experiment

is too low to obtain a reliable S.

As we vary the sample temperature, both the exciton lifetime and dephasing will
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Figure 5.5: Measured dispersion characteristics of population pulsation. Phase delay
(solid line) and absorption (dotted line) spectrums experienced by the signal. The
slope of the phase delay gives the group velocity. The pump and signal power densities
are 1 and 0.09 kW/cm2, respectively.
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Figure 5.6: Population pulsation slow-light characteristics with pump power depen-
dence. The pump power dependence of the slow-down factor of the group velocity
for both direct measurement (solid dots) and calculated results (hollow dots) from
Eq.(5.22) with the extracted ∆α and ∆ν from the absorption spectrum. The signal
pump density used in the measurement is 6 W/cm2.
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Temperature (K) Peak Wavelength (nm) FWHM (meV)
7 807.320 1.331
20 807.357 1.618
30 807.580 2.002
40 807.914 2.402
80 811.483 3.351
90 812.644 4.026
100 814.171 5.816

Table 5.2: Temperature dependence of the heavy-hole resonance

change which result in a change of the spectral hole depth. This is shown in Fig.

5.7. For comparison, we calculate D from Eq. (5.23) using the same parameters

obtained from Fig. 5.4 and the extraction of 1/T1 ∼ ∆ν/2 and 1/T2 ∼ ΓH/2 from

the absorption spectrum and the FWHM width of the heavy-hole resonance, ΓH

(refer to Table 5.2), respectively. The calculated value has a large deviation from

the measured value at higher temperature and at certain temperatures can be three

times overestimation. This not only is attributed from the ignorance of many-body

effects, in particular carrier-phonon interaction in a two-level Bloch equation, but at

higher temperatures, phonons can acquire enough energy and momentum to scatter

the excitons into the continuous K-states and reduce the efficiency of creating an

effective population grating.

In the discussions so far, both pump and signal are linearly polarized in the same

direction. In the case when the pump and signal have polarizations perpendicular

to each other, we observe the disappearance of the spectral hole. This is, however,

contradictory to the two-level model which are polarization insensitive since both

spin gratings with opposite spin orientations can be excited at the same time. We

explain this discrepancy by the observation that the excitons we probe in the experi-

ment are so-called delocalized excitons [155]. A full theoretical understanding of the
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Figure 5.7: The temperature dependence of the relative spectral hole depth. Both
measured (solid dots) and calculated (hollow dots) results are shown to compare. The
signal power density is 6 W/cm2 in all cases. The pump wavelength is fixed at the
maximum absorption point in the heavy-hole resonance. Two (4 and 10 kW/cm2)
different pump power densities are used for different temperatures.
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Figure 5.8: Polarization dependence of population pulsation. The spectral hole dis-
appears for the case (solid line) when pump and signal are orthogonally polarized.

polarization dependence requires a theory beyond full semiconductor Bloch equation

(SBE) [117]. Some phenomenological models have been proposed such as excitation

induced dephasing (EID) [151] or renormalized four-level system [156].

As pointed out by Sargent [152,157], the part of the dielectric constant (Eq.(5.11))

corresponding to the spectral hole has no poles in the lower-half-plane for the detuning

δs. All the four poles are in the upper half plane as shown in Fig. 5.9. Therefore, the

integral ∫ ∞

−∞
d∆α(δs) = 0 (5.25)

which means that the area underneath the change of the absorption spectrum ex-

cluding the part from the saturated background is conserved. This has an interesting

implication when the pump wavelength is far away from the heavy-hole resonance. As
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Figure 5.9: Positions of poles in the signal detuning plane. The four poles (two
degenerate in the position) are all located in the upper half plane of the complex δs

plane.

the pump is off the resonance, it contributes an extra imaginary part to the dephasing

rate Γ2 in Eq.(5.11), i.e. Γ2 → Γ2− iδp. If the pump detuning δp is large, Γ2 becomes

imaginary and the roles of real and imaginary parts of the dielectric constant are

exchanged. As shown in Fig. 5.10(a), the absorption spectrum becomes “index-like”

as the pump wavelength is far away from the heavy-hole resonance (triangle point in

Fig. 5.10(b)). The absorption is reduced at the lower energy side and increased at

the higher energy side.
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(a) Absorption spectra (b) Spectral position of pump

Figure 5.10: Dependance of absorption spectra in population pulsation on pump
wavelength (a) Signal absorption spectra for different pump wavelengths. (b) Spectral
position of the pump wavelength in the heavy-hole resonance.

5.3 Temperature Dependence of the Slow-Down

Factor

Because of the reduced depth of the spectral hole with the increase of the sample

temperature, the signal to noise ratio of the phase delay measurement degrades and

no longer gives a reliable measurement of the index dispersion curve. The slow-down

factor at different temperature, however, can still be calculated indirectly from the

shape of the spectral hole via Eq.(5.22). Fig. 5.11 shows the result. The slow-down

factor drops very fast as we increase the temperature but can still be appreciable at

a temperature of 80 K for which case the slow-down factor is 5400.
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Figure 5.11: Temperature dependence of the slow-down factor. The result is calcu-
lated from the absorption spectrum via Eq.(5.22).
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Chapter 6

Novel Optical Modulators Based

on Slow-Light Device

In the previous Chapters, we have discussed the methods of designing a slow-

light device. Before we conclude this dissertation, we take a detour to discuss a

novel application of the slow-light device, a very low Vπ and compact Mach-Zehnder

modulator.

Electrooptic (EOM) and electroabsorption modulators are the two most widely

used optical modulators. EOM is based on Mach-Zehnder interferometers (MZI) with

two 3 dB couplers that divide the input signal into two arms and recombine them after

propagation through two unequal optical paths. The signal experiences variable phase

shifts φ1, φ2 and interferes constructively (φ1−φ2 = 0) or destructively (φ1−φ2 = π)

with itself. Ideal MZI based modulators (MZM) need to have low Vπ (the voltage

required to generate a phase shift of π on the input signal), large bandwidth, and low

loss. A lithium-niobate based MZM has a typical Vπ ∼ 8 V and total absorption loss

∼ 0.5 dB [158].
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There have been proposals to use a grating structure to increase the effective trav-

eling length of the optical wave in the phase shifting segment to reduce the required

Vπ [56,159,160]. This approach, however, only reduces the required Vπ by a factor of

2 to 3.

In this Chapter, we propose an ultra-low Vπ MZM using semiconductor slow-light

devices [161]. The phase shift is achieved through a large index of refraction change

due to the large slope of ∂n/∂ω in a slow-light device when the signal is detuned

from the center frequency. Different phase shift can be obtained using different signal

detuning or different pump power densities according to Eq.(4.16) as shown in Fig.

6.1. Although the signal wavelength is fixed in the application, the detuning can be

changed by shifting the separation between two energy levels. For example, in the

EIT based and population pulsation based slow-light devices, the energy separation

can be changed by applying an electric field across the active region via quantum

confined Stark effect (QCSE) [70, ch.13]. In the following discussion, we choose an

EIT based slow-light device, the QD waveguide, to discuss the design parameters.

To evaluate the performance of the proposed device, i.e. Vπ, we choose a QD

slow-light waveguide as shown in Fig. 6.2. An external voltage source Vφ is applied

across the QD region to induce an energy shift via the QCSE. The shift ∆En (n

denotes |1〉, |2〉, or |3〉) can be approximated by the following expression provided the

electron and hole wavefunctions for the in-plane directions remain the same under a

small Vφ.

∆En = Cn

m∗e2V 2
φ h4

QD

h̄2L2
QW

(6.1)

where

Cn =
n2π2 − 15

24n4π4
(6.2)

In Eq.(6.1), hQD and LQW are the height and thickness of a single QD and the QW in
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Figure 6.1: Schematic of the proposed ultralow Vπ MZM using slow-light devices.
The refractive index change can be controlled by an external voltage which shifts the
energy level and thus the signal detuning δs in the slow-light device.

which the dot is embedded. m∗ is the effective mass for electron or hole. The signal

and pump detuning are given by |∆E1|+ |∆E2| and |∆E2|+ |∆E3|, respectively.

We use parameters in Table 4.5 but with a smaller volume factor (by using only

single sheet of QD layer) 1.3 × 106nm3 and assume no sample non-uniformity. The

InGaAs QW thickness is assumed to be 10 nm. The design parameter is the total

absorption loss αtot. The algorithm is as follows.

1. Given the maximum total absorption loss αtot (in dB).

2. Start with an initial pump power density.

3. Find Vπ and device length L by L = λ/2∆n. Calculate the corresponding

absorption loss.

4. If the corresponding absorption loss is larger than αtot, increase pump power

density and go back to step 3 until Vπ doesn’t have a solution.
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(a) Device Schematic (b) Energy level shift due to external voltage

source V

Figure 6.2: (a) The schematic of a proposed low-Vπ MZM. The active region consists of
QD layers. The signal and the pump co- or counter-propagate in the ridge waveguide.
(b) The level shift of the three-level system due to an external voltage source V .

The dependence of Vπ on the non-radiative coherence rate γ31 is shown in Fig.

6.3(a) for γ21 = 0.2 meV and in Fig. 6.3(b) for γ21 = 4.54 meV, respectively. For the

case of γ21 = 0.2 meV, Vπ is less than 1 V for the entire range of γ31 and the device

length is no more than 100 µm . For the case of γ21 = 4.54 meV, the total absorption

loss αtot can be kept at 1 dB for γ31 less than 0.15 meV. Spin coherence is one example

for which γ31 = 0.09 meV. When γ31 becomes larger, the total absorption loss can no

longer be kept at 1 dB. The required Vπ also increases.

An ultralow Vπ MZM can increase the modulation efficiency and therefore improve

the high-speed operation performance. A low Vπ also reduces the power consumption.

More detailed calculations taking into account the sample non-uniformity will be

investigated in the future.
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(a) γ21 = 0.2 meV (b) γ21 = 4.54 meV

Figure 6.3: The dependence of Vπ on the non-radiative coherence rate γ31
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Chapter 7

Finale

7.1 Summary

In summary, we have demonstrated the feasibility of a semiconductor slow-light

device from both the theoretical and the experimental aspects. There are two ap-

proaches to make an efficient slow-light device, namely the waveguide dispersion

engineering and the material dispersion engineering. For waveguide dispersion en-

gineering, one seeks a positive and large ∂n/∂k. These devices encompass optical

filter structures such as large-index contrast DBR grating structure and ring res-

onator structures. In material dispersion engineering, a positive and large ∂n/∂ω

is desired. Such devices consist of optical processes such as electromagnetically in-

duced transparency and population pulsation which give rise to a narrow spectral

hole in the linear absorption spectrum of an optical signal. Because of the universal

bandwidth-storage time tradeoff, it is neither the bandwidth nor the storage time but

the slow-down factor and its variability which can be chosen as the figure-of-merit for

the design of a slow-light device. From this point of view, material dispersion based

devices possess much larger slow-down factors, while waveguide dispersion based de-
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Technique Structure Temp S Loss ∆S ∆ν Speed Size
Filter-
Based

oxide
DBR

300K ∼ 20 S S S Slow L

ring res-
onator

300K ∼ 10 S S ∼ GHz Slow L

EIT QW exci-
ton corre-
lation

10K ∼ 100 L L � GHz Fast C

QW spin
coherence

300K ∼ 1.1 L L � GHz Fast C

Population
Pulsation

QW 10K ∼ 3× 104 M L ∼ GHz Fast C

Table 7.1: Comparison of different slow-light device structures discussed in this disser-
tation. ‘L’, ‘M’, ‘S’, and ‘C’ stand for large, medium, small, and compact, respectively.

vices are maturer and easier to fabricate. Table 7.1 compares various techniques

studied in this dissertation with respect to temperature performance, slow-down fac-

tor, device loss, variability of the slow-down factor ∆S, operating bandwidth ∆ν,

operating speed, and device size, respectively. The device based on population pul-

sation has the best figure of merit, i.e. the slow-down factor, and other desirable

features such as compact size, fast speed, reasonable operating bandwidth, and most

importantly, the great controllability of the slow-down factor. This technique is by far

the most promising for realizing a compact and fast semiconductor slow-light device

at a cryogenic temperature in the near future.

On the other hand, EIT has the advantages of a larger operating bandwidth and

potentially less carrier related loss. This is because EIT is an optical process that

involves a three-level system instead of a two-level system encountered in the popula-

tion pulsation approach. The pump can access two empty states if a Λ-configuration

is used. A Λ-configuration EIT system has all carriers trapped in the lowest-lying

energy state and therefore there is no carrier related loss in an ideal case. In popula-

tion pulsation, however, the pump and signal access the same two-level system and
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the signal experiences a reduced absorption background due to the excitation of high

density of excitons from the strong pump. The carrier-carrier and carrier-phonon

scattering make the temperature behavior less ideal and so far can only be observed

at a cryogenic temperature. For EIT, we have demonstrated that the long-lived spin

coherence can be leveraged as the non-radiative coherence in a double-V EIT process

and allows us to observe the EIT signature at room temperature in a QW sample.

Although waveguide dispersion based slow-light devices generally have small slow-

down factors and very limited variability, the mechanically actuated device can un-

doubtedly give an immediate solution to a low-loss variable optical delay line with

limited performance due to the maturity of semiconductor MEMS (micro electro-

mechanical system) processing. More complicated photonic crystal structures have

been observed to give rise to both slow-light and superluminal light for different in-

cident angles on the same sample [162].

For all the experimental work discussed in this dissertation, we chose to work on

GaAs/AlGaAs material systems because of the good QW quality of the binary GaAs

material and the availability of the tunable laser source. The concepts demonstrated

using GaAs/AlGaAs system can be generalized to most of the direct bandgap III-V or

II-VI material systems. Unlike atomic or solid systems, the operating wavelength and

bandwidth for a semiconductor slow-light device can be designed a priori by choosing

different materials or different QW thickness.

7.2 Future Perspectives

An ideal semiconductor slow-light device should have a large and variable slow-

down factor, low loss, high speed operation, compact device size, room temperature

operation, and low power consumption. It is, however, difficult to realize such an
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ideal device. Depending on the application, various conditions can be relaxed. For

example if the compactness is important such as an optical buffer in a packet-switched

network, we can design a device based on material dispersion while use an optical

amplifier at the output end to compensate the loss. If on the other hand the low

device loss is crucial in the application but the variability of the slow-down factor is

not that important, we can use a waveguide dispersion based device instead while

sacrifice the variability of the slow-down factor.

In addition to slow-light devices, there have been other approaches that can store

an optical signal in a coherent fashion for an externally controllable amount of time.

These approaches can be thought as a generalization of a slow-light device. In the

limit where the group velocity in a slow-light device is reduced to nearly zero, the

optical signal is effectively stored in the device. Approaches such as the stimulated

photon echo [163] and photorefractive two-wave coupling [164] have been experimen-

tally demonstrated. In the stimulated photon echo case, the optical signal is stored

in the inhomogeneously broadened media prepared by two short optical pulses of ar-

eas π/2 and π, respectively with a time interval τ smaller than the dephasing time.

Both pulses need to have spectral linewidths much larger than the inhomogeneous

broadening linewidth. The signal will be stored in the media for an interval τ . This

approach can be implemented in QD materials. For the case of photorefractive two-

wave coupling, two laser fields (the pump and the signal) exchange their energies

with each other through the space-charge grating built up by the interference be-

tween themselves. The characteristics of the output pulse include wider pulse width

and sometimes larger amplitude. The drawback of this approach is that the mini-

mum input pulse width and the total storage time are limited by the rise time of the

space-charge grating τ if the operation is required to be distortion free.
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There are other types of coherence in semiconductor nanostructures that have

been demonstrated experimentally such as tunnelling induced coherence [165–167] in

which case the coherence is induced by the electron tunnelling between two closely

spaced quantum wells. The overlap of the wavefunctions in two wells induces the

non-radiative coherence. Reduced absorption (similar to EIT) has been observed in

GaAs/AlGaAs QWs at 10 K [167]. A similar phenomenon has also been theoretically

predicted in a type-II QW in which case the non-radiative coupling between the direct

bandgap Γ state in GaAs QW and the indirect bandgap X state in AlAs barrier creates

Fano interference [168]. These types of coherence can also be adopted for the design

of a semiconductor slow-light device.

In the beginning of this dissertation, we ask ourselves three questions: 1) “Why”

slow-light is useful? 2) “How” slow-light can be useful? and 3) “Can” slow-light

be useful? We believe our study has given positive answers to all three questions.

We also hope our preliminary study on semiconductor slow-light devices stimulates

further interest. We believe that realization of a compact semiconductor slow-light

device, even for low-temperature operation, and its integration with other photonic

devices can eventually make the concepts of “slow-light engineering” and ”chip-scale

optical or quantum information processing” viable.
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