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Abstract

Photonic crystals provide a tunable electromagnetic environment for controlling the

interaction between light and matter. The main theme of this thesis concerns the

development of technologies to control this interaction in planar photonic crystals.

Work in this area has become possible by advances in three key areas. First, desk-

top computers have become sufficiently powerful to simulate Maxwell’s equations in

complex metal/dielectric structures, which enables designing of novel devices. Sec-

ond, nanoscale fabrication has advanced to the point that photonic crystals can be

fabricated at near-infrared wavelengths with high precision. Third, advances in semi-

conductor growth have enabled novel semiconductor structures such as high-quality

quantum dots and quantum wells.

In Chapter 2, we discuss the design and fabrication of photonic crystals. After

discussing different design approaches, we describe a new semi-analytic way of pho-

tonic crystal design. Then we show a way to directly analyze fabricated nanophotonic

structures to explain experiments and improve device processing.

In Chapters 3-4, we discuss quantum dot-embedded photonic crystal devices for

classical and quantum information processing. We concentrate on individual quantum

dots coupled to single a single cavity mode. We show that depending on the strength

of this coupling, the dot’s spontaneous emission rate can be modified by up to two

orders of magnitude. We explain the results by theory and find agreement with

simulations. Then, using a set of tools to fine-tune the interaction between quantum

dots and cavities, we also demonstrate the strong coupling regime between single dots

and photonic crystal cavities. We first probe the QD-cavity system by PL, which is

incoherent, and then by a newly developed coherent technique which we call Coherent
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Optical Dipole Access in a Cavity (CODAC). This technique permits a giant optical

nonlinear response of the QD/cavity system, which in turn enables controlled phase

shifts with single quantum dots and single photons. We also demonstrate photon-

induced tunneling and blockade in this system. Finally, we demonstrate some early

steps towards integrating single photon sources on multifunctional photonic crystal

chips, an advance which represents a major step towards on-chip quantum networks.

In Chapter 5, we turn our attention to classical information processing. We

demonstrate ultrafast photonic crystal lasers operating with pulses on picosecond

time scales. We describe the laser dynamics in optically pumped single cavities and

in coupled cavity arrays. Such ultrafast, efficient, and compact lasers show great

promise for applications in high-speed communications, information processing, and

on-chip optical interconnects.
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Chapter 1

Introduction

1.1 The promise of quantum information

The idea of a quantum computer was first proposed by Richard Feynman in 1981 as

a way to solve intractable quantum mechanical problems [1]. Since then, quantum

computers were proven to be inherently superior at solving certain problems to their

classical counterparts [2, 3]. In addition, communication across quantum channels

offers absolute security because it is impossible to eavesdrop on a transmission without

disturbing it [4,5]. To date, quantum computers have solved only trivial problems, and

secure communication range is limited by the lack of amplifiers. Continued progress

in computing and signal amplification in communication will require scalable systems

that can perform basic quantum information processing functions.

Quantum computers have been called more powerful than their classical coun-

terparts because they are ‘massively parallel’. Let’s see why this is so. Consider a

classical computer with 8-bit registers (prominent examples include the Intel 8008

processor from 1983); today’s computers typically have 64-bit registers, but they op-

erate in the same way. A bit is a two-level system, and we’ll label its states ‘0’ and

‘1’. At any instant of time, the register is in one of 28 = 256 states – for example, in

state |ψc〉 = 11001100.

Now consider a quantum computer. Typically information is also encoded in a two-

level system, but now the system does not follow classical physics and must instead

1
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be described by quantum mechanics. Such two-level systems are called quantum bits

or ‘qubits’ (more states can be used but do not fundamentally change the power of

the computer). In contrast to a classical register, such a qubit register can exist in

a superposition of all the classically allowed states. A set of complex coefficients ci

expresses the superposition in terms of the classical states |ψc〉:

|ψq〉 = c1 |0000000〉+ c2 |00000001〉+ c3 + ...+ |00000010〉+ c256 |11111111〉 . (1.1)

We see that every quantum register with eight qubits requires 256 complex numbers

(or 512 real numbers) to store the state. An N -qubit register would require 22N real

numbers. Thus, in a sense the quantum register tracks exponentially more states than

a classical register of the same size. This ability to track all different configurations of

classical states simultaneously makes the quantum computer ‘massively parallel’ and

part of the reason that quantum processors are more powerful than their similar-sized

classical counterparts.

Unfortunately the full state of the quantum computer cannot be read out. When

the final state is measured, it is collapsed onto only N classical bits – the same

number of bits one would read from a classical computer. To construct the final

wavefunction |ψq〉, the computer would need to be run on the order of 22N times. So it

is not immediately obvious that a quantum computer would beat a classical computer.

However, it has been proven that a quantum computer is in fact more powerful at

certain tasks. Two prominent examples are the Shor and Grover algorithms. The Shor

algorithm for factorizing an integer N is exponentially faster than any known classical

algorithm [2] (it requires a time of O((logN)3) vs. O(2(log N)1/3) for the best classical

algorithm). The Grover database search (required time is O(N1/2) for N entries) is

not only faster than any known classical algorithms (O(N)), but has also proven to

be optimal [3]. Many algorithms can be reduced to these problems. So we see that at

least for certain classes of problems, a quantum computer can outperform a classical

computer with the same number of bits. Furthermore, the quantum computer is at

least as good at all other tasks. This property results because a quantum computer

can simulate a classical computer [6], which is not surprising since any computer is
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ultimately built on quantum mechanics.

To reach a large numbers of qubits, any practical implementation of a quantum

computer must be efficiently scalable in time and overhead resources. This demands

a basic set of physical resource requirements on the quantum system, laid out by

DiVincenzo [7]. The system must have the following properties:

1. Scalability to increase number of qubits

2. Qubits initialized to arbitrary values

3. Gates1 faster than decoherence time

4. Universal set of gates

5. Qubits easily read

Currently, experimentalists are pursuing several approaches. The most promising

candidates for scalable computation appear to be electron or hole spins in quantum

dots or color centers [8–11], trapped ions [12], neutral atoms [13,14], superconducting

Josephson junctions [15–17], and linear optics [18,19].

But we are not restricted to any one architecture. Information is not tied to

any particular system, but could in principle be converted from one to the other.

Much interest has developed in building hybrid systems that bring together the best

aspects of different architectures. Combining photonic and atomic qubits appears

particularly rewarding. Photons are great information carriers, but poor gates, while

atoms are poor carriers but have high nonlinearities and lifetimes for making gates

and memories. A quantum network combining the strengths of both complementary

systems appears to be one of the most promising systems for scaling qubits into

powerful quantum information processing systems [20–22].

Quantum information has another useful property. Since an unknown quantum

state cannot be measured without disturbing it, any reading of qubits will change the

qubits’ state. The unknown state can also not be duplicated. As a result, if two parties

1A quantum gate is a rudimentary quantum circuit, analogous to classical logic gates but re-
versible.
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communicate by qubits, they can in principle determine if a third party is attempting

to eavesdrop on their message. This forms the idea behind unconditionally secure

quantum key distribution (QKD) [23]. The most prominent QKD approaches include

use of nonorthogonal bases [4], entangled states [5], two nonorthogal states [24], and

non-orthogonal four states [25]. We will later discuss single photon sources (e.g.,

from quantum dots) which are useful for QKD based on entangled states [5] and

(free-space) nonorhogonal bases [4].

1.2 Photonic crystals

Photonic crystals (PCs) are periodic arrangements of dielectric media that allow

unprecedented control over light on wavelength-sized length scales. Much like semi-

conductors have electronic bands gaps that prohibit charge carriers from propagating

in certain directions at certain energies, photonic crystals have photonic band gaps

that prohibit the propagation of electromagnetic waves at certain directions and fre-

quencies.

Light can be confined in any direction to lengths scales on the order of a half-

wavelength in the material, λ/2n. Since the confinement is in a dielectric structure, it

can entail very low optical loss. The principal confinement mechanism is Distributed

Bragg Reflection (DBR). This differentiates photonic crystals from other types of

guiding structures such as fibers, microspheres, or microdisks, which rely solely on

Total Internal Reflection (TIR). It might seem that a three-dimensional photonic

crystal employing the DBR effect in all directions would have the lowest loss. However,

three-dimensional photonic crystals are difficult to fabricate at optical wavelengths

and despite very promising recent advances [26,27], Q values are still modest (below

100). The mainstream of the PC research has addressed planar photonic crystals with

holes of finite depth, in large part because of much easier fabrication that is based on

well-engineered semiconductor fabrication techniques.

In planar PCs, light is confined in the in-plane direction by distributed Bragg

reflection, and in the vertical direction by total internal reflection. Imperfect confine-

ment leads to losses in these directions, denoted by the rates γ‖ and γ⊥, respectively.
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These losses are inherent to the PC cavity design for the particular mode, so we will

refer to them as intrinsic. These losses would remain even if the structure were fab-

ricated perfectly. In contrast, extrinsic losses are comprised of material absorption

(with rate γM) and scattering from fabrication imperfections (with rate γS). The

total loss rate is expressed as the sum,

γtot = γ|| + γ⊥ + γS + γM (1.2)

We can express this in terms of the quality factor

Q ≡ ω
〈U〉
〈P 〉

(1.3)

which measures the mode confinement as the fractional energy loss per resonator

cycle, where ω is the confined mode frequency, 〈U〉 the cycle-averaged mode energy,

and 〈P 〉 = γtot 〈U〉, the averaged radiated power. The energy is given by integrating

over the field energy density over the full volume,

〈U〉 =

∫
1

2
(εE2 + µH2)dV (1.4)

Eq.1.2 then becomes

Q−1
tot = Q−1

|| +Q−1
⊥ +Q−1

S +Q−1
M (1.5)

where we used γ = ω/Q and defined QM ≡ 2πn/λαM , denoting the commonly used

optical absorption coefficient αM = γM/(c/n), with c/n the speed of light in the

material with refractive index n.

Eq.1.5 shows that no matter how large the intrinsic cavity Q, its quality factor will

ultimately be limited by material losses. For that reason, quality factors in structures

containing active areas – such as quantum dots or quantum wells – lag behind passive

structures. For example, GaAs photonic crystal cavities resonant near 900-1000nm

are so far limited to Q values near 3 · 104 [28–30], while photonic crystals in Si near

1550 nm have already passed the 1-million mark [27].
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Figure 1.1: Photonic crystal fabrication and design. (a) Fabrication. (b) The free-standing
membrane radiates up and down, but efficiency can be improved with bottom DBR mirror (c). (d)
Three-hole defect cavity with Q ∼ 21, 600. (e) Scanning electron microscope image of a three-hole
defect cavity and the simulation of the electric field pattern

Through the confinement of photons, optical microresonators enhance the inter-

action between light and matter. We will primarily concentrate on confinement by

dielectric cavities, though plasmonic confinement is also possible in metallic struc-

tures with moderate Purcell enhancement [31]. Dielectric structures can have very

low loss and hence very high confinement, quantified by the cavity Q value. A myriad

of dielectric cavities are in use, some of the most important ones being low-Q ridge

cavities and high-Q ring, racetrack, microdisk, Fabry Perot, microsphere, and planar

photonic crystal resonators, which we will describe in Ch. 5.

Planar photonic crystals have been demonstrated for a range of applications, in-

cluding lasers [32–34], modulators [35, 36], biosensors [37, 38], single photon sources

[39], dispersive optics [40], and cavity QED studies [29,30,41,42], among others.
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1.3 Classical information processing with photonic

crystals

Another interesting consequence of quantum mechanics is that an oscillator is never

devoid of energy – it always has a minimum ground state energy. In a photonic

nanocavity, this ‘vacuum energy’ is confined to a small volume, which results in

high vacuum field fluctuations. If a particle is placed inside the cavity, the vacuum

field perturbs excited states, which causes them to recombine faster. This was first

described by E.M. Purcell in 1946 at radio-frequencies [43]. This spontaneous emission

rate enhancement can be used to control the radiative properties of atoms or electron-

hole pairs and create more efficient and faster emitters [27,39]. Likewise, if the density

of electromagnetic modes is reduced, then the excited state lifetime is extended. This

property follows from the Wigner-Weisskopf model of spontaneous emission [44]. We

will demonstrate both regimes of spontaneous emission rate modification in photonic

crystals in Chapter 3.

This thesis will focus on building elements of photonic quantum networks for com-

putation and secure communication. It will attempt to demonstrate the promise of

photonics crystals to precisely engineer and control the interaction of light with mat-

ter. This property makes photonic crystals highly attractive for building devices such

as lasers and modulators for classical and quantum information processing. The pla-

nar photonic crystal architecture is ideal for combining these devices with waveguides

and dispersive optics to allow compact integration that could parallel the success of

the integrated electronics.

1.4 Quantum dots in photonic crystals

As mentioned above, the photonic confinement in optical resonators enhances the

interaction of light and matter. This interaction can be further enhanced when not

only the photons, but also the electrons and holes, are confined to a region in space to

enhance spatial and spectral overlap with photons. A quantum dot is a nanometer-

sized structure that confines charge carriers in all directions to a small volume. If the



8 CHAPTER 1. INTRODUCTION

spatial dimensions are below the size of quantum mechanical wave functions of carriers

or their complexes, then the particles have states with discrete energies. Since they’re

similar in that respect to atoms, quantum dots are sometimes referred to as ‘artificial

atoms.’ The discrete spectrum occurs through quantum confinement of electron-hole

pairs and through electrostatic interaction between electrons and holes inside the dot.

The spectrum is also influenced by the semiconductor composition. Quantum dots

have been realized by electrostatic confinement, lithographic confinement, chemical

synthesis, epitaxial growth, and fluctuations at the interfaces of quantum wells [45].

Epitaxially grown dots have been most successfully embedded into photonic crystals

because of their strong lateral confinement and their easy integration during epitaxial

growth.

In our work, we concentrated primarily on epitaxially grown quantum dots. They

have a disk-like shape and are ∼ 5nm tall and 20− 40nm across, and are shown from

the top in the atomic force micrograph in Fig. 1.2(a). These dimensions are on the

scale of the exciton Bohr radius, and therefore the transitions are dot-size dependent.

The wafers were grown by our collaborators Bingyang Zhang (Yoshihisa Yamamoto

lab, Stanford) and Nick Stoltz (Pierre Petroff lab, UCSB) using self-assembled growth

by Stransky-Krastanow-mode molecular beam epitaxy [45, 46]. The self-assembly

leads to a distribution of sizes, leading to an inhomogeneous distribution of emission

wavelengths. Our dots are typically centered around ∼ 940nm with a FWHM of

∼ 20 − 30nm, with a typical photoluminescence (PL) spectrum as shown in Fig.

1.2(b).

The inhomogeneous distribution has some advantages for devices relying on en-

sembles of quantum dots, such as lasers and modulators used for classical information

processing. The relatively broad distribution is useful for creating lasers with low

threshold (due to low carrier transparency concentration) and temperature depen-

dence (as gain overlap changes little when individual QDs shift in frequency). The

broad distribution also limits cross-talk and gain competition in multimode lasers

(such as mode-locked semiconductor lasers).

We choose a QD distribution centered near 940 nm. This distribution is reasonably

far from the InAs wetting layer, yet still within the detector sensitivity of our streak
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camera and silicon avalanche photo diodes. The QD emission is inhomogeneously

distributed about the center wavelength with linewidths ∆λQD,inh ∼ 20 − 30 nm,

depending on the sample.

The inhomogeneous distribution creates problems in devices that depend on single

or small numbers of quantum dots coupled to photonic structures, such as single pho-

ton sources or nonlinear gates for quantum information processing. In these devices,

one would like quantum dots that are exactly matched to cavities or to other dots.

As we will discuss in Sect. 3.1, this spectral matching has very low probability and

requires some post-production tuning techniques for both quantum dots and photonic

structures.

One of the key elements in many quantum information processing schemes are

efficient sources of on-demand single photons [47]. Single on-demand photon gen-

eration has been demonstrated in a variety of systems, including molecules [48, 49],

color centers [50], atomic ensembles [51], single neutral atoms [52–54], ions [55], and

quantum dots [56–60]. Today, InAs quantum dots are among the best single photon

sources available in terms of brightness and multi-photon suppression.

The properties of quantum dots for quantum information processing can be greatly

improved by coupling to low-loss nanocavities. For example, single quantum dots

coupled to micropost cavities have been shown to exhibit greater indistinguishability

and potentially faster repetition rate through the Purcell effect [61]. As will be

discussed in Ch. 3, the single photon emission rate is even greater in photonic crystal

cavities [39,62,63].

These single photon sources are primarily useful for secure quantum key distri-

bution [5]. However, in 2001 it was shown that combined with linear optics and

high-efficiency detectors, single photon sources could also enable a scalable quantum

computer [18]. Here, two-qubit gates, which require a nonlinear interaction, are real-

ized by the nonlinearity of the measurement process. The extremely stringent system

requirements of the original proposal have become far more realistic in the past years

through a number of theoretical and experimental advances [19,64,65]. Nevertheless,

linear optics quantum computation is very challenging to implement on a scale that

would rival traditional computers at the tasks where quantum computers excel [1–3].
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Figure 1.2: (a) Atomic force microscope image of self-assembled InAs quantum dots before GaAs
capping layer is grown (image courtesy of Bingyang Zhang). (b) Bulk QD spectrum. Peak 1: GaAs
bandgap transitions; 2: GaAs free and impurity-bound exciton emission; 3: Broadband QD emission.

The broad set of quantum information processing proposals rely on the nonlin-

earity of a material to realize two-qubit gates. Because of their high nonlinearity,

atoms and atom-like particles such as quantum dots appear particularly promising

for such proposals. Recent years have witnessed dramatic practical and theoretical

advancements towards creating the basic components of quantum information pro-

cessing (QIP) devices. Cavity quantum electrodynamics (QED)-based approaches

are particularly promising for practical implementations of QIP [14, 20]. Quantum

networks consisting of distributed quantum nodes would combine the ease of stor-

ing and manipulating quantum information in atoms [14], ions [66, 67], or quantum

dots (QDs) [9], with the advantages of transferring information via photons, using

coherent interfaces [21, 68,69]. So far, the demonstrations of basic building blocks of

such networks have relied on atomic systems [70–73]. A solid-state implementation

of these pioneering approaches would open new opportunities for scaling the network

into practical and useful quantum information processing systems. Among the pro-

posed solid-state implementations, systems comprised of QDs in photonic crystals

are emerging as one of the favorites, largely because the small volumes of photonic

crystal cavities enable strong QD-cavity field interaction [29, 39, 41]. They are also
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suited for monolithic on-chip integration [62]. Derivatives of these same systems with

a higher QD density are also appealing for classical information processing (e.g., in

optical interconnects), including high-speed lasers [74] and modulators [36] operating

at low power.

1.5 Quantum wells in photonic crystals

We will also consider photonic crystals containing quantum wells. A quantum well is

a potential well that confines particles to a planar region. As in the quantum well, the

confinement alters the energy of electrons and holes when the quantum well thickness

becomes comparable at the de Broglie wavelength of the carriers. This confinement

then leads to energy subbands which have discrete wave vectors in the direction of

confinement. By controlling the quantum well’s thickness, the recombination energy

of electron-holes pairs can then be tailored to fit the energy required in a device

– for example, to match material gain to a cavity resonance and to the required

emission wavelength. The confinement can also greatly improve the overlap between

a photonic mode and the carriers. This overlap can be used to reduce threshold in a

laser or to enhance absorption in a quantum well modulator, as well as many other

applications that require a large light/matter interaction. Quantum wells are formed

in semiconductors sandwiching one semiconductor layer inside a host semiconductor

with a wider band gap – in our case, we will consider InGaAs quantum wells inside

GaAs and GaInAsP quantum wells inside InP.

1.6 Photonic crystal fabrication

Planar photonic crystals at visible to infrared wavelengths are most commonly fab-

ricated by electron beam or optical lithography combined with wet and dry etch-

ing. They have also been fabricated by other techniques such as focused ion beam

drilling [75], gravity sedimentation of colloidal particles [76,77], or nano-imprint tech-

niques [78], but these methods are less common. An overview of nanofabrication

techniques is given in Ref. [79].
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Figure 1.3: Front page of website to track photonic crystal design and fabrication. The primary
function of the site is to track design and fabrication by a group of collaborators. Each particular de-
vice is an instance of an FDTD design class (pc-design-general→pc design instance simulated) and
a Raith design class (pc design instance real). It also belongs to a sample class, which records the
actual wafer. Classified in this way, the design/sample instance is then tracked through the fabrica-
tion stages pc design instance simulated→ resist development→ dry etching process→ undercut
process. Then the different measurements (SEM measurement, PL measurement, g2 measurement)
can be recorded for the fabricated instance.
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The membranes used in our GaAs photonic crystals are typically d ≈ 150 − 170

nm thin. We used a Raith 150 electron beam lithography (EBL) system to write

photonic crystal patterns into a polymer resist layer on the sample (Fig. 1.1(a)). The

polymer is Poly(methyl methacrylate) (PMMA) had molecular weight 495k or 950k,

which gave similar results in our process. We used both weights of PMMA, dissolved

in chlorobenzene and later in anisol (a safer alternative). The dissolved PMMA was

spun on wafers using a headway spinner. Before spinning, the wafer was cleaned in

acetone. The spin rate depends on the type of PMMA, its concentration, and the

solvent. Typical concentrations were 2-4% PMMA by weight. For all resists, we first

established spin curves relating the spin rate with the PMMA thickness, determined

using a Nanospec thin film reflective interferometric microscope. Generally, we tar-

geted a thickness of about 200-250 nm. The coated wafer was soft-baked on a hot

plate at 180◦C for 2 minutes. After electron beam lithography, we developed the

exposed PMMA in a 75% Isopropanol/ 25% Methyl isobutyl ketone mixture for 35

seconds. Then we transferred the mask into the sample by plasma dry etching using a

Plasma QUEST reactive ion etching (RIE) system. The etch process is given below in

Table1.1. We found it useful to condition the chamber before dry etching so that the

gas composition is consistent between runs. Also, good thermal contact between the

sample piece and the carrier wafer is important for controlled etching, and we used

a polymer bonding layer (PMMA). We found that during the etching process, the

PMMA/GaAs etch selectivity was reduced in the photonic crystal holes to roughly

1:1, so that most of the PMMA was used up as we etched through the GaAs layer.

We removed the remaining PMMA mask with acetone. Sonicating the sample in

acetone for 30 seconds was sometimes used to remove the remaining PMMA mask.

Finally, we used an HF wet etching step to remove a sacrificial AlxGa(1−x)As layer,

resulting in a suspended PC membrane. Hydrogen gas is released in the wet etch and

can damage the structures. We found it useful to repeat gentle etch runs with low

HF concentration to allow the hydrogen to escape. For samples with sacrificial layer

composition AlxGa1−x and x < 0.85, we found it best to dilute 49% HF in water to

6%. Then we dipped the sample into the solution 10-15 times, each time for about 10
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seconds. We verified that the undercut was sufficient by checking the color of the un-

dercut regions under and optical microscope with white-light illumination. The color

changed because of different interferences for sacrificial layer and air (e.g., for our 160

nm-thick GaAs membranes on top of 950 nm-thick sacrificial layer, a greenish color

indicated that the etch was complete). For samples with sacrificial layer composition

AlxGa1−x and x > 0.9, the etch reaction occurred faster and required a less acidic

etch solution. We found an HF concentration of 0.7% best, repeated 10-20 times. At

the end of these fabrication steps, we cleaned the sample once more in acetone.

Table 1.1: Plasma-QUEST RIE recipe for GaAs membranes with thickness up to 200
nm.

Step 1 Step 2 (ignite) Step 3 (etch)
Ar (sccm) 15 15 15
BCl3 (sccm) 10 10 10
Cl2 (sccm) 2.5 2.5 2.5
process Press. (mTorr) 2 2 2
ECR power (W) 0 400 200
RF power (W) 0 47 47
He backside (mTorr) 10 10 10
temperature (C) 13 13 13
time (s) 70 until ignition 220

We note that samples with high Al concentration (x > 0.9) entailed the problem

that over time, some of the PC membranes cracked and even popped off the sample.

The reason appeared to be oxidation of the sacrificial layer, which creates strain

near the photonic crystal. For that reason, we switched to samples with lower Al

concentration around x ∼ 0.8. These were stable over several years when stored in a

nitrogen box.

Some of the samples we will discuss in this thesis also contain a DBR mirror

of alternating GaAs/AlxGa(1−x)As layers. The DBR is beneath the membrane and

improves free-space out-coupling efficiency [80] (see Figs.1.1(b,c)). An example of

a fabricated three-hole (L3) photonic crystal cavity is presented in Fig. 1.1(e). It

is a slightly modified version of the cavity in Ref. [81] with a predicted Q value of
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145·103. The spectrum from the same type of cavity, shown in Figs.1.1(f), is obtained

by illuminating a broad distribution of embedded InAs QDs and indicates a cavity

quality (Q) factor of 21.6 · 103, below the design value. Our and other groups have

observed that cavities are presently limited by material absorption and fabrication

imperfections to tens of thousands in active GaAs structures in the near-infrared [82].

These Q values are, however, more than sufficient to reach the strong coupling regime

between cavities and QDs [83].

For quantum-well devices operating near 930-980 nm, we used 172 nm thick GaAs

slabs containing four 8-nm In0.2Ga0.8As multiple quantum wells (MQW) separated

by 8-nm GaAs barriers, located about the slab’s central plane. These samples were

grown commercially by metal-organic chemical vapor deposition. We patterned them

with photonic crystal structures by the same fabrication recipe described above for

QD samples. The telecom wavelength lasers described in Sect.5.3.7 were based on

wafers containing four InGaAsP quantum wells (QWs) with a peak photoluminescence

emission wavelength of 1560nm. These were developed and fabricated by Hatice

Altug [84]. The fabrication procedure is different from that for GaAs/InAs samples

discussed above, and is detailed in Ref. [85].

The fabrication process can be improved by tracking samples through the stages

of production. This tracking can be difficult, especially if different people do different

parts of the process. To facilitate this process and organize data, an interactive

website tracks fabrication from the photonic crystal design phase through all steps

of fabrication and to optical characterization. The website is written in php5 with

a MySQL database back-end. It runs on the Apache server software. The front is

shown in Fig. 1.3. It is accessible at darum.stanford.edu/fab/ for internal users.

1.7 Summary of thesis

This thesis discusses five years of work on photonic crystals with embedded QDs or

QWs for applications in quantum and classical information processing. We begin

with a brief discussion of the design of photonic crystal devices in Chapter 2. We
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discuss different methods to optimize planar photonic crystal cavities, including sys-

tematic parameter search, genetic algorithm search, convex optimization, and finally

an analytic inverse-field approach (based on Ref. [86] to which D.E., I. Fushman, and

J. Vuckovic were equal contributors). The inverse field approach allows rapid opti-

mization and gives physical insight into why certain structures are better than others.

Having derived high-Q photonic crystal cavities, we investigate why actual fabricated

structures deviate from the design. Here we analyze fabricated structures directly by

Finite Different Time Domain simulations on scanning electron micrographs. This

direct analysis of photonic crystal nanostructure allows us to understand discrepan-

cies between designed and fabricated structures so that we can optimize structures

while taking material limitations into account.

In Chapter 3 we combine photonic crystals with quantum dots. We note some

of the major limitation such as lithography fabrication errors [82] and QD inhomo-

geneous broadening, but defer QD growth properties and photonic crystal designs to

other texts [45, 83, 86, 87]. To address fabrication limitations, we have developed a

set of post-processing tools to selectively tune QDs and cavities. These include local

heating of quantum dots (lead author A. Faraon [88]), mechanical photonic crystal

tuning, photonic crystal reflow and ablation, and tuning by a photosensitive top layer

(lead author A. Faraon [89]). With this groundwork, we advance in Chapter 3 to

experimental studies of cavity QED of single QDs in photonic crystals. We describe

single QDs weakly coupled to low-volume photonic crystal cavities [39]. Depending

on the coupling strength to a cavity with moderate quality factor, the spontaneous

emission rate of photonic crystal-embedded QDs can be either decreased by up to fac-

tor five or increased up to factor eight in the experiment, though larger rate changes

are possible. In cavities with a high quality factor, we show the ability to initiate

vacuum Rabi oscillations between a single QD and the cavity field.

In Chapter 4, we detail elementary quantum information processing applications

in photonic crystals coupled to single quantum dots. We begin by demonstrating

generation and transfer of single nearly indistinguishable photons from one cavity

into a waveguide, which can be either directly out-coupled via an on-chip grating, or
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transferred to a second cavity which could represent another node in a quantum net-

work [62]. Such a network also requires a way to coherently access individual QDs. We

describe such a technique which can probe and manipulate the quantum dot/cavity

system at the single photon level [30] (D.E., A. Faraon, and I. Fushman were equal

contributors). This technique, which we call coherent optical dipole access in a cavity

(CODAC), provides a giant optical nonlinearity that enables nonclassical generation

of light and may yield two-qubit quantum gates for use in a quantum computer or

repeater. In particular, we will describe a phase gate that is conditioned on a control

beam operating near the single-photon level (D.E., A. Faraon, and I. Fushman were

equal contributors). The giant optical nonlinearity is also promising as an all-optical

switch for classical information processing, and we will show an implementation as

an ultrafast switch, with a control beam operating at the single photon level. An-

other remarkable aspect of the strongly coupled quantum dot/cavity system is that

the quantum dot strongly modifies the system’s energy spectrum. The bare cavity

states become dressed states of mixtures of quantum dot and cavity excitations. As

a result, the system acquires an anhormonic energy spectrum, which we exploit to

produce nonclassical states from a coherent beam incident on the dot/cavity system

(D.E., A. Faraon, and I. Fushman were equal contributors).

In Ch. 5, we turn from quantum to classical information processing. We describe

our recent work on photonic crystal nanocavity lasers, with an emphasis on ultrafast

pulse generation. The strong light/matter interaction in the photonic crystal leads

to spontaneous emission rate enhancement by the Purcell effect, which in turn lowers

threshold and turn-on delay time (H. Altug was lead author on the reported time de-

lay [34]). These lasers produce pulses on the picosecond scale, corresponding to only

hundreds of optical cycles and representing some of the fastest semiconductor lasers

measured. We describe the laser dynamics in optically pumped single cavities and in

coupled cavity arrays, at low and room temperature. At low temperature, we are able

to achieve extremely low lasing thresholds in the vicinity of 2µW in lasers consisting

of GaAs with InGaAs quantum wells. This threshold represents one of the lowest

achieved thresholds to date in a quantum well-driven laser. The ultralow thresholds

and room temperature operation in the GaAs/InGaAs lasers were only possible after
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the defects state density was reduced by using a surface passivation treatment. We

also reproduced the ultrafast laser operation with lasers operating in the telecommu-

nications band near 1550 nm, using InP structures with multiple InGaAs quantum

wells. We conclude the chapter with a brief discussion of the prospects for pumping

these devices electrically.
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Chapter 2

Photonic crystal design

In this chapter, we describe the design of photonic crystal cavities. Many approaches

have been developed to address this issue, but they all focused on the optimization

of a particular cavity geometry and resonant mode [81, 90–96]. Our goal is a general

recipe that begins from a desired field or optical property and finds the structure that

confines it. An inverse-field approach was applied to modified single-defect cavities in

Ref. [97]. We describe an inverse-problem approach to derive the dielectric structure

along a high-symmetry axis of the planar photonic crystal and extrapolate to the

neighboring photonic crystal. This approach allows us to optimize photonic crystal

design in a small fraction of the time needed by conventional approaches. Next

we analyze already fabricated photonic crystals by transferring scanning electron

micrographs into the FDTD simulator. We find good agreement between simulation

and experiment. The analysis is used to derive more fabrication-friendly designs.

2.1 Calculating cavity loss from the near-field mode

pattern

Different applications involve different figures of merit. For example, to create spon-

taneous emission rate enhancement through the Purcell effect, we want to maxi-

mize the quality factor to mode volume ratio Q/Vmode; for nonlinear optical effects

22
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Q2/Vmode; while for the strong coupling regime of cavity QED, we want to optimize

ratios g/κ ∼ Q/
√
Vmode and g/γ ∼ 1/

√
Vmode. In these expressions, g is the emitter-

cavity field coupling, κ and γ are the cavity field and emitter dipole decay rates, and

Vmode is the cavity mode volume:

Vmode ≡
∫
ε(~r)| ~E(~r)|2d3~r

max(ε(~r)| ~E(~r)|2)
, (2.1)

To maximize the fitness parameter, we first derive an analytical relation between

the near-field pattern of the cavity mode and its loss due to imperfect TIR.

For now, we will neglect material and scattering losses, so Eq.1.5 becomes

1

Q
=

1

Q||
+

1

Q⊥
(2.2)

For frequencies well inside the photonic band gap, the photonic crystal in-plane

confinement can be made arbitrarily high (i.e., Q|| arbitrarily large) by addition of PC

layers. The total Q is then ultimately determined by Q⊥, which quantifies vertical

confinement and depends on the modal k-distribution that is not confined by TIR.

Suppose we have solved for the near-field mode in plane S just above the photonic

crystal, as shown in Fig. 2.1. Practically, the field may have been derived by numerical

methods such as FDTD simulation.

The total time-averaged power radiated into the half-space above the surface S

is:

P =

π/2∫
0

2π∫
0

dθdφ sin(θ)K(θ, φ), (2.3)

where K(θ, φ) is the radiated power per unit solid angle. In Appendix A, we

derive a simple form for K in terms of 2D Fourier Transforms (FTs) of Hz and Ez at

the surface S, after expressing the angles θ, φ in terms of kx and ky:

K(kx, ky) =
ηk2

z

2λ2k2
‖

[
1

η2
|FT2(Ez)|2 + |FT2(Hz)|2

]
(2.4)
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Figure 2.1: (a) Estimating the radiated power and Q⊥ from the known near field at the surface S.
(b) Band diagram for TE-like modes of the hexagonal lattice PC. The indicated light cone marks the
boundary above which TIR becomes ineffective. The inset on the left shows the hexagonal lattice PC
slab. The parameters used for the simulation were r/a = 0.3, d/a = 0.65, n = 3.6. A discretization
of 20 points per period a was used for both diagrams. (c) Real-space lattice for the hexagonal lattice
photonic crystal. (d) Reciprocal lattice (orange), the Brillouin zone (blue), and the first irreducible
Brillouin zone (green) for the hexagonal lattice photonic crystal.

Here, η ≡
√

µo

εo
, λ is the mode wavelength in air, k = 2π/λ, and ~k|| = (kx, ky) =

k(sin θ cosφ, sin θ sinφ) and kz = k cos(θ) denote the in-plane and out-of-plane k-

components, respectively. In Cartesian coordinates, the radiated power (2.3) can

thus be re-written as the integral over the light cone, k|| < k. Substituting (2.4) into

(2.3) gives

P ≈ η

2λ2k

∫
k‖≤k

dkxdky

k2
‖

kz

[
1

η2
|FT2(Ez)|2 + |FT2(Hz)|2

]
(2.5)

We see that the radiated power is given by the integral of the radiated power

density (2.4), evaluated on S, over the light cone. Substituting Eq. (1.4) and Eq.

(2.5) into Eq. (1.3) thus yields a straightforward calculation of the Q for a given

mode. In the following sections, when considering the qualitative behavior of (2.5),
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we will restrict ourselves to TE-like modes, which have only transverse electric fields

in the central plane of the photonic crystal. In that plane, TE modes are specified

by the triad (Ex, Ey, Hz). We furthermore restrict ourselves to modes where Hz is

even in at least one dimension x or y. For such modes, the term |FT2(Hz)|2 in (2.5)

just above the slab is dominant, and |FT2(Ez)|2 can be neglected in predicting the

general trend of Q.

2.2 Methods for cavity design

Several methods exist for maximizing a figure of merit f , which we take here to be a

single-valued function defined on some parameter space X. An example of f could be

the Q factor of a cavity. One of the most common techniques is a parametric search

over a constrained parameter space X, where the fitness function f is evaluated for

each point in the space. An example of this method is shown in Fig. 2.7(b), where

parameters x1, x2, r1 are traversed to optimize the Q-value of the cavity in Fig. 2.7(a).

This ‘brute-force’ approach will reliably identify the optimal cavity design within X,

but it is a long process since each simulation for a three-dimensional structure takes

on the order of 12-24 hours. Computation time is much shorter for fewer than three

dimensions and by clever use of field basis expansions [98].

In some cases, the search can be greatly shortened by using the method of steepest

ascent. Here, we begin with an initial point x ∈ X and evaluate the local gradient

on f , and then step in that direction. However, the method can only be applied on

a convex subset X ′ of X. We have found that this restriction makes this method

inappropriate for most optimization problems with photonic crystals. For example,

the search space for Q in Fig. 2.7(b) is clearly not convex as it has several local

maxima.

When convexity is not guaranteed, then a genetic search algorithm can identify

the optimized design. This approach is especially useful for searching a larger space

where the optimum design is an unintuitive or disordered. In Ref. [99], we use a

genetic algorithm (GA) to design a set of photonic crystals in one and two dimensions.

Since this design approach is broad in parameter space – much broader than would be
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feasible in the full systematic search – we derive un-intuitive structures that show high

fitness functions. The general design approach allows us to optimize PC structures

for such fitness functions. The GA performs remarkably well even in complex design

spaces and appears promising as a robust design tool in a range of PC applications.

Other groups have also reported improved use of GA’s for optimizing band gaps in

two-dimensional photon crystals [100].

2.3 Analytic photonic crystal cavity design

The above-mentioned approaches still involve complex and long calculations, espe-

cially in 3D. Furthermore, they do not lend as much physical insight into the cavity

optimization as one would like. They also do not determine if a structure is optimal.

We will now attempt to address these issues by an inverse-field approach.

Starting from the expression for Q given the near-field k-distribution, we first

estimate the optimum k-space distribution of the cavity mode field. In Sect. 2.3.2,

we optimize the figure of merits for PC cavities for various applications. We start

from the optimum k-space distribution of the cavity field, then derive an approximate

analytical relation between the cavity mode and the dielectric constant, and finally

use it to create a cavity that supports the selected high-Q mode in a single step. This

approach eliminates the need for parameter searches that are typically used in PC

cavity designs.

2.3.1 Optimum k-space field distribution of the cavity mode

field

The periodic index modulation introduces an energy bandstructure for light in two

dimensions ~r = (x, y), where energy stop bands give rise to the in-plane light confine-

ment.

We will do most of the cavity design in the reciprocal space, so we begin by writing

the periodic refractive index ε(~r) = ε(~r + ~R) as a Fourier sum over spatial frequency

components:
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ε(~r) =
∑

~G

ε ~Ge
i ~G·~r (2.6)

Here ~G are the reciprocal lattice vectors in the (kx, ky) plane and are defined by

~G · ~R = 2πm for integer m. The real and reciprocal lattice vectors for the hexagonal

lattice with periodicity a are:

~Rmj = ma
(x̂+ ŷ

√
3)

2
+ ja

(x̂− ŷ
√

3)

2
(2.7)

~Gql =
4π

a
√

3
q
(−x̂

√
3 + ŷ)

2
+

4π

a
√

3
l
(x̂
√

3 + ŷ)

2
,

The electromagnetic field corresponding to a particular wave vector ~k inside such

a periodic medium can be expressed by the Bloch theorem as [101]

~E~k = ei~k·~r
∑

~G

A~k, ~Ge
i ~G·~r (2.8)

Starting from the periodic lattice, we can introduce a linear array of defects to

form waveguides in a particular direction k. Waveguide modes have the discrete

translational symmetry of the particular direction in the PC lattice and can therefore

be expanded in Bloch states E~k. In Fig. 2.2, we plot the dispersion of a waveguide

in the ΓJ direction of a hexagonal lattice PC.

Now we can form cavity modes by closing a portion of a waveguide by reinserting

holes. As the cavity confines light to a given length, the energy and hence the k-space

distribution must spread to some width ∆k. We can then approximate the Hz field

component of the cavity as

Hz(x, y) ∼
∑

~G

~k0+∆~k/2∑
~k0−∆~k/2

(
A~k, ~Ge

i~k·~r + A−~k, ~Ge
−i~k·~r

)
ei ~G·~r (2.9)

A similar expansion of Hz can be made at the surface S directly above the PC
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Figure 2.2: Left: Band diagram for hexagonal waveguide in ΓJ direction, with r/a = 0.3, d/a =
0.65, n = 3.6. The bandgap (wedged between the gray regions) contains three modes. Mode Boo can
be pulled inside the bandgap by additional neighbor hole tuning. Right: Bz of confined modes of
hexagonal waveguide. The modes are indexed by the B-field’s even (“e”) or odd (“o”) parities in the
x and y directions, respectively. The confined cavity modes Boo, Bee, and Beo required additional
structure perturbations for shifting into the bandgap. This was done by changing the diameters of
neighboring holes.

slab (see Fig. 2.1), which then allows us to calculate losses by Eq.2.5. The Fourier

transform of the above equation gives the k-space distribution of the cavity mode,

with coefficients A~k, ~G and A−~k, ~G. The distribution peaks are positioned at the four

points ±~ko ± ~G, with widths ∆k that are inversely proportional to the cavity extent

in that direction.

To reduce radiative losses, the mapping of components into the light cone should

be minimized [92]. Therefore, the center of the mode distribution ~k0 should be po-

sitioned as far away from the light cone as possible. This will be somewhere along

the edge of the first Brillouin zone, which is the region in k-space which cannot be

mapped into the light cone by any reciprocal lattice vector ~G (see Fig. 2.1(d)).

For the hexagonal lattice, the optimum ~k0 for the cavities resonating in the ΓX

direction of the hexagonal lattice is ~k0 = ±π
a
k̂x (as it is for the cavity from Ref. [81]),

and for the ΓJ direction is ~k0 = ±π
a
k̂x ± π

a
√

3
k̂y. The ΓJ point is the furthest from
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the light cone.

Assuming that the optimum choice of ~k0 at the edge of the first Brillouin zone

has been made, the summation over ~G can be neglected in Eq. (2.9) because it only

gives additional Fourier components which are even further away from the light cone

and do not contribute to the calculation of the radiation losses. In that case, we can

express the field distribution as:

Hz(x, y) =

∫ ∫
dkxdkyA(kx, ky)e

i~k·~r, (2.10)

where A(kx, ky) is the Fourier-space envelope of the mode. A(kx, ky) is a function

centered at ~k0 = (±k0x,±k0y) with full-width half-maximum (FWHM) determined

by ∆~k = (∆kx,∆ky) in the kx and ky directions, respectively. Eq. (2.10) implies

that Hz(x, y) and A(kx, ky) are related by 2D Fourier transforms. For example, if

A(kx, ky) can be approximated by a Gaussian centered at ~k0 = (k0x, k0y) and with the

FWHM of (∆kx,∆ky), the real space field distribution Hz(x, y) is a function periodic

in the x and y directions with the spatial frequencies of k0x and k0y, respectively, and

modulated by a Gaussian envelope with the widths ∆x ∼ 1/∆kx and ∆y ∼ 1/∆ky.

Therefore, the properties of the Fourier transforms imply that the extent of the mode

in the Fourier space ∆k is inversely proportional to the mode extent in real space

(i.e., the cavity length), making the problem of Qmaximization even more challenging

when V needs to be simultaneously minimized. This has already been attempted in

the past for a dipole cavity [92,102] and a linear defect [81,95,96], by using extensive

parameters space search. In the following sections, we will design high Q cavities by

completely eliminating the need for parameter space searches and iterative trial and

error approaches.

There are two main applications of Eq. (2.5). First, this formulation of the cavity

Q factor allows us to investigate the theoretical limits of this parameter and its relation

to the mode volume of the cavity. Second, it allows us to quantify the effect of our

perturbation on the optimization of Q using only one or two slices of the field in the

z-direction and reduces computational time almost completely compared to standard

numerical methods. We applied Eq. (2.5) to cavities obtained from an iterative
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parameter space search. These cavities were previously studied in [92] and [81]. The

results for Q using Eq. (2.5) at S, as well as full first-principle FDTD simulations are

shown in Fig. 2.3 and indicate a good match (the discrepancy between Eq. (2.5) and

FDTD is primarily due to discretization errors). This agreement supports that Eq.2.5

approximates adequately the properties of the cavity and can be used to theoretically

approach the design problem; we can also use this form to speed up the optimization

of the cavity parameters.
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Figure 2.3: Q calculated by Eq.2.5 (squares) agrees well with those calculated by first-principles
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2.3.2 Inverse problem approach to designing PC cavities

In the inverse approach, we begin with a desired in-plane Fourier decomposition of

the resonant mode, FT2( ~H(~r)), chosen again to minimize radiation losses given by

Eq. (2.5).

We will first estimate the general behavior of Q/V for structures of varying mode

volume. Then we present two approaches for analytically estimating the PC structure
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ε(~r) from the desired k-space distribution FT2( ~H(~r)). As mentioned in Sec.2.1, we

restrict the analysis to TE-like modes with even symmetry along at least one of the

x and y axes (Beo, Boe, and Bee shown in Fig. 2.2(b)) for which we can approximate

the trend of the radiation (2.5) by considering only Hz at the surface S just above

the PC slab. Moreover, to make a rough estimate of the cavity dielectric constant

distribution from the desired Hz field on S, we approximate that Hz at S is close to

Hz at the slab center. To check this assumption, we compare the Hz-fields at the slab

center and just above the slab in the right panel of Fig.2.3. The structure in this case

is a three-hole defect cavity with an outer-hole shift of 0.15a in the x-direction and

0.1a in the y-direction. The plots show that while Hz drops in magnitude by about

40%, the field shape is preserved, so the evaluation of the radiation pattern based

on Hz at the center gives the good estimate of the Q-factor trend for optimizing the

cavity design. In the other structures considered in this chapter, we found a similar

match in the Hz components in the center and just above the structure.

General trend of Q/V

The simplification described above allows us to study the general behavior of Q/V

for a cavity with varying mode volume. Here, we assume that a structure has been

found to support the desired field Hz.

We again start from the expression for radiated power, Eq. (2.5), and calculate

Q using Eq. (1.3). All that is required of the cavity field is that its FT at the surface

S above the slab be distributed around the four points kx0 = ±π/a, ky0 = ± 2π√
3a

, to

minimize the components inside the light cone. As an example, we choose a field

with a Gaussian envelope in Fourier space, as described in Sec. 2.3.1. For now, let us

consider mode symmetry Boe. The Fourier Transform of the Hz field is then given by

FT2(Hz) =
∑

kx0,ky0

sign(kx0) exp(−(kx − kx0)(σx/
√

2)2 − (ky − ky0)(σy/
√

2)2), (2.11)

where σx and σy denote the modal widths in real space. The mode and its FT are

shown in Fig. 2.4 (d-e). We use Eq.2.5 without the Ez terms to estimate the trend

in Q, as described above. As the mode volume grows, the power density function K
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inside the light cone shrinks exponentially. This results in an exponential increase in

Q. This relationship is shown in Fig. 2.4(g) for field Boe at frequency a/λ = 0.248.

At the same time, the mode volume grows linearly with σx. The growth of Q/V

is therefore dominantly exponential, and we can find the optimal Q for a particular

choice of mode volume (i.e., σx) of the Gaussian mode cavity.
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Figure 2.4: Idealized cavity modes at the surface S above the PC slab; all with mode volume
∼ (λ/n)3. (a-c) Mode with sinc and Gaussian envelopes in x and y, respectively: Hz(x, y), FT2(Hz),
andK(kx, ky) inside the light cone; (d-g) ModeBoe with Gaussian envelopes in the x and y directions:
Hz(x, y), FT2(Hz), K(kx, ky), and Q⊥(σx/a) as well as Q⊥/V . Q⊥ was calculated using Eq. (2.5)
and Ez was neglected.; (h-i) Mode Bee with Gaussian envelopes in x and y can be confined to radiate
preferentially upward.

According to Fig. 2.4(g), very large Q-values can be reached with large mode

volumes and there does not seem to be an upper bound on Q⊥. Of course, an actual

cavity would be limited by other losses such as material or surface scattering, as

discussed in Sect. 2.4.2. As the mode volume of the Gaussian cavity increases, the
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radiative Fourier components vanish exponentially, but are never zero. A complete

lack of Fourier components in the light cone should result in the highest possible Q.

As an example of such a field, we propose a mode with a sinc envelope in x and a

Gaussian one in y. The FT of this mode in Fig. 2.4(b) is described by

FT2(Hz) =
∑

kx0,ky0

exp(−(ky − ky0)
2(σy/

√
2)2)Rect(kx − kx0,∆kx), (2.12)

where Rect(kx,∆kx) is a rectangular function of width ∆kx and centered at kx.

The Fourier-transform implies that the cavity mode is described by a sinc function

in x whose width is inversely proportional to the width of the rectangle Rect(kx,∆kx).

To our knowledge, this target field has not been previously considered in PC cavity

design. This field is shown in Fig. 2.4(a-c). Though it has no out-of-plane losses, this

field drops off as 1/r and therefore requires a larger structure than the Gaussian field

for confinement.

Over the past years, many new designs with ever-higher theoretical quality factors

have been suggested [95]. In light of our result that Q/V increases exponentially with

mode size, these large Qs are not surprising.

It is interesting to note that Eq. (2.4) also allows one to calculate the field required

to radiate with a desired radiation distribution. For example, many applications

require radiation with a strong vertical component; waveguide modes with even Hz

can be confined for this purpose so that K(kx, ky) dominates losses at the origin in

k−space, as shown for instance in Fig. 2.4(h-i) for the confined mode pattern Bee of

Fig. 2.2.

Estimating Photonic Crystal Design from k-space Field Distribution

Now we introduce two analytical ways of estimating the dielectric structure ε(~r) that

supports a cavity field that is approximately equal to the desired field ~Hc. These

methods directly calculate the dielectric profile from the desired field distribution,

without any dynamic tuning of PC parameters, and are thus computationally fast.

We focus on TE-like modes, since they see a large bandgap and exhibit electric-field
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maxima at the slab center. For TE-like modes, ~Hc = Hcẑ at the center of the slab,

and ~Hc ≈ Hcẑ at the surface. First, we relate ~Hc to one of the allowed waveguide

fields ~Hw. The fields Hc and Hw at the center of the PC slab (z = 0) are solutions to

the homogeneous wave equation with the corresponding refractive indices εc and εw,

respectively.

−µ0
∂2Hc

∂t2
= ω2

cµ0
~Hc = ∇× 1

εc

∇× ~Hc (2.13)

−µ0
∂2Hw

∂t2
= ω2

wµ0
~Hw = ∇× 1

εw

∇× ~Hw (2.14)

Here ωc and ωw are the frequencies of the cavity and waveguide fields. We expand

the cavity mode into waveguide Bloch modes:

Hc =
∑

~k

ckuk(~r)e
i(~k·~r−ωkt) (2.15)

where uk is the periodic part of the Bloch wave. Assuming that the cavity field is

composed of the waveguide modes with ~k ≈ ~k0, we can approximate uk(~r) ≈ uk0(~r),

which leads to the slowly varying envelope approximation:

Hc ≈ uk0(~r)e
i( ~k0·~r−ωwt)

∑
~k

cke
i((~k− ~k0)·~r−(ωk−ωw)t) = HwHe, (2.16)

where the waveguide mode Hw = uk0(~r)e
i( ~k0·~r−ωwt) and the cavity field envelope He =∑

~k cke
i((~k− ~k0)·~r−(ωk−ωw)t).

The cavity and waveguide field FT-distributions are concentrated at the edge of

the Brillouin zone, where ω2
k ≈ ω2

w + α
∣∣∣~k − ~k0

∣∣∣2 and α � 1 (i.e., the band is nearly

flat). Differentiating (2.16) in time twice gives:

∂2Hc

∂t2
= −ω2

cHc = −
∑

~k

ckuk(~r)e
i(~k·~r−ωkt)

[
ω2

w + α |k − k0|2
]
≈

−Hw

∑
~k

cke
i((~k− ~k0)·~r−(ωk−ωw)t)

[
ω2

w + α |k − k0|2
]

= −ω2
wHwHe + αHw∇2He (2.17)
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Thus, for α� 1 and finite ∇2He, ωc ≈ ωw, i.e., the cavity resonance is very close

to the frequency of the dominant waveguide mode. The condition α� 1, also implies

that ωk ≈ ωw, i.e. He ≈
∑

~k cke
i(~k− ~k0)·~r.

Estimating Photonic Crystal Design from k-space field Distribution: Ap-

proach 1

Let us express the cavity dielectric constant εc as εc = εwεe, where εe is the unknown

envelope. Hc is a solution of Eq. (2.13) and each waveguide mode uk(~r)e
i(~k·~r−ωkt)

satisfies Eq. (2.14). From previous arguments, for ~k within the range corresponding

to the cavity mode, ωc ≈ ωw ≈ ωk. Thus, a linear superposition of waveguide modes∑
k ckuk(~r)e

i(~k·~r−ωkt) = HeHw = Hc also satisfies Eq. (2.14), i.e. the cavity mode

is also a solution of Eq. (2.14) for a slowly varying envelope. We assume that the

mode is TE-like, so that the H field only has a z component at the center of the slab.

Then inserting Hc from (2.16) into Eq.(2.13) and Eq. (2.14) and subtracting the two

equations with εc = εwεe, yields a partial differential equation for εc(x, y):

∂x

[
1

εw

(
1

εe

− 1

)
∂xHc

]
+ ∂y

[
1

εw

(
1

εe

− 1

)
∂yHc

]
≈ µ0(ω

2
w − ω2

c )Hc ≈ 0 (2.18)

For this approach, we consider waveguide modes with Boe symmetry in Fig. 2.2(b).

These modes are even in ŷ, so the partial derivatives in y in (2.18) vanish at y = 0.

The resulting simplified first-order differential equation in 1/εe can then be solved

directly. In our analysis, εw corresponds to removing holes along a line in the PC

lattice. The cavity is then created by introducing holes in this waveguide. Therefore,
1
εe
− 1 > 0, and we must take the absolute value of ∂xHc. Furthermore, since both εc

and εw are even functions in y and are flat, any implicit function of y in the solution

to the x component of the equation is a constant. This leads to an approximate form

of the true cavity dielectric index near y = 0:

εc(x) ≈
|∂xHc|

C + 1
εw
|∂xHc|

(2.19)

where C is a constant of integration, and Hc = HwHe, where Hw is the known
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waveguide field and He is the desired field envelope. We constrain C to be positive

and find it by fixing the value of εc at some x, leading to a particular solution for εc. In

our cavity designs we chose C such that the value of εc is close to εw. To implement

this design in a practical structure, we need to approximate this continuous εc by

means of a binary function with low and high-index materials εl and εh, respectively.

We do this by finding, in every period j, the air hole radius rj that gives the same

field-weighted averaged index on the x-axis:∫ ja+a/2

ja−a/2

(εh + (εl − εh)Rect(ja, rj))
∣∣∣ ~Ec

∣∣∣2 dx =

∫ ja+a/2

ja−a/2

εc(x)
∣∣∣ ~Ec

∣∣∣2 dx, (2.20)

where ~Ec is estimated from a linear superposition of waveguide modes as ~Ec ∝ ∇× ~Hc.

We assume that the holes are centered at the positions of the unperturbed hexagonal

lattice PC holes.

The radii rj thus give the required index profile along the x symmetry axis. The

exact shape of the holes in 3D is secondary – we choose cylindrical holes for conve-

nience. Furthermore, we are free to preserve the original hexagonal crystal structure

of the PC far away from the cavity where the field is vanishing.

To illustrate the power of this inverse approach, we now design PC cavities that

support the Gaussian and sinc-type modes of Eq. (2.11), (2.12). In each case, we start

with the waveguide field Boe of Fig. 2.2(b) confined in a line-defect of a hexagonal

PC. The calculated dielectric structures and FDTD simulated fields inside them are

shown in Fig. 2.5. The FT fields on S also show a close match and very little power

radiated inside the light cone (Fig. 2.5(c,f)). This results in very large Q values,

estimated from Q⊥ to limit computational constraints. These estimates were done

in two ways, using first principles FDTD simulations [102], and direct integration

of lossy components by Eq. (2.5). The results are listed in Table 2.1 and show an

improvement of roughly three orders of magnitude over the unmodified structure of

Fig. 2.3. Furthermore, a fit of the resulting field pattern to a Gaussian envelope

multiplied by a sin(π/ax), yielded a value of σx/a ≈ 1.6 (see Fig. 2.5(c)). According

to the plot in Fig. 2.4(g), this mode is near the maximum attainable limit of Q⊥.

In our FDTD simulations, we verified that Q⊥ correctly estimates Q by noting
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that Q⊥ did not change appreciably as the number of PC periods in the x− and

y− directions, Nx and Ny, was increased: for the Gaussian-type (sinc-type) mode,

increasing the simulation size from Nx = 13, Ny = 13 (Nx = 21, Ny = 9) PC periods

to Nx = 25, Ny = 13 (Nx = 33, Ny = 13) changed quality factors from Q|| = 22 ·
103, Q⊥ = 1.4 · 106 (Q|| = 17 · 103, Q⊥ = 4.2 · 106) to Q|| = 180 · 103, Q⊥ = 1.48 · 106

(Q|| = 260 · 103, Q⊥ = 4.0 · 106). (The number of PC periods in the x-direction in

which the holes are modulated to introduce a cavity is 9 and 29 for Gaussian and

sinc cavity, respectively, while both cavities consist of only one line of defect holes

in the y-direction.) Thus, with enough periods, the quality factors would be limited

to Q⊥, as summarized in the table. In the calculation of Q, the vertically emitted

power 〈P||〉 was estimated from the fields a distance ∼ 0.25 · λ above the PC surface.

Note that the frequencies a/λ closely match those of the original waveguide field Boe

(a/λcav=0.251), validating the assumption in the derivation.

Table 2.1: Q values of structures derived with inverse-approach 1

a/λcav Qcav (freq. filter) Qcav (Eq. (2.5)) Vmode(
λ
n
)3

Gaussian 0.248 1.4 · 106 1.6 · 106 0.85
Sinc 0.247 4.2 · 106 4.3 · 106 1.43

Unmodified 3-hole defect 0.251 6.6 · 103 6.4 · 103 0.63

Estimating Photonic Crystal Design from k-space Field Distribution: Ap-

proach 2

We now derive a closed-form expression for εc(x, y) that is valid in the whole PC

plane (instead of the center line only). Again, begin with the cavity field ~H(~r) = ẑHc

consisting of the product of the waveguide field and a slowly varying envelope, Hc =

HwHe, and treat the cavity dielectric constant as: 1
εc

= 1
εpert

+ 1
εw

. In the PC plane,
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Figure 2.5: FDTD simulations for the derived Gaussian cavity (a-c) and the derived sinc cavity
(d-f). Gaussian: (a) Bz; (b) |E|; (c) FT pattern of Bz taken above the PC slab (blue) and target
pattern (red). Sinc: (d) Bz; (e) |E|; (f) FT pattern of Bz taken above the PC slab (blue) and target
pattern (red). The cavities were simulated with a discretization of 20 points per period a, PC slab
hole radius r = 0.3a, slab thickness of 0.6a and refractive index 3.6.

Eq. (2.13, 2.14) for a TE-like mode can be rewritten as

−ω2
cµ0Hc = ∇ · ( 1

εc

∇Hc) (2.21)

−ω2
wµ0Hw = ∇ · ( 1

εw

∇Hw) (2.22)

Multiplying the last equation by He, subtracting from the first, and recalling that

ωc ∼ ωw yields

ω2
wµ0HeHw − ω2

cµ0Hc = µ0Hc(ω
2
w − ω2

c ) ≈ 0 (2.23)

= ∇ · ( 1

εc

∇Hc)−He∇ · ( 1

εw

∇Hw)

≈ ∇ · ( 1

εpert

∇Hc) (2.24)

where the last line results after some algebra and dropping spatial derivatives of

the slowly varying envelope He. This relation is a quasilinear partial differential

equation in 1/εpert. With boundary conditions that can be estimated from the original

waveguide field, this equation can in principle be solved for εc (e.g., [103]).



2.4. A DIRECT ANALYSIS OF PHOTONIC NANOSTRUCTURES 39

Alternatively, one can find a formal solution for εpert by assuming a vector function

~ξ(~r) chosen to satisfy the boundary conditions, so that

1

εpert

∇Hc = ∇× ~ξ (2.25)

or
1

εpert

=
∇× ~ξ · ∇H∗

c

|∇Hc|2
(2.26)

This gives is the formal solution of the full dielectric constant εc = (ε−1
pert + ε−1

w )−1 in

the plane of the photonic crystal.

2.4 A direct analysis of photonic nanostructures

A photonic crystal design might seem very good on the computer, but the fabricated

structure often behaves very differently. Discrepancies between tested and predicted

device performance are usually attributed to fabrication inaccuracies. What is needed

is a way to close the optimization cycle: start with a design; fabricate and test

it; analyze the physical discrepancies that led to different optical performance and

improve the design and fabrication. The last step is often broken. A better analysis of

fabricated designs would allow researchers to better close the design and ultimately

enhance device performance. Several models have been proposed to explain these

inaccuracies [104–106], but to date no direct evaluation of the effect of these deviations

exists.

In this section, we turn the problem around and simulate already fabricated struc-

tures. Although the approach is general, we focus on PC cavities because their fields

are highly sensitive to device errors. The Scanning Electron Microscope (SEM) im-

ages of PC cavities were digitized and their electromagnetic fields calculated by FDTD

simulations. The results predict the actual photonic properties of the PC structure far

more accurately than results for idealized structures. This direct approach approx-

imates very closely the true mode patterns inside fabricated structures and reveals

the dominant loss mechanisms. In particular, we show that higher losses in our de-

vices result primarily from global hole radius deviations that change the resonance
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condition. Edge roughness and material loss play only secondary roles in our struc-

tures, but they nevertheless do cause significant losses that need to be considered in

device design. In addition, our analysis gives good estimates on what discretization

is required in simulations to capture the over-riding device behavior. This analysis of

electromagnetic fields in real structures is very general and could be of use in areas

ranging from photonic crystal cavities to diffraction by butterfly wings [107].

2.4.1 Photonic crystal cavities

To analyze these losses by FDTD in 3D, consider first the structure of Fig. 2.6(a,

inset). This is a single-defect cavity with small mode volume Vmode = 0.5(λ/n)3,

modified to maximize the quality factor Q for the x−dipole mode (Fig. 2.6(d)). At

the design stage, only intrinsic losses were considered (see Sect.1.2). The optimal

structure was obtained by changing the six holes neighboring the defect, yielding

Q‖ = 58, 000 and Q⊥ = 45, 000 for structures with seven hole rings around the

defect [83]. Since Q‖ can always be increased arbitrarily high by addition of hole

rings, the total Q is limited by Q⊥ — in this case, to Q ∼ 45, 000.

This cavity design was fabricated on a GaAs substrate, for a target wavelength

of λ0 = 960 nm and lattice periodicity a = 256nm. The design was written with

ten hole rings, a number sufficient to guarantee Q⊥ � Q‖ and Q ∼ Q⊥. The PC

membrane also contained a central layer of self-assembled InAs quantum dots (QDs)

with density 200/µm2, which served as a convenient broad-band internal illumination

source. The absorption due to the QD layer was negligible in comparison to other

loss mechanisms, as we will confirm later.

The cavity resonances were measured using a confocal microscope setup, as de-

scribed in [39]. The pump laser excited the QDs at 750 nm (above the GaAs

bandgap) with a Ti-Sapph laser. When the QDs were pumped at high intensity

(∼ 1.0 kW/cm2), the QD emission broadened across a wide spectrum (900-950 nm),

revealing the Lorentzian lineshape of the cavity as QD emission sees both higher

coupling to PC leaky modes, and is emitted faster, as given by the Purcell effect.

In Fig. 2.6(c), we show the measured cavity resonance of structure S1 (Fig.
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Figure 2.6: Structure S1. (a) SEM image. Inset: Ideal structure, simulated (periodicity a =
256nm, target hole radius r = 0.3a, slab thickness d = 0.65a.) (b) Difference between fabricated
and target structures. (c) Measured spectrum shows dipole mode. (d) The simulated (by 2D-
FDTD) cavity spectrum of the fabricated structure closely matches the center-frequencies of observed
resonances. The digitized structure supports the confined dipole-mode, shown here as the Bz field
component at the slab center and Q ∼ 2861 (both calculated with 3D-FDTD).

2.6(a)) based on the design discussed above. The polarization dependence confirms

the dipole-nature of this resonance. However, the cavity’s quality factor, QS1 ∼
2512, falls well short of the predicted value of 45,000, and the resonance at frequency

a/λS1 = 0.290 differs significantly from the target wavelength of a/λ0 = 0.2847, where

a is the lattice periodicity and λ the wavelength in air.

To better understand these discrepancies between prediction and experiment, we

simulated the fabricated structure. This was done by converting the SEM scan (Fig.

2.6(a)) into a three-dimensional dielectric structure in computer memory, applying a

threshold that distinguishes between high-dielectric material (‘bright’), and vacuum

(‘dark’). The placement of the threshold must be calibrated for a set of structures
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which were imaged under identical conditions in the SEM. We will discuss this issue in

more depth later. The computational structure is symmetric normal to the PC plane,

matching the SEM profile, and topped by an air layer with thickness 0.75a. Then

Maxwell’s equations are propagated on the space using FDTD. The result is shown in

the inset of Fig. 2.6(d) as the |Bz| component of the confined field at the slab center.

From the energy loss relation Q ≡ ω 〈U〉 / 〈P 〉, the quality factor is estimated as

Qsim
S1 = 2861, closely matching the experimentally measured value of 2512. We were

also interested in the cavity resonance spectrum. As mentioned earlier, the large

simulation space prohibits a detailed spectrum for a 3D simulation. A 2D simulation

matches the spectrum qualitatively, although the cavity linewidths do not reliably

predict the Q factor as vertical losses are not accounted for. In this calculation,

the 3D structure is approximated by an “effective” 2D structure by calculating an

effective modal index neff [108]. The result is shown in Fig. 2.6(d). The positions

of the resonances match the experimental spectrum. The simulation also replicates

other low-Q resonances (e.g., see small unpolarized peak just right of the dipole peak).

The Q values for these resonances were obtained from 3D simulations to account for

the dominant out-of-plane loss.

The fabrication error of the photonic crystal, shown in Fig. 2.6(b) as the difference

between ideal and fabricated structures, elucidates the reason for the resonance fre-

quency shift of the experimental structure with respect to the design. The fabricated

holes are too large (by ∼ 11% over the average design diameter of 154 nm) and also

deviate from the ideal circle near the cavity due to proximity effects in electron-beam

exposure. The mode now overlaps more with the air holes, resulting in a resonance

blue-shift and diminished vertical confinement.

We can use this example to test the applicability of first-order perturbation theory

in such error analysis. If ~E denotes the electric field of the resonant mode at frequency

ω of the ideal PC structure ε, then the small change ∆ω is given by the first-order

perturbation

∆ω ≈ −ω
2

∫
∆ε‖ ~E‖2∫
ε‖ ~E‖2

(2.27)

This expression is well-defined since in the simulations, ε is averaged over neighboring
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cells, so that ~E can be approximated as continuously varying [109]. We calculate

∆λ/λ0 ∼ −0.024, or ∆λ ∼ −23 nm, close to the actual difference of λmeas−λdesign =

943− 960 nm= −17 nm.

From a practical standpoint, ensuring that all holes meet specification is difficult.

One of the main obstacles results from the proximity effect in electron beam lithog-

raphy: scattered electrons expose nearby areas, so the patterns in the proximity of

a region affect its electron dose. In principle, this proximity effect can be corrected

by local modification of the exposure dose, but we found this difficult for these non-

periodic photonic crystal structures. The SEM-based simulation suggests an easier

alternative: modify the design to have more uniformly sized holes.

Simulating Electromagnetic Fields in Fabricated Structures

Following this idea, the best design is shown in Fig. 2.7(a) and has Q = 46, 000

and mode volume Vmode = 0.5(λ/n)3. This design was optimized using a parametric

search on the positions of the cavity’s six nearest-neighbor holes, constraining the hole

diameters to be within 10% of the unchanged values. Over 300 simulation parameter

points were calculated using an automated, iterative optimization procedure; in Fig.

2.7(b), we show just two slices in parameter space where the four holes in the ΓJ

directions were shifted by ∆x,∆y, and their radii varied. The design that results in

fabricated cavities with highest Q is one that has reasonably high theoretical Q and

is tolerant to errors in the hole radii and positions. For the dipole cavity mode, we

identify the best design as the one shown in Fig. 2.7(a).

The fabrication-friendly design of the single-defect cavity led to structures with

moderately high Q factors that are easy to fabricate. We will now analyze a set of

seven instances of this cavity design. In Fig. 2.8(b), we show one such fabricated

cavity (S2) with its measured PL spectrum (a). We analyzed this and the other

structures in the following way.

First, the SEM picture was converted into the dielectric structure shown in Fig.

2.8(b). The scanning electron micrographs were acquired with a resolution of 12

nm and recorded at 50 pixels per lattice parameter a = 256 nm. In 2D - FDTD

simulations, the image was directly converted to a dielectric with 50 program points
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(a) (b)
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Figure 2.7: (a) Simulated fieldBz at center of optimal single-defect cavity. For this simulation, each
unit cell contains a = 20 program units. Standard hole radius r = 0.3a, slab thickness d = 0.65a;
defect hole parameters for holes H1 are r1 = 0.25a,∆x1 = ±0.05a,∆y1 = ±0.1a; holes H2 have
r2 = 0.3a,∆x2 = ±0.2a,∆y1 = 0. The resonance occurs at λ0 = 0.259a. (b) Parametric search
optimization of single-defect cavity. Two 2D slices are shown: on top, r1/a = 0.3, r2/a = 0.3,∆x2 =
0.2a,∆y2 = 0, and x1, y1 are varied; on the bottom, r1 = 0.25a, r2 = 0.3a,∆x2 = 0.2a,∆y2 = 0,
and x1, y1 varied. All calculations are done by 3D-FDTD.

per a; in 3D simuations, the SEM images were averaged down to 25 pts/a. In both

cases, the native resolution limit in the SEM scans requires a calibration for SEM

images for differentiating between air and dielectric. This calibration is found from the

pixel intensity histogram (Fig. 2.9(b)) of structure S2 (scaled from 0:black to 1:white),

where a threshold value in intensity distinguishes between GaAs and vacuum. This

threshold is varied until simulated and observed resonances match (see Fig. 2.9(a)).

For the calibration structure S2, best agreement is found with the threshold at 0.55.

Note that the Q values are roughly unchanged and are near the actual value of

2100, except for the lowest threshold value where a lower Q results because the cavity

resonance comes close to the bandgap edge. In that case, in-plane confinement suffers

and Q drops.

Another important consideration in digitizing the structures is the discretization,
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Figure 2.8: Structure S2. (a) PL spectrum shows resonance of Q=1850 at 924.5nm. (b) The
SEM image is converted into the dielectric structure. (c) The simulated (by 2D-FDTD) structure
shows the dipole resonance at 946nm (error 2% compared to actual resonance) with Qsim = 1837
(by 3D-FDTD). Inset: The wide spectrum shows the bandgap extending from 800nm to 1050 nm.
(d) Simulated dipole mode inside fabricated structure, given as Bz(~r) just above the slab.

which should be low for computational ease, while still guaranteeing to capture the

important features for Q and λ0. Simulations of S2 showed that discretizing periods

into more than 25 points (or ∼ 10 nm) did not considerably change the simulation

outcomes.

Having digitized cavity S2 with these conditions for structure conversion, we sim-

ulated the fields in two ways. We used a 2D-FDTD simulation with a large number of

time steps (1.1 · 218 ∼ 288, 000, corresponding to ∼ 4000 optical periods) so that the

simulated spectrum reliably reproduced the measured one (Fig. 2.8(c)). To obtain

cavity loss rates and filter accurate mode patterns, the simulation was repeated in

3D with fewer time steps (1.1 · 212, or 64 optical periods). This yielded Q = 2434 for

the dipole mode (Fig. 2.8(d)).

We repeated this analysis for six other structures on the same sample, using the
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calibration data from structure S2. The structures followed the same design as S2,

except that the electron-beam exposure was incremented in steps of 2%, resulting in

larger holes and hence higher resonance frequencies. The resonances and Q values

are summarized in Fig. 2.9(b,c). All experimental resonances matched the directly

simulated ones within 2%, far better than the idealized structure simulations (Fig.

2.9(b)). For Q values, the SEM-based simulations show this improvement even more

dramatically (Fig. 2.9(c)).

(a) (b)

(c) (d)

Figure 2.9: (a) Calibration curve for SEM-conversion: the threshold value for differentiating
between GaAs and air is varied to match observed and simulated resonances. Simulations done
by 2-D FDTD. (b) Image intensity histogram for thresholding. (c) The measured dipole mode
resonances of samples 1-7 agree far better with simulations of the fabricated than the idealized
structures. (d) The Q values also show good agreement between measured and simulated values.

2.4.2 Analyzing loss in photonic crystal cavities

Having established the close agreement between experiment and simulation, we can

now use the simulated fields to analyze mode losses described by Eq.1.2.
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Material Losses

The simulations of scanned structures discussed above take no material losses into

account, i.e., the full loss term in the simulation is given by γsim = γ|| + γ⊥ + γS or

Q−1
sim = Q−1

|| +Q−1
⊥ +Q−1

S . Thus, the material losses are proportional to Q−1
measured −

Q−1
sim; by the simulation results, these losses are insignificant. In passing, we note also

that this justifies our earlier assumption that the QDs do not influence the total Q.

Even though material losses play an insignificant role in our cavities, it is inter-

esting to approximate how they limit the best possible cavity Q and Q/V . To answer

this question, we return to an earlier analysis that considered the Q of a near-optimal

Gaussian cavity field pattern [86]. A basic result from was that a larger structure

allows lower uncertainty in the k-space distribution of the cavity mode, which results

in lower overlap with the lossy light-cone where TIR does not confine light in the

vertical direction. Without extrinsic losses, it was found that Q and Q/V increased

roughly exponentially with cavity extent σx, as shown in Fig. 2.10(a). If losses are

taken into account according to Eq.1.5, then Q asymptotically approaches QM . Inter-

estingly, this implies that Q/V has an absolute maximum. Fig. 2.10(b) shows plots

of Q and Q/V vs. cavity extent σx for pure GaAs at 900 nm (below bandgap) at

room temperature, where the absorption coefficient α = 10/cm [110]. Q/V reaches

a maximum at a cavity length of ∼ 1.6a, where a is the PC’s lattice periodicity.

Thus, in designing a PC structure to exploit cavity quantum electrodynamic effects,

the optimal structure should be only a few lattice periods in size (the optimal length

has a roughly logarithmic dependence on the extrinsic loss and is therefore rather

insensitive to the exact value of the loss).

Extrinsic Scattering Losses

Extrinsic scattering losses result from disorder-induced scattering, due mostly to sur-

face irregularities of the hole sidewalls. Since we have the exact field pattern, we can

analyze these losses directly. In Fig. 2.11, we analyze the scattering loss for scanned

structure S3. This structure has a sharp defect near the cavity center. The first

column of Fig. 2.11 shows this structure, together with computed field (row 1), its



48 CHAPTER 2. PHOTONIC CRYSTAL DESIGN

0.6 0.8 1.2 1.4 1.6 1.8 2

10000

20000

30000

40000

50000
Q

Q/(!  /a)x

1.2 1.6 2

!

1 107

2 107

3 107.

.

.

Q

x/a

Q/(!  /a)x

(a) (b)

!x/a

Figure 2.10: Ideal cavity Q vs. cavity size σx. (a) Only intrinsic losses present. (b) Material loss
γM = (c/n)α ∼ (c/n)10 cm−1 included (see Sect.1.2).

Fourier transform (row 2), and the vertical component of the Poynting vector, Sz, just

above the membrane surface. We compare these results against a simulation where

the defect was removed in the image (i.e., the hole is rounded out), as shown in the

second column. The differences between true and ‘corrected’ structures are displayed

in the third column. From the field pattern, we see that the defect shifts the cavity

mode slightly (top row). The defect also causes considerable scattering, as seen from

the field’s Fourier transform in the second column. Clearly visible are regions of high

scatter where waves are re-directed upward and lost out of the cavity (bottom row,

right). From the field patterns, we calculate the difference in the loss Sz, as shown

in Fig. 2.11(bottom right). By integrating this loss, we find that removing the defect

causes a 4.3% decrease in losses, corresponding to an increase of Q of ∼ 4.5%. This

calculation is supported by the simulation of the ‘polished’ structure, which predicts

an increase in Q of 5.7%. This increase in Q is accompanied by a frequency increase

of ∆(a/λ) ∼ 4.4 · 10−4.

The structures analyzed here have low surface irregularities, typically far below

those of structure S3. Since even in S3, surface roughness only makes up < 10%

of losses, we believe that extrinsic scattering losses are not responsible for the drop

in Q compared to ideal simulated structures. The largest drop in Q arises from

global deviations from the design: the structures considered here have systematic
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radius deviations on the order of 10% and hole center deviations on the order of 5%.

This deviation is enough to change cavity Q by up to five times, according to the

parametric search (Fig. 2.7(b)). These deviations cause increased vertical losses due

to imperfect TIR [86].
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Figure 2.11: Extrinsic scattering loss in structure S3. Columns from left to right correspond to the
real structure, ‘polished’ structure, and the difference. Top row: The dipole mode (Bz just above
the membrane surface) for the original (left) and ’corrected’ (center) structures. The difference in
the fields show the effect of the defect (right). Center Row: 2D Fourier-transforms, shown as log
plots, of the fields show that the defect scatters into a wider range of angle than the cavities. Bottom
Row: Poynting vector component Sz gives the scattering contribution due to the defect (right).

Intrinsic Scattering Losses

Based on our observations on intrinsic scattering losses, we would like to briefly ex-

amine if smoothing the dielectric structure can improve Q values. Intrinsic scattering
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losses are unavoidable because the confinement in a 2D PC is not perfect: the incom-

plete TIR causes out-of-plane losses in direction ~k = (kx, ky, kz) that are described

by [86]

K(kx, ky) =
ηk2

z

2λ2k2
‖

[
1

η2
|FT2(Ez)|2 + |FT2(Hz)|2

]
, (2.28)

kz =
√

(2π/λ)2 − k2
x − k2

y, (2.29)

where η =
√
µ0/ε0. Integrated over the light cone, this expression gives the

total vertical loss. To reduce intrinsic losses, it it therefore important to limit the

k- components of Bz and Ez, evaluated in a plane just above the PC slab. One

way to reduce these losses is to reduce scattering of high k components back into

the light cone. This can be seen by first considering the infinite PC crystal. The

Fourier-transform of the wave-equation is [101]

~k × [~k × ~A(~k)] + ω2µ
∑

~G

~A(~k − ~G)ε ~G = 0 (2.30)

for all ~k, where we expanded the dielectric as

ε(~r) =
∑

~G

ε ~G exp(−i ~G · ~r) (2.31)

This infinite set of equations for all ~k can be divided into many subsets, for each

wave vector ~K, and containing terms of form ~A( ~K) and ~A( ~K− ~G) with all reciprocal

lattice vectors ~G. Now note that if ε(~r) consists of only low Fourier components, then

high Fourier- components of the field will be decoupled and eliminated. For example,

if ε(~r) = cos(xπ/a), then each subset of equations for a particular ~K consists of only

three equations, for K = 0, K = ±π/a.

This picture suggests that smoothing of the PC structure should result in less

scattering of high-frequency k- components into the light cone, decreasing vertical

losses. We tested this with FDTD. The smoothing was achieved by applying a filtering

function FS(l), where l is the FWHM of a Gaussian convolving envelope. In Fig. 2.12,
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we compare the field patterns of a single defect cavity with and without smoothing,

where smoothing is applied with l = 0.2a. The field is shown as |FT2(Hz)|+|FT2(Ez)|
(in logarithmic scaling). It is clear that for the smoothed structure, high k components

are sharply diminished.

The smoothed structure results in higher air overlap of the confined donor-type

cavity resonance, shifting it to higher frequency. This changes the resonance condition

and Q value. Thus, to show that smoothing truly results in better confinement,

the smoothed structure must be re-optimized by changing hole radii and positions.

Though we do not pursue this here, we note that this should lead to a decrease of

intrinsic losses in PC cavities.

Smooth variation of the dielectric index could be experimentally obtained in sev-

eral ways. For one, digital chemical etching [111] could be used to round the hole-

walls, causing a more gradual transition in the effective dielectric index. A truly

sinusoidal transition could be obtained using, e.g., porous silicon, where the position-

dependent index of refraction can be controlled by a sinusoidal application of cur-

rent [112]. Such a structure would seem particularly interesting for parametric up-and

down-conversion, where coupling between only few frequencies is desired.

2.5 Summary of photonic crystal design

We have discussed several methods for designing photonic crystal cavities. Gradient

search can lead to fast convergence on the optimal fitness design, but requires a convex

search space, which is in general not guaranteed. The genetic search algorithm can

find un-intuitive structures, but requires many evaluations of the figure of merit f and

therefore is challenging for its computational demands. The systematic parameter

search is reliable in finding the optimum solution within a very small parameter

space. But the method still takes a long time and the parameter space can be overly

restrictive. We found that the best approach is one guided by the analytical inverse-

method.

Though the analytical approach is general, we have demonstrated its utility on the

design of cavities with very large Q > 106 and near-minimal mode volume ∼ (λ/n)3.
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These values follow our theoretically estimated value of Q⊥/V for the cavity with the

Gaussian field envelope, which means that we were able to find the maximal Q for

the given mode volume V under our assumptions. Our approach is analytical, and

the results are obtained within a single computational step. We first derive a simple

expression of the modal out-of-plane radiative loss and demonstrate its utility by

the straightforward calculation of Q factors on several cavity designs. Based on this

radiation expression, the recipe begins with choosing the FT mode pattern that gives

the desired radiation losses. For high-Q cavities with minimal radiative loss inside

the light cone, we show that the transform of the mode should be centered at the

extremes of the Brillouin Zone, as far removed from the light cone as possible. Next we

proved that for a cavity mode with a Gaussian envelope, Q/V grows exponentially

with mode volume V , while the cavity with the sinc field envelope should lead to

even higher Q’s by completely eliminating the Fourier components in the light cone.

Finally, we derived approximate solutions to the inverse problem of designing a cavity

that supports a desired cavity mode. This approach yields very simple design guides

that lead to very large Q/V . Since it eliminates the need for lengthy trial-and-

error optimization, our recipe enables rapid and efficient design of a wide range of

PC cavities. We also showed that the analytical approach may be extended to two

dimensions.

The FDTD analysis is not only useful in finding the optimal design, but also in

understanding discrepancies between that design and the actual fabricated structure.

We have demonstrated a novel method for analyzing discrepancies between designed

and fabricated photonic structures. The method makes few idealizations; the planar

profile is derived directly from SEM images of the structure, and is translated in the

third dimension by the known depth of the structure. With more refined imaging

techniques, the third dimension may be scanned separately as well. The calibration

from SEM image to dielectric structure in the computer is straightforward and re-

peatable, and we showed that discretization on the order of 10 nm gives good results

for the PC structures considered here. The analysis of real structures allows direct

examination of fabrication errors and their effects on the electromagnetic modes. In

addition, by linking the experimentally observed results with simulations of the same
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structure, this method allows precise evaluation of analytical error models.



Chapter 3

Quantum dot-photonic crystal

system

In this chapter, we discuss quantum dots coupled to photonic crystal cavities in the

strong and weak coupling regimes. As explained in Sect. 1.4, studies with individual

quantum dots coupled to cavities are complicated by the inhomogeneous broadening

of the quantum dot distribution and fabrication aberrations. For that reason, we

begin by presenting some methods to correct for QD and cavity spectral detunings

after fabrication. Then we consider experiments on single quantum dots coupled to

single cavity modes. We show that depending on the coupling strength between a

cavity mode and an individual quantum dot in the photonic crystal, the dot’s emission

rate can be either enhanced by the Purcell effect or suppressed by the reduced local

density of states in the photonic crystal bandgap. We directly measure the Purcell

enhancement in the time domain for quantum dots weakly coupled to cavities. In the

strong coupling regime, the dot radiates so rapidly that we could not reliably acquire

time-resolved measurements. In that case, we observe the coupling in the spectral

domain by the characteristic anticrossing between cavity-like and quantum dot-like

states.

55
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3.1 A post-fabrication toolkit

The radiative behavior of QDs greatly depends on their spatial and spectral alignment

to modes in the photonic crystal [39]. Therefore the inhomogeneous broadening and

random positioning creates a major difficulty for single QD/photonic crystal devices.

For QDs with a random spatial distribution, the probability that a QD that is within

the beam focal area Af is also within the cavity area Amode ≈ Vmode/d is Ps ≈
Amode/Af . For an L3 cavity with Vmode ≈ 0.74(λ/n)3, slab thickness d ≈ 0.6λ/n,

and a focal spot near the Abbe limit with an objective lens NA of ∼ 0.6, this spatial

coupling probability is Ps ∼ 1/30. We bring this probability near unity by using

QD densities of 10-100 QDs in the focal area of the microscope. However, spatial

alignment is useful for better spatial coupling between the QD and the cavity, and may

be crucial for building integrated networks consisting of a multitude of QD-coupled

cavities. Such QD-cavity alignment has recently been achieved by positioning the PC

cavity on an already identified QD [29,113].

Spectral alignment to a cavity is less likely. With an inhomogeneous linewidth

∆λQD,inh ∼ 20 nm and Q ∼ 104 (linewidth ∼ 0.1nm), the spectral coupling probabil-

ity to a single-exciton transition is only about 1/200. The odds become even worse

when one tries to interact two distant QDs of homogeneous linewidth ∆λQD ∼ 0.01

nm in a quantum network. In fact, the ratio ∆λQD/∆λQD,inh ∼ 10−4 is similar in

other solid state emitters and points to a universal problem faced by solid-state ap-

proaches. A few techniques can be used to modify the emission wavelength of InAs

QDs: Stark shift [114], Zeeman shift [115], temperature tuning [116] and strain tun-

ing [117]. We have recently developed a local laser heating (LLH) technique which

enables independent control of QDs on chip, employing structures with high-Q cavi-

ties whose temperature is controlled by laser beams [88]. Our in-situ technique allows

extremely precise spectral tuning of InAs QDs by up to 1.8 nm and of cavities up

to 0.4 nm (4 cavity linewidths). Given one cavity-coupled QD, the technique im-

proves the probability of matching a second dot from ∆λQD/∆λQD,inh ∼ 10−4 to ∼ 1

nm/∆λQD,inh ∼ 1/20. It therefore forms an essential step toward creating on-chip

quantum information processing devices. Because the heating technique changes QD
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and temperature together, we need another degree of freedom for tuning QDs or cav-

ities independently. We will now describe techniques to independently tune cavities

after production.

3.1.1 Post-production tuning of photonic crystal cavities

We developed a technique to locally tune QDs by up to ∼ 1.8 nm by temperature [88].

The technique relies on a laser beam, tuned below the QD bandgap energy, to heat a

thermally isolated region of the chip containing the PC. Because this local laser heat-

ing (LLH) technique also tunes cavities, though at one-third the rate of QDs, we need

another degree of freedom so that we can tune dots and cavities independently. Many

other applications also require precise control of the resonance frequency. To list a

few examples, PC cavity lasers require precise frequency control in telecommunica-

tion systems and optical interconnects; chemical and biological sensors based on PC

cavities require spectral match to the target compounds; slow-light proposals require

precise relative tunings of cavities and waveguides [118]; finally, matching resonances

of distinct, wave-guide connected cavities is necessary in building on-chip quantum

information networks.

Several techniques have been demonstrated to tune PC cavities without the need

to change temperature. These include chemical digital etching [119], gas deposition

[120, 121], thin-film deposition [122], and evanescent tuning with a nanowire [123].

However, to tune different cavities and QDs on a chip into resonance, we again require

a technique that acts locally and preferably in-situ.

We developed three techniques that allow tuning of individual cavities in-situ with

continuous monitoring of the resonances. The first method relies on laser-induced

melting and ablating of the semiconductor constituting the PC; the second technique

relies on mechanical tuning of the membrane; and the third uses a photosensitive top

layer. We will now describe the first two; the third is reported in Ref. [89].

In the first method, high-energy laser pulses change the structure of the photonic

crystal membrane, as shown in Fig. 3.1(a). This treatment allows us to red- or blue-

shift the resonance through, we believe, material reflow and ablation. In Fig. 3.1(b)



58 CHAPTER 3. QUANTUM DOT-PHOTONIC CRYSTAL SYSTEM

we show a single-defect cavity before the laser is applied. It has a resonance Q ≈ 890

at λc = 932.4nm, as shown in the photoluminescence spectrum in Fig. 3.2(d). By

simulations with the heat equation, we estimate that the thermal relaxation time is

about 20 ns. To avoid uncontrolled heating of the structure, we therefore down-sample

the Ti:Sapph repetition cycle from 13ns to 13µs. Then we apply the pulsed laser beam

(duration 160fs) with average power of 5−50µW, corresponding to pulses with fluence

of Φ = 5− 50mJ/cm2 per pulse. In this pump regime, we observe a gradual red-shift

of the cavity resonance. This is shown in the photoluminescence scans in Fig. 3.2(e),

where the cavity shifts by up to λc = 935.7nm from 932.4nm. The shift is also

accompanied by a drop in Q, as shown in the fitted values in Fig. 3.2(b). Comparing

to the literature, the range of fluence is close to the nonthermal melting point on the

GaAs surface. For example, Cavaleri et al. [124] put the nonthermal melting threshold

of GaAs at about 100mJ/cm2. If melting does indeed take place, then it can change

the cavity resonance in several ways. First, the re-solidified GaAs would probably

have a different structure (polycrystalline to amorphous) and would have a different

composition since a fraction of the As would have outgassed. The resulting material

could therefore have a higher index, which would cause the observed red-shift. We

did not try to test this hypothesis by material analysis. Second, the melted structure

can reflow and close up the holes. The smaller holes will increase the mode overlap

with high-dielectric and thus cause a red-shift in the resonance [125]. The shift can

be approximated to first order by [82,109]

∆ω ≈ −ω
2

∫
∆ε‖ ~E‖2∫
ε‖ ~E‖2

(3.1)

where ~E is the resonant mode at frequency ω of the original PC structure with

dielectric constant ε,∆ε is the dielectric constant change, and ∆ω is given by the

first-order perturbation. The predicted hole size change is small (∆r < 1 nm) and

difficult to measure.

The Q degrades because the reflow process is rapid and difficult to control. In

Fig. 3.1(c), we show a structure having the same design after a laser fluence of

50mJ/cm2 was applied. Beads have formed on the surface. We believe they result
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from sublimation, which suggests that a Knudsen layer forms during the heating

pulse [126]. This layer occurs in laser processing with strong evaporation when the

gas near the phase interface is not in translational equilibrium. It is effectively trapped

within a few mean paths by collisions between particles in the thin layer. When the

pulse stops, the cooling gas may form into the observed beads.

When we increase the pump intensity further to Φ ≈ 100mJ/cm2, we observe a

blue-shift (Fig. 3.2(e)). This fluence is remarkably close to the ablation threshold,

which was estimated at about 175mJ/cm2 by Ref. [124] in bulk samples. In this

regime, a thin layer of the GaAs is converted into a plasma. If ablation occurs, then it

would thin the structure, which agrees with the observed cavity blue-shift. We observe

a blue shift almost back to the original resonance wavelength of 932.4nm. However,

we note that this process, too, is rather uncontrolled. If the power is increased a bit

too high, then the material can be deformed dramatically. This occurs very suddenly

that indicates that the melted structure absorbs more pump and a kind of avalanche

process occurs. Fig. 3.2(d) shows the structural damage if the power was too high.

We also investigated the possibility of changing the photonic crystal cavity’s Q

value and/or resonance frequency by mechanical tuning with respect to the substrate

or another photonic crystal slab. If the tuning is done adiabatically and faster than

the cavity ring-down time, then it can be used for wavelength conversion, as described

in Ref. [127]. We had previously investigated such mechanical tuning by approaching

the membrane to the substrate. The idea is to change the distance ∆ between a PC

cavity and a substrate. The simulated results are shown in Fig. 3.3(a). As ∆ is

reduced by ∼ 0.5a, where a is the lattice period, a large Q change is possible with

only a small wavelength shift. If this tuning can be accomplished faster than the

cavity decay time, then it could be useful for adiabatic wavelength conversion and

deterministically catching and releasing light pulses [35]. On the other hand, replac-

ing the bottom unpatterned slab with a second photonic crystal roughly preserves Q

while greatly changing the resonance wavelength, as shown in Fig. 3.3(b). Here the

resonance wavelength is changed by as much as 15 nm, corresponding to over 300

cavity linewidths, as the slab separation changes by ∼ 20 nm. This optomechanical
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pulsed 
laser beam

(b)(a)

(c) (d)

Figure 3.1: Photonic crystal tuned by melting and ablation. (a) The PC is heated/ablated with
a pulsed laser beam above the GaAs bandgap (λ = 780nm). (b) Original structure. (c) A structure
with identical design to (b), after exposure to 50 mJ/cm2. (d) Structure after exposure with 100
FmJ/cm2.

coupling could be useful for cooling of mechanical resonators to the quantum me-

chanical ground state [128] or for temperature stabilization of optical oscillators. It

would also be useful for in-situ alignment of the cavity with QDs or other photonic

structures on a chip. The mechanical tuning could be accomplished by electrostatic

forces. Power would only be expended during the tuning and not when the cavities

are stationary. The potentially lower power consumption would be an advantage over

tuning techniques that rely on current injection [35,129]. The latter also produce PL

that can add to noise in single-QD studies. However, the mechanical tuning rate is

only on the order of tens to hundreds of MHz (see simulation in Fig.3.3(c)) and thus

much slower than tuning by carriers, which can reach tens of GHz [36,130,131].

We also developed a method to locally change the refractive index in planar optical

devices by photodarkening of a thin chalcogenide glass top layer, as reported in Ref.

[89].
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Figure 3.2: Photonic crystal cavity tuning by melting and ablation. (a) Resonance wavelength
shift. (b) Fitted Q-values. (c) Final PL spectrum. (d) Initial PL spectrum. (e) PL spectra over
time, as increasing fluence Φ is applied.

3.2 Cavity QED with quantum dots in photonic

crystals

Before we advance to experiments on strong and weak coupling in the QD/PC system,

we will briefly review some relevant elements of cavity QED. Consider a QD at position

~r in a cavity mode with electric field energy density 1
2
ε|E(~r)|2. The energy density is

maximized at ~rM inside the high-dielectric εM .

The coupling strength between this dot and the electromagnetic field is then given

by g(~r) = g0~µ · ~E(~r)/|µ|| ~E(~r)|, where ~µ is QD’s dipole moment and g0 = µ
~

√
~ω

2εMVmode

[87]. Vmode is the cavity mode volume defined in Eq.2.1. Therefore, the coupling

strength |g(~r)| reaches its maximum value of g0 when the QD is located at the point

~rM where the electric field energy density is maximum, and when its dipole moment

is aligned with the electric field.
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The losses of the system can be described in terms of the cavity field decay rate

κ = ω/2Q and the dipole decay rate γ. The rate γ includes QD dipole decay to

modes other than the cavity mode and to nonradiative decay routes. Two regimes

of exciton/cavity field coupling are distinguished: the strong-coupling regime, for

|g(~r)| > κ, γ, and the weak-coupling regime, for |g(~r)| < κ or γ [132].

In the strong-coupling regime, the QD-field coupling rate g exceeds the photon loss

rates κ, γ. In this case, the QD and cavity can no longer be treated as distinct entities

and polariton modes of the dot and the cavity field are formed. These polaritons are
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visible in the emission spectrum of the cavity-dot system, which splits about the

cavity resonance by a frequency 2g, referred to as the vacuum Rabi splitting. For

most cavities (e.g., microposts [87]), we can assume that QD dipole decay rates into

modes other than the resonant cavity mode and into nonradiative routes that are not

modified in the presence of a cavity, and estimate γ from the homogeneous linewidth

of the QD without a cavity. In photonic crystals, the spontaneous emission rate of an

uncoupled QD (i.e., its coupling to modes other than the cavity mode) is suppressed

[39], while nonradiative decay rate is the same as in bulk. We can thus assume

that γ is roughly determined by such nonradiative decay rates and approximated by

γ/2π ≈ 0.1 GHz.

In the weak-coupling case, irreversible decay dominates. The QD/cavity system

decoheres before the cavity photon is reabsorbed into the QD. The total SE rate

of a QD at position ~r, spectrally detuned from the cavity resonance wavelength by

λ − λcav, equals the sum of rates into cavity modes and all other modes in the PC,

Γ = Γcav + ΓPC .

In the Wigner-Weisskopf approximation, the spontaneous emission (SE) rate is

directly proportional to the local density of states (LDOS) [44]. The cavity den-

sity of states follows a Lorentzian [44], so the SE rate enhancement into the cavity,

normalized by the natural emission rate Γ0, is

Fcav = Γcav/Γ0 = Fcav,0

(
~E(~rA) · ~µ
| ~Emax||~µ|

)2
1

1 + 4Q2( λ
λcav

− 1)2
(3.2)

The factors
(

~E(~rA)·~µ
| ~Emax||~µ|

)2

and 1/(1 + 4Q2( λ
λcav

− 1)2) describe the spatial and spectral

mismatch of the emitter dipole ~µ to the cavity field ~E. For perfect spatial and

spectral alignment, the maximum SE rate enhancement of the QD coupled to the

cavity relative to a QD in bulk is given by

Fcav,0 ≡
3

4π2

λ3
cav

n3

Q

Vmode

. (3.3)
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0 1.0
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500 nm

Figure 3.4: Single defect photonic crystal cavity used in weak coupling cavity QED experiments.
(a) Electric field intensity of x-dipole resonance. (b) SEM image of fabricated structure.

The SE rate of a QD uncoupled to the cavity, ΓPC , is given by the LDOS of non-

cavity PC modes. It is diminished in the PC bandgap to FPC ≡ ΓPC/Γ0. In a planar

triangular-lattice PC, we approximate in Sec.3.2.1 by simulation and measurement

that the average 〈FPC〉 ≈ 0.2. The total SE rate modification is then

F =
Γ

Γ0

= Fcav + FPC (3.4)

This equation describes the SE rate modification measured for QDs in PC cavities

later in this chapter (Sect.3.2.1).

The strong and weak coupling regimes in the solid state are interesting test-beds

for cavity quantum electrodynamics. They can also be used in constructing efficient

sources of single photons with high indistinguishability and numerous quantum in-

formation processing devices, as described later in this chapter.

3.2.1 Weak coupling regime and Purcell effect

Over the past decade, photonic resonators with increased LDOS have been used

to enhance emission rates for improving numerous quantum optical devices (e.g.,

[61, 133]). Single photon sources, in particular, have seen large improvements [47].

Much attention has gone to increasing the emission rate, but the reverse is also

possible in an environment with a decreased LDOS.

We will show now that a PC with a modified single-defect cavity can significantly
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increase or decrease the SE rate of embedded self-assembled InAs QDs. The cavity is

shown in Fig. 3.4 and described in Refs. [82,83]. We measured the cavity resonances

by PL spectroscopy at 5 K. Although we have achieved Q values for this single-

defect design of up to 8100, such high-Q cavities have the disadvantage that spectral

coupling is unlikely. To analyze a larger data set, we focused in this weak-coupling

study on low-Q cavities. For the moment we consider a structure with Q ≈ 200, seen

in the strongly pumped cavity spectrum in the inset of Fig. 3.5(a). The x−dipole

PC mode (Fig. 3.4(a)) is primarily linearly polarized in the horizontal (x) direction,

which agrees with the polarization observed in the PL (see Fig. 3.5(a)).

The low-intensity spectrum reveals a single QD exciton line A, matched with the

cavity in wavelength and polarization (Fig. 3.5(a)). The emission following pulsed

excitation gives a lifetime of τA = 650 ps, measured with a streak camera (Fig. 3.5(b)).

Compared to the excitonic lifetime in bulk semiconductor, which has a distribution

of τ0 = 1.7± 0.3 ns, this indicates a rate enhancement by FA = 2.6± 0.5. In striking

contrast is the lifetime of QD excitons not coupled to a cavity. The cross-polarized

emission, A90◦, has a lifetime of 2.9 ns, far longer than in bulk. As can be seen in Fig.

3.5(a), this line is much weaker than A due to low out-coupling and SE rate. Lines B

and C, which are spectrally far detuned, show lifetimes extended even further to 3.8

ns and 4.2 ns, respectively.

We verified the single-emitter nature of the emission lines by measurements of

the second-order coherence. The autocorrelation function g(2)(0) which gives the

probability of generating more than one photon in a given pulse, normalized by the

probability for an equally bright Poisson-distributed source. For short time scales,

this function is measured from the coincidence rate between the two detectors of

a Hanbury-Brown/Twiss interferometer (HBT in Fig. 4.4). A start-stop scheme

measures time delay t′ = t2− t1 between detection events. The coincidence histogram

for line A is shown in Fig. 3.5(c) and indicates antibunching of g
(2)
A (0) ≈ 0.14 at zero

delay time. Since g
(2)
A (0) < 1

2
, the fluorescence is indeed from a single emitter. Lines

B (Fig. 3.5(d)) and C are also antibunched with g(2)(0) < 1
2
.

This pattern of short-lived coupled, and long-lived decoupled excitonic lines was

observed in many other structures, as detailed in Ref. [39]. The measurements are
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Figure 3.5: SE rate modification. (a) The high pump-power spectra (inset) reveals a polarized
resonance with Q ≈ 200. The low-power (∼5 W/µm2) spectra show coupled single exciton line
A that matches, and lines B and C that don’t match the cavity polarization and frequency. (b)
Lifetime is shortened for the coupled QD line A and extended for the decoupled ones, including the
near-degenerate orthogonal emission line A90◦. (c,d) Autocorrelation histograms for lines A and B.

summarized in Fig. 3.6(a). To explain the increased lifetimes, we again turn to

Eq.3.4. The first term for emission into the cavity mode vanishes as the QD exciton

line is far detuned from λcav. The second term FPC is reduced below unity due to the

diminished LDOS in the PC for emission inside the PC bandgap, leading to longer

lifetime. This predicted SE rate modification is illustrated in Fig. 3.6(b). Eq.3.3

indicates that for this single-defect cavity design with Q of several thousands, F can

reach several hundred, reaching the strong coupling regime. We will discuss this

regime in Sect. 3.2.2.

We modeled the lifetime modification by FDTD analysis of a classical dipole in the

PC with the x-dipole cavity. The quantum electrodynamic and classical treatments

of SE emission yield proportional results, so that the true SE rate is related to the

classical dipole radiation power by ΓPC
SE /Γ

bulk
SE = P PC

classical/P
bulk
classical for bulk GaAs and
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malized by the cavity linewidth ∆λ). Coupling was verified by spectral alignment and polarization
matching. (b) Illustration of the predicted SE rate modification in the PC as function of normalized
spatial and spectral misalignment from the cavity (a is the lattice periodicity). This plot assumes
Q = 1000 and polarization matching between the emitter dipole and cavity field.

the PC [134]. We simulated ensembles and single emitters to obtain the average SE

rate modification and its variance. These results, plotted in Fig. 3.6(a), agree well

with our experimental observations and confirm earlier theoretical predictions of SE

lifetime suppression inside the PC bandgap of a similar structure [135].

The observations of up to eight-fold enhancement and five-fold suppression of

SE rate make PCs very interesting as materials for controlling properties of em-

bedded emitters. For example, the QD-cavity coupled system promises to increase

out-coupling efficiency and photon-indistinguishability of single photon sources. The

quenching of SE may find applications in QD-based photonic devices (e.g., switching),

including quantum information processing (e.g., quantum memory in cavity-detuned

states). It also shows that reported QD lifetime reduction due to surface proximity

effects [136] should not limit the performance of PC-QD single photon sources. The

simultaneous enhancement of coupled and suppression of uncoupled SE rates results

in very high cavity coupling efficiency of QD emission into the cavity mode, with

β = Fcav

Fcav+FPC
≈ 1, even for moderate cavity Purcell enhancement.
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3.2.2 Strong coupling regime

Several groups including ours have in recent years observed vacuum Rabi splitting

in the PL spectrum of a QD tuned through a PC cavity resonance [29, 30, 41]. We

will now present PL measurements on a QD that is tuned through a strongly coupled

cavity using the local laser heating technique [88] (temperature tuning of the whole

sample shows the same result). Later in Sect. 4.2 we will also present a method for

directly and coherently probing the strong coupling regime. The structure consists of

an L3 cavity as that shown in Fig. 4.8(c). It has Q = 1 · 104, determined by PL with

the QD tuned off-resonance.

The QD/PC cavity system is pumped with a continuous-wave laser beam at

780nm, above the GaAs bandgap. For low excitation powers, the QD PL increases

linearly with pump power, indicating a single exciton line. As the QD is temperature-

tuned through the cavity by LLH, clear anticrossing between the QD and the cavity

lines is observed: as shown in Fig. 3.7(c), the QD splits the cavity spectrum into two

polariton peaks (with frequencies ω±) when it becomes resonant with the cavity. The

frequencies of the two polaritons are given by

ω± =
ωc + ωd

2
− i

κ+ γ

2
±
√
g2 +

1

4
(δ − i(κ− γ))2, (3.5)

where ωc denotes the cavity frequency, ωd the QD frequency, δ = ωd − ωc the

QD/cavity detuning, cavity field decay rate κ/2π = 16 GHz (linewidth 0.1 nm),

Rabi frequency g/2π = 8 GHz (from Rabi splitting of 2g corresponding to 0.05nm),

and the dipole decay rate without the cavity γ/2π ≈ 0.1 GHz. As g ≈ κ/2, the

cavity/QD system operates at the onset of strong coupling [132]. This can be seen

by analyzing a square root in Eq.3.5 which becomes positive when g > κ/2, leading

to two different frequency solutions (in our system, g, κ� γ).

To accurately interpret the PL data, we require the wavelengths of the cavity and

strongly coupled QD. Since direct tracking of the dot is difficult in the anticrossing

region, we instead track a nearby QD that precisely follows, at a fixed offset, the

coupled dot’s trajectory (see Fig. 3.7(a)). The calculated trajectory of the strongly

coupled QD and the cavity are marked in the inset of Fig. 3.7(b).
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Figure 3.7: PL of a single QD tuned through strong coupling to a PC cavity by local laser heating.
(a) PL emission shows the strongly coupled QD tuned in and out of resonance with the PC cavity.
In the reflectivity measurements, the above-band pump is switched off and the cavity/QD system
probed at different detunings of the reflected laser beam from the point of anticrossing (lines A-E).
Inset: QD and cavity traces. (c) Individual PL cross-sections show anticrossing between QD and
cavity, with measured Rabi splitting of 0.05 nm (corresponding to 2g, where the coupling strength
g/2π = 8GHz). The red line shows the expected wavelengths of the uncoupled QD and cavity.

3.2.3 Plasmonic structures

This thesis has concentrated on light confinement in dielectric structures. However,

metal structures, too, can confine light to lengths far below their free-space wavelength

(this property is of course widely used in RF antennas). Through its interaction

with free electrons near the surface of the conductor, photons can be trapped in the

form of collective charge oscillations called surface plasmon polaritons (SPPs) [137].

Because of the small mode volume in the metallic structure, the emission rate of

emitters nearby the structure is enhanced through the Purcell effect since Fm ∝
1/Vmode, analogous to the Purcell SE rate enhancement in the dielectric photonic

crystal structures described above in Sect. 3.2. The Purcell rate enhancement can be

quite high; structures yielding Purcell factors on the order of hundreds to thousands,

and limited by the metal resistivity at optical frequencies, have been proposed [138,

139]. If realized, such structures could permit strong coupling between single emitters

and the plasmonic mode. To measure the rate enhancement, we studied a novel

antisymmetric hexagonal plasmonic crystal coupled to a quantum well. As described
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in Ref. [31] (lead author Hideo Iwase), we measured Purcell rate enhancements up to

factor 3.7 for QW-confined excitons coupled to SPP states of the plasmonic crystal.

This rate enhancement is one of the highest reported so far, similar to the measured

rate enhancement of single CdSe quantum dots coupled to metal nanowires [140].



Chapter 4

Quantum information applications

One of the most promising approaches to quantum information processing is a quan-

tum network, combining the advantages of photons as information carriers and atomic

systems as nonlinear gates and memory [20]. In the solid state approach, semicon-

ductor quantum dots (QDs) form practical atomic systems. These are positioned

in photonic nano-cavities to facilitate the exchange of quantum information between

QDs and photons. The two-dimensional photonic crystal (PC) offers an designer

electromagnetic environment that is ideal for the compact integration and isolation

of the fragile quantum system through control of the spontaneous emission rate [39].

Here, the nodes consist of PC cavities coupled to embedded QDs, and the photonic

channels consist of PC waveguides.

Recently, we took a first step towards such a quantum network with a cavity-

waveguide-cavity network described in Sec.4.1.1. A QD in the source cavity emits

preferentially into the cavity mode, and a fraction of the emission is transferred to

the target cavity. Many quantum information applications require the QD to emit

photons with identical wave packets. This indistinguishability can be improved by

increasing the coupled QD’s spontaneous emission rate beyond other decoherence

mechanisms. We measured 67% wave-function overlap of consecutive photons created

in the source cavity [62].

While this demonstration shows some of the photonic architecture, a coherent

interface between photons and QDs will require a frequency-matched QD in the target

71
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cavity, as well as long-lived quantum states in the dot for storing qubits and a coherent

interface such as the one described in Ref. [20, 141] for swapping qubits between

dots and photons. As one of the first steps in creating the coherent interface, we

demonstrate in Sect.4.2 a way to coherently access the QD/cavity system and show

that a single QD controls the reflectivity from the cavity. This technique, which

we call coherent optical dipole access in a cavity, also makes it possible to create

a quantum repeater with a three-level quantum dot in the weak coupling regime,

greatly relaxing the requirements on fabrication [142].

In Sect.4.3, we will show that the CODAC also allows us to exploit the rapid

saturation of the QD coupled to the cavity [30]. This saturation dramatically changes

the cavity spectrum at the single photon level and has been termed a giant optical

nonlinearity [143]. We then demonstrate phase measurements of the QD-controlled

cavity reflectivity and show that the giant optical nonlinearity enables large phase

changes conditioned on a control beam at the single photon level. These results are

presented in Sect.4.3.1. The nonlinearity has a response with bandwidth given by

the QD’s modified spontaneous emission rate. Near the strong coupling regime, this

approaches the cavity decay rate, on the order of 20 GHz. The QD/cavity system

thus allows high-frequency switching with control powers at the single photon level;

this is described in Sect.4.3.2.

Finally, in Sect.4.4, we explore the photon statistics of the reflected beam in

CODAC. We show that depending on the detuning of the probe beam from the

QD/cavity resonance, upon reflection its Poissonian photon statistics be converted

to antibunched and bunched statistics. These regimes correspond to the cases where

a single photon suppresses or enhances the probability that a second photon couples

into the cavity within the cavity lifetime and are termed photon blockade and photon

tunneling, respectively.

4.1 Single photon source

Recent years have witnessed dramatic practical and theoretical advancements towards

creating the basic components of quantum information processing (QIP) devices. One
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(b) A quantum network requires two stable ground states of the QD to form a qubit. They are
written here as |m〉 and |g〉. Photonic qubits could then be coherently mapped into and out of the
QD/cavity system by coherent trapping and generation of photons using the complex control field
Ω(t), as described by Fattal et al. [141].

essential element is a source of single indistinguishable photons, which is required in

quantum teleportation [144], linear-optics quantum computation [18], and several

schemes for quantum cryptography [6]. Sources have been demonstrated from a va-

riety of systems [58] including semiconductor QDs [45] whose efficiency and indistin-

guishability can be dramatically improved by placing them inside a microcavity [61].

A second major component is a quantum channel for efficiently transferring infor-

mation between spatially separated nodes of a quantum network [20]. This network

would combine the ease of storing and manipulating quantum information in QDs [9],

atoms or ions [66,67], with the advantages of transferring information between nodes

via photons, using coherent interfaces [21,68,69].

Single photons are generated from the InAs QD on demand by pulsed excitation

and spectral filtering of exciton-complex lines [87], as illustrated in Fig.4.2. The effi-

ciency of such a system is poor, since the majority of emitted photons are lost in the

semiconductor substrate. As described in Sect. 3.2.1, photon extraction efficiency

and emission rate are improved by using cavity QED effects [87]. The single pho-

ton statistics are analyzed by splitting the beam and directing the arms at photon
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detectors, as sketched in the Hanbury-Brown/Twiss setup in Fig.4.2(b). This mea-

surement yields a histogram of detection events between the two detectors, shown in

Fig.4.2(c). This approximates the second-order coherence function g(2)(t2 − t1), as

described in Sect.3.2. Hence, for the dot in Fig.4.2(c), the probability of emitting

more than one photon in the same pulse is reduced to ∼ 0.06 of that for an equally

bright Poisson-distributed source. This dot is coupled to a linear three-hole defect

cavity resonant at 944nm and Q ∼ 9000; the dot lifetime is estimated by a streak

camera measurement to be τ ∼ 40.5 ps. Intentional small perturbations to the cavity

design allow controlled coupling between the photonic crystal cavity and radiative

modes to enhance out-coupling efficiency and tailor the emission profile closer to a

Gaussian mode [145], leading to a detection rate of 3.5 · 105 photons/s in a single

mode fiber at 80 MHz repetition rate (this could be increased up to ∼ 20 GHz, which

would give ∼ 108 photons/s in a single mode fiber). The QD is pumped above-band

through a higher-order cavity mode at 896 nm for improved efficiency spatial overlap

with the QD and its resonant mode [146].

4.1.1 On-chip integrated single photon source

An on-chip photonic network consisting of spatially separated cavities and QDs would

greatly improve gate and transfer efficiencies in a quantum network [20]. This idea

is sketched in Fig. 4.1(a). In such a network, the QD would be required to have

two stable states so that a qubit could be stored in it. Then a coherent interface

could allow mapping of the QD qubit to a photonic qubit in the waveguide [141], as

illustrated in Fig.4.1(b). Ideally, each node in the network would consist of a cavity

with a material qubit (e.g., a quantum dot with two long-lived ground states) coupled

to it. In practice, the random spatial and spectral distributions of the quantum

dots in our samples mean that only a small fraction of the cavities contain coupled

quantum dots. The spatial and spectral positioning can be improved, however, as

was discussed in Sect.3.1. For now, we will describe a first basic building block of

such a quantum network involving the generation and transfer of single photons on

a photonic crystal chip. A PC cavity containing a highly coupled QD is connected
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through a 25 µm channel to an otherwise identical target cavity so that different

cavities may be interrogated and manipulated independently (Fig. 4.3(a)). Even

through the QDs are distributed throughout the sample, their density (∼ 100/µm2)

is low enough so that only one in about ten cavities contains a highly coupled dot.

The low density implies that at most one dot is coupled to a cavity in any given

two-cavity network, and absorption from dots along the terminated waveguide is

small. We will focus on one such two-cavity system with a single highly coupled QD

in the source cavity. This system provides a source of single photons with a high

degree of indistinguishability (mean wavepacket overlap of ∼ 67%), 12-fold SE rate

enhancement, SE coupling factor β ∼ 0.98 into the cavity mode, and high-efficiency

coupling into a waveguide. These photons are transferred into the target cavity with

a target/source field intensity ratio of 0.12± 0.01 (up to 0.49 observed in structures

without coupled QDs), showing the system’s potential as a fundamental component

of a scalable quantum network for building on-chip quantum information processing

devices.

The structure consists of two L3 cavities [81], butt-coupled and connected via a 25

µm-long closed portion of a waveguide (Fig. 4.3(a)). It was designed by component-

wise Finite Difference Time Domain (FDTD) simulations in three dimensions. The

waveguide design shown here supports four bands; we picked band Boe to transfer

light between the end-cavities (Fig. 4.3(b)). This band offers a wide, relatively

flat spectral region of guided modes for coupling and can furthermore be confined

in the high-Q end-cavities. Thanks to their near-minimum mode volume Vmode ≡
(
∫

V
ε(~r)| ~E(~r)|2d3~r)/max(ε(~r)| ~E(~r)|2) ≈ 0.74(λ/n)3, these end-cavities allow a large

SE rate enhancement ∝ Q/Vmode.

The cavity and waveguide field decay rates can be expressed as a sum of vertical,

in-plane, and material loss, respectively: κ = κ⊥ + κ‖,wg + γ. Removed from the

waveguide, the ‘bare’ outer cavities radiate predominantly in the vertical direction

at rate κ⊥, as in-plane losses can be suppressed with enough PC confinement layers.

Introducing an open waveguide coupled to the cavity creates additional loss κ‖,wg.

In a waveguide of finite extent, the continuum of modes in the waveguide band

breaks up into discrete resonances. For photon transfer, one of these must be coupled
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to the outer cavities. Assuming the two cavities are spectrally matched and detuned

from the waveguide resonance by ∆, and that material losses γ are negligible [82],

the field amplitudes in the source and target cavities (S,T) and waveguide (W) evolve

according to:

ċs(t) = −iκ‖cw(t)− κ⊥cs(t) + p(t)

ċt(t) = −iκ‖cw(t)− κ⊥ct(t) (4.1)

˙cw(t) = −iκ‖cs(t)− iκ‖ct(t)− (κW + i∆)cw(t)

Here we assume equal coupling rates for the outer cavities, based on their near-

identical SEM images and Q values, which fall within a linewidth of each other in

most structures. The constant κW denotes the waveguide loss rate (other than loss

into the end-cavities), and p(t) represents a dipole driving the source cavity. It will

suffice to analyze this system in steady-state since excitation of the modes, on the
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order of the exciton lifetime τ ∼ 100 ps, occurs slowly compared to the relaxation

time of the photonic network, of order τ = ω/Q ∼ 1 ps for the cavity and waveguide

resonances involved. Then the amplitude ratio between the S and T fields is easily

solved as cs/ct = 1 + κ⊥(κW + i∆)/κ2
‖.
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Figure 4.4: Experimental setup. The sample is addressed with a confocal microscope with a
steerable pump beam (spot diameter ∼ 1 µm) and movable probe aperture (selection region diameter
2.9 µm). PL is directed to the 0.75 m spectrometer (with LN-cooled Si detector), 0.75 m streak
camera, or Hanbury-Brown/Twiss or Hong-Ou-Mandel setups. The inset shows the overlapping
resonances of the terminated waveguide (extended cavity) and the source/target cavities.

We now focus on a particular system that showed high coupling between the two

cavities, while also exhibiting large QD coupling in the source cavity. Measurements

were done with the sample at 5K and probed with a confocal microscope setup as

shown in Fig. 4.4. A movable aperture in the microscope image plane, together with



4.1. SINGLE PHOTON SOURCE 79

800 900 1000 1100
0

0

1

896 898 900 9020

0.2

0.4

0.6

0.8

1

ST, 0
SS, 0
SS, 90
TT, 0

(a) (b)

λ(nm)λ(nm)

SS

ST

O

O

O

O

0.1

0.5

Figure 4.5: Cavity-cavity coupling via a waveguide. (a) Broad emission in cavity S (plot ‘SS’)
is filtered into the target cavity (plot ‘ST’). (b) When the QD exciton at 897.3 nm in cavity S is
pumped (resonantly at 878 nm, 460 µW, 1µm focal spot), the emission is observed from S (‘SS’)
and T (‘ST’). The cross-polarized spectrum from S shows nearly complete quenching of QD emission
(‘SS, 90◦’). The line at 897.3 nm is only observed when S is pumped.

a steerable pump beam, allow independent adjustment of the pump and observation

regions. The structures show close spectral match (see inset of Fig. 4.4). The

cavities/waveguide system strongly isolates transmission to the cavity linewidth, as

seen from the transmission spectrum denoted ‘ST’ in Fig. 4.5(a) for above-band

excitation in S and observation from T.

In Fig. 4.5(b), we show a single-exciton transition coupled to cavity S at 897

nm. The transition is driven resonantly through a higher-order excited QD state

with a 878 nm pump from a Ti:sapph laser. Comparing the emission intensities from

S to the scattered intensity from T gives a ratio of target-to-source cavity intensity

|ct/cs|2 = 0.12±0.01. Other instances of a slightly modified cavity/waveguide design,

with one-hole waveguide-cavity separation, yielded photon transfer ratios as large as

|ct/cs|2 = 0.49 [62]. Optimizing the geometry can improve transfer efficiency further

[147]. In Fig. 4.6 we measure a QD exciton lifetime of 116 ps. Comparison with the

bulk lifetime of ∼ 1.4ns indicates a Purcell enhancement of F = 12 and a spontaneous

emission coupling factor into the cavity mode β = F/(F + FPC) ∼ 0.98 [39].

We characterized the exciton emission by measurements of the second-order co-

herence and indistinguishability of consecutive photons. When the QD in cavity S

is pumped resonantly, then photons observed from S shows clear antibunching (Fig.
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4.6(a)), with g2(0) = 0.35 ± 0.01; this value is relatively high because of a large QD

density of ∼ 200/µm2.

Because of the shortened lifetime of the cavity-coupled QD exciton, the coher-

ence time of emitted photons becomes dominated by radiative effects and results in

high photon indistinguishability [47]. We measured the indistinguishability using the

Hong-Ou-Mandel (HOM) type setup sketched in Fig. 4.4. The QD is excited twice

every 13 ns, with a 2.3 ns separation. The emitted photons are collected from the

source cavity and directed through a Michelson interferometer with a 2.3 ns time

difference. The two outputs are collected with single photon counters to obtain the

photon correlation histogram shown in the inset of Fig. 4.6(b). The five peaks around

delay τ = 0 correspond to the different possible coincidences on the beamsplitter of

the leading and trailing photons after passing through the long or short arms L or

S of the interferometer. If the leading photon passes through the long arm and the

trailing photon through the short arm, then the two come together on the beam split-

ter. If the two are identical, then the bosonic symmetry of the state predicts that

they must exit in the same port. This bunching is a result of interference between

identical bosonic particles. Consider two identical photons labeled 1 and 2 incident

on the left (L) and right (R) sides of a beamsplitter. The symmetric bosonic incident

state can be written

|ψ0〉 =
1√
2
(|1L〉 |2R〉+ |2L〉 |1R〉). (4.2)

The beam splitter is written as

MBS =
1√
2
(|L〉 〈L|+ i |R〉 〈L|+ i |L〉 〈R|+ |R〉 〈R|), (4.3)

where the i accounts for the π/2 difference in phase between passing through vs.

reflecting off the beam splitter [44]. Applying MBS to each particle in |ψ0〉 gives the

output state

|ψ〉 =
i√
2
(|1L〉 |2L〉+ |1R〉 |2R〉). (4.4)

Thus the output state is bunched: both photons either pass to the left or to the

right. This bunching results from destructive interference between the states having
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one photon each at the outputs R and L. The output |ψ〉 is then sent into the

Hanbury-Brown/Twiss (HBT) setup shown in Fig.4.4. The photon bunching then

manifests itself as anti-bunching in the correlation measurement on the two detectors

[61, 148]. This signature of photon indistinguishability is apparent in Fig. 4.6(b) in

the reduced peaks near zero time delay. The peak does not fully reach zero because

of imperfections in the beam splitter and because of the rather larger multiphoton

probability of the source (g2(0) = 0.35 ± 0.01). Following the analysis of Santori

et al. [61], the data (inset Fig. 4.6(b)) indicate a mean wavefunction overlap of

I = 0.67 ± 0.18, where we adjusted for the imperfect visibility (88%) of our setup,

subtracted dark counts, and accounted for g2(0) = 0.35± 0.01. Even with higher SE

rate enhancement, we expect that I . 0.80 for resonantly excited QDs [80] because

of the finite relaxation time, measured here at 23 ps by the streak camera. Santori

et al. measured a mean wavefunction overlap up to 0.81 from a QD in a micropost,

while the group of Abram et al. reported an overlap of up to 0.75 from a QD in a

photonic crystal cavity [63].

The single photon transfer is described by Eqs. 4.1, where cavity S is now

pumped by the QD single exciton. Letting g(t), e(t) represent the amplitudes of

states |g, cs = 1, cw = 0, ct = 0〉 , |e, 0, 0, 0〉 corresponding to the QD in the ground

and excited states with one or no photons in the source cavity, we have:

p(t) = −ig0e(t) (4.5)

ė(t) = −Γ

2
e(t)− ig0g(t)

Here, g0 is the QD-field coupling strength and Γ the QD SE rate. In the present situ-

ation, where the structure’s coupling rates κ⊥, κ‖ ∼ 1/1ps greatly exceed the exciton

decay rate ∼ 1/116ps, the previous steady-state results apply, and the signal from

cavity T mirrors the SE of the single exciton coupled to cavity S. Experimentally, we

verified photon transfer from S to T by spectral measurements as in Fig. 4.5(b): the

exciton line is observed from T only if S is pumped. It is not visible if the waveguide or

cavity T itself are pumped, indicating that this line originates from the QD coupled to

cavity S and that a fraction of the emission is transferred to T. This emission has the
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Figure 4.6: Single photon source characterization. (a) Autocorrelation data when cavity S pumped
and collected. (b) Streak camera data indicate exciton lifetime τ = 116 ps. The rise-time is measured
at 23 ps with a lower-density grating with higher time response (data not shown). Inset: Two-
photon interference experiment (Fig. 4.4). Colliding indistinguishable photons interfere, resulting
in a decreased area of peak LS. The area does not vanish largely because of non-zero g(2)(0) of the
source. (c) Autocorrelation data when cavity S pumped and T is collected (with grating filter). (d)
Cavity S pumped and T collected directly (no grating filter).
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g0 (GHz) κ (GHz) κ‖/κ⊥ Γ(GHz) I
system 1 50 800 0.62 10 0.67
best observed 210 1.9
theoretical 230 46 4.4 ∼ 180†

Table 4.1: Parameters of the structure described here (‘system 1’), best observed values from other
structures on the same sample (if different), and theoretical predictions of the design. † Limited by
the onset of strong coupling.

same polarization and temperature-tuned wavelength dependence as emission from S.

Photon autocorrelation measurements on the signal from T indicate the antibunching

characteristic of a single emitter when S is pumped (Fig. 4.6(c)). The signal-to-noise

ratio is rather low because autocorrelation count rates are (|ct/cs|2)2 ∼ 0.014 times

lower than for collection from S. Nevertheless, the observed antibunching does appear

higher, in large part because the background emission from cavity S is additionally

filtered in the transfer to T, as shown in Fig. 4.5(b). Indeed, this filtering through

the waveguide/cavity system suffices to bypass the spectrometer in the HBT setup

(a 10-nm bandpass filter was used to eliminate room lights). The count rate is about

three times higher while antibunching, g2(0) = 0.50±0.11, is still clearly evident (Fig.

4.6(d)). The largest contribution to g2(0) comes from imperfectly filtered PL near the

QD distribution peak seen in Fig. 4.5(a). This transmission appears to occur through

the dielectric band and could be eliminated. The on-chip filtering will be essential

in future QIP applications and should also find uses in optical communications as a

set of cascaded drop filters. Table 4.1.1 summarizes the relevant parameters of this

system. We also found other cavity-cavity systems with slightly modified designs

(single hole separation between waveguide and cavities) which showed much higher

intensity transfer. An example is shown in Fig. 4.7, where the S/T field intensity

ratio is estimated at 0.49. However, we did not produce these designs in sufficient

numbers to find a highly coupled quantum dot coupled to one of the cavities.
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Figure 4.7: The slightly modified waveguide-coupling design with a single separating hole between
cavities and waveguide yields higher coupling – in this case, the S/T field intensity ratio is estimated
at 0.49. No single QD was coupled to S in this structure.

4.2 Coherent optical dipole access in a cavity

Several proposals for scalable quantum information networks and quantum compu-

tation rely on direct probing of the cavity-QD coupling by means of resonant light

scattering from strongly or weakly coupled QDs [9, 14, 20, 142, 149, 150]. Such exper-

iments were performed in atomic systems [71–73] and superconducting circuit QED

systems [15]. In 2007, we showed that this interaction can also be probed in solid-

state systems and that the QD strongly modifies the cavity transmission and reflection

spectra [30], as predicted [142]. A similar result was simultaneously reported by Srini-

vasan and Painter in a QD strongly coupled to a microdisk resonator [151]. When

the QD is coupled to the cavity, a weak laser beam that is resonant with its tran-

sition is prohibited from coupling to the cavity. We observe this effect at different

detunings between the dot and cavity. This results is the solid-state analog of the

normal mode splitting for a neutral atom in a Fabry Perot cavity [152], but with a

fixed atom number. As the average probe photon number approaches unity inside the

photonic crystal cavity, we observe a giant optical nonlinearity as the QD saturates.
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Figure 4.8: Coherent optical probing. (a) Experimental setup. (a) A 780 nm laser diode excites
PL while a 905 nm modulated Ti:Sapphire laser locally heats the sample to tune cavity and QD [88].
Reflectivity is measured with a narrow-band diode laser (focal spot diameter ∼ 1µm for all beams).
A grating setup filters the reflectivity signal. The filtered reflected signal is detected by a Single
Photon Counting Module (SPCM) or directly on the spectrometer. (b) The QD/cavity system is
probed with a vertical (|V 〉-polarized) probe laser directed onto the linearly polarized cavity oriented
at 45◦ (|V +H〉). QD and cavity are tuned by LLH with the 980nm laser. Upon interaction with the
cavity, the |H + V 〉 component of the probe beam is reflected with a frequency-dependent coefficient
−t(ω). The |V −H〉 component reflects directly with a π phase shift. The polarizing beam splitter
(PBS) passes |H〉, giving a signal that is proportional to |1 − t|2 on the detector (see Eq.4.6).
Suspended structure composed of a heating pad and a PC cavity. Inset: simulated electric field
intensity of PC cavity. (d) Measured reflectivity of empty cavity.

This observation is analogous to the nonlinear optical response of one atom in a cav-

ity [153]. This technique, which we call Coherent Optical Dipole Access in a Cavity

(CODAC), represents a first major step toward quantum devices based on coherent

light scattering and large optical nonlinearities from QDs in photonic crystal cavities.

We use the QD/cavity system described in Sect. 3.2.2 (λcav ∼ 926 nm, Q = 1.0 ·
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Figure 4.9: QD-controlled cavity reflectivity at different probe wavelengths A-E, as indicated in
Fig. 3.7(b). (a) Reflectivity spectrum of probe laser as function of QD and cavity detunings. The
probe laser is detuned by ∆λ = 0.021nm (corresponding to ∆λ = 0.83g) from the anticrossing
point between QD and cavity (see inset). Ideal theoretical plots are calculated from Eq.4.6 and
convolved to model experimental noise (solid lines). (b) Probe laser at various detunings ∆λ from
the anticrossing point samples different QD-cavity detunings.

104) and strongly coupled to a QD with polariton splitting of 0.05nm. Fig.3.7 showed

the photoluminescence measurement of the system. That measurement represented

an incoherent probing via the creation and spontaneous relaxation and recombination

of electron-hole pairs. Now we will describe a coherent optical access of the system

with a laser beam that is resonant with the quantum dot’s single exciton transition.

The principle of the measurement is illustrated in Fig. 4.8(a). Since only a fraction of

the probe signal couples into the cavity, the signal reflected by the cavity is monitored

in cross-polarization to reduce background [154]. This is analogous to observing

transmission through a polarizing cavity inserted between two crossed polarizers.

A GaAs/AlAs Distributed Bragg Reflector (DBR) underneath the PC membrane

effectively creates a single-sided cavity system and enhances collection efficiency of

the probe beam. The horizontal |H〉 component of the scattered probe beam then

carries the cavity reflectivity R as given by Eq.4.6.

Reflectivity is measured by scanning the narrow-linewidth probe laser beam through

the cavity resonance, as shown in Figs. 4.8(a-b). In this way, we greatly exceed the
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0.03nm resolution of the spectrometer in order to sample the narrow spectral features

of the system (i.e., 0.05nm Rabi splitting). To avoid difficulties related to laser sta-

bility and power normalization, we keep the laser wavelength fixed and instead scan

the cavity and QD using the LLH technique [88]. The reflectivity signal from a cavity

without coupled QDs is shown in Fig. 4.8(d). The half-wave plate in Fig. 4.8(a)

orients the probe to 45◦ to the cavity to maximize visibility in the reflected signal.

The reflectivity of the QD/cavity system is probed at five different spectral de-

tunings ∆λ = λ − λSC of the probe laser (a narrow linewidth diode laser) from the

intersection of QD and cavity, as shown in Fig. 3.7(b). The incident power is in

the weak excitation limit corresponding to fewer than one photon inside a cavity per

cavity lifetime (3nW measured before the objective lens), as required for probing the

Vacuum Rabi splitting. For each reflectivity scan, a corresponding PL scan tracks QD

and cavity wavelengths. Fig. 4.9 plots the reflectivity signal as a function of tempera-

ture scan. Here the temperature is tuned to sweep the QD and cavity back and forth

through the probe laser. This data forms a central result of the measurement: as the

single QD sweeps across the cavity, it coherently scatters the probe laser to interfere

with the cavity signal. Instead of observing a Lorentzian-shaped cavity spectrum as

in Fig. 4.8(d), a drop in the reflected signal is observed at the QD wavelength with

a linewidth of g2/κ, as expected [142].

Earlier probing of the strongly coupled cavity/quantum dot system was done by

photoluminescence [29, 41, 88, 155, 156]. Since excitons spontaneously recombine to

produce the signal in these measurements, that technique represents an incoherent

probing of the system. By contrast, the CODAC method described here represents a

direct, coherent optical pathway to probe the system. The coherence results in the

reflectivity dip: the quantum dot scatters photons π out of phase with the cavity field,

which results in this case in a destructive interference. We will see in Sect.4.3.1 that

the reflected beam can also be interfered with a local oscillator, which then results in

different interference regimes.

The reflected signal from the cavity is derived following Refs. 142 and 157 as given

in Appendix.B. The spectrum of the reflected probe signal after the polarizing beam
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splitter is then given by

R = η

∣∣∣∣∣ κ

i(ωc − ω) + κ+ g2

i(ωd−ω)+γ

∣∣∣∣∣
2

, (4.6)

where η accounts for the efficiency of coupling to the cavity. We fit this relation to

the observed spectrum, using the above-mentioned cavity/QD parameters, together

with the tracked QD and cavity wavelengths shown in the bottom of Fig. 4.9(a). The

experimental data show smoother features than the plot of Eq.4.6 based on tracked

QD and cavity lines (dashed line). We attribute this difference to spectral fluctuations

in the QD and cavity which are below the resolution limit of the spectrometer, but

are greater than the linewidth of the probe beam. These fluctuations arise from

instabilities in the power of the heating laser of ∼ 0.7%. When these are taken

into account in our fit by convolving it with a Gaussian (FWHM=0.005 nm), the

theoretical model matches the data (black fits). Another reason why the dip does

not reach closer to zero, as predicted by theory, is that it randomly jumps between

different states, where one is on resonance, and the other off-resonance with the

cavity. The resonant state produces a dip while the off-resonant state does not. As

a consequence, the dip height is averaged between the occupation probabilities. This

‘blinking’ was less significant than thermal jitter in this QD/cavity, but we have

observed that it can play a big role in other systems. The reason for blinking is

probably a combination of random charging [158] and phonon-mediated jitter.

The fits yield values for coupling strength g and cavity Q that agree with PL mea-

surements in above-band pumping given in Sect. 3.2.2. The reflectivity data for the

other probe wavelengths, shown in Fig. 4.9(b-e), capture the QD at various detunings

from the cavity/QD intersection ranging from −1.2g(-0.03nm) to 4.5g(0.11nm). The

reflected probe drops toward zero precisely where the QD crosses its wavelength, and

the depth and shape of the drop changes with cavity detuning, as predicted [142].

The spectrum is not explained by an alternate model of an absorbing QD [159]. These

measurements also point to one of the advantages of the solid-state cavity QED sys-

tem: it is possible to capture the spatially fixed QD in various states of detuning,

while atomic systems are complicated by moving emitters.
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Figure 4.10: (a) Broad-band cavity reflectivity from cavity, as the quantum dot is tuned through
the anticrossing point. (b) Reflected signal simulated by Eq.4.6.

So far, we have shown reflectivity spectra obtained at the narrow wavelength range

of the probe laser. This technique provides higher resolution than the spectrometer.

However, if the quantum/cavity coupling is high, then the QD-induced feature can

also be resolved when the cavity is probed with a broad-band source which is then

analyzed on a spectrometer. For lack of a broad-band continuous-wave source near

928 nm, we used the Ti:Sapph laser in pulsed mode (∼ 3 ps duration and ∼ 0.3

nm width). The probe intensity was very low, about 1 nW before the microscope’s

objective lens, so that the pulses do not saturate the quantum dot. The reflected

signal is shown in Fig. 4.10(a), normalized by the roughly Gaussian spectrum of

the probe. This QD/cavity system is identical in design to the one discussed above,

with a Q value near 10,000. The quantum dot has slightly higher coupling with

g/2π = 16GHz. Because of the limited resolution the spectrometer (0.03 nm), the

features are blurred. Otherwise the reflected spectrum agrees with Eq.4.6, which

is plotted in Fig. 4.10(b). It is possible to probe the system in broad-band when

its response is linear, as in this weak-excitation limit where the average intracavity

photon number 〈n〉 � 1. When the probe intensity grows, the two-level nature of the

quantum dot causes a large nonlinearity. We discuss this next.
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4.3 Giant optical nonlinearity

In Fig. 4.11, we explore the nonlinear behavior of another strongly coupled QD/PC

cavity system as a function of power Pin of the probe laser beam. This system shows

the same coupling strength as the first, with g/2π = 8GHz and Q = 1 · 104, and is

probed here when the QD is detuned by ∆λ = −0.012nm (corresponding to −g/2)

from the anticrossing. Pin is increased from the low-excitation limit at 5 nW before

the objective (corresponding to average cavity photon number 〈ncav〉 ≈ 0.003 in a

cavity without QD) to the high-excitation regime with Pin ≈ 12µW (corresponding

〈ncav〉 ≈ 7.3). Here, 〈ncav〉 is estimated as ηPin/2κ~ωc, where η ≈ 1.8% is the cou-

pling efficiency into the cavity at this wavelength. Fig. 4.11(a) shows the QD-induced

reflectivity dip vanishing as Pin is increased roughly by three orders of magnitude.

We modeled the saturation behavior by a steady-state solution of the quantum mas-

ter equation following Ref. 160 using independently measured system parameters.

The model is discussed later in Sect. 4.5.1. Fig. 4.11(a) also plots the calculated

normalized reflected intensity as a function of the cavity and QD tuning with temper-

ature (solid line). We see very good agreement when the solution is convolved with

the Gaussian filter accounting for spectral fluctuations arising from heating noise, as

explained above. The full data set is summarized in Fig. 4.11(b), where we plot

the reflectivity R at the QD detuning ∆λ = −0.012 nm, normalized by the reflec-

tivity value R0 for an empty cavity at the same wavelength as the probe laser (i.e.,

for g → 0). Our results agree with the theoretical model (solid curve) and previous

measurements in atomic systems [161]. Due to the spectral fluctuations (induced by

power fluctuations of the heating laser used for temperature tuning), the reflectivity

does not approach zero at low power, as it would in the ideal system (dashed curve).

Saturation begins at ∼ 1µW of incident power (measured before the objective), corre-

sponding to 〈ncav〉 ≈ 1/2. Taking into account the coupling efficiency η, this implies

a saturation power inside the cavity of only ∼ 20 nW, in agreement with previous

predictions for giant optical nonlinearity in a microcavity [143]. We have verified in

separate measurements that in the weak coupling regime, saturation of the dip occurs

when the probe flux reaches one photon per modified QD lifetime. We furthermore
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Figure 4.11: Nonlinear response of a QD-PC cavity QED system. (a) The QD-induced feature
in cavity reflectivity saturates with increasing probe power (measured before the objective lens).
The data are fit by a numerical solution to the full master equation, again convolved to account for
thermal fluctuations (solid curves) – see Sect. 4.5.1. Also plotted is the expected reflectivity R0 when
the QD is removed (dashed curve). (b) Reflectivity at ∆λ = −0.012, normalized by empty-cavity
reflectivity at the same wavelength, as a function of probe laser power. Saturation begins near 1µW
of input power, corresponding to intracavity photon number 〈ncav〉 ≈1/2. The dashed curve shows
the reflectivity ratio if no thermal fluctuations were present.

verified that the QD-induced reflectivity dip vanishes controllably when excitons are

(incoherently) generated by excitation with an above-GaAs-bandgap laser beam.

The coherent QD access enabled by the CODAC technique [30] is essential for

quantum information processing in solid-state systems, as it opens the door to high-

fidelity controlled phase gates [14], single photon detection [73], coherent transfer of
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the QD state to photon state [20], and quantum repeaters employing nondestruc-

tive Bell measurements with the addition of a third long lived QD level [142]. The

observed giant optical nonlinearity has promising applications for the generation of

nonclassical and squeezed states of light [71, 162], non-destructive photon number

state measurements [73, 163], and ultra low-power optical signal processing.

4.3.1 Amplitude and phase control

We mentioned earlier that the QD-induced feature is an interference between the

cavity field and the dot-scattered field. We also saw that the dot can be saturated

at the single-photon level, eliminating its contribution to the reflected field. This

suggests that we can use the QD/cavity system to change the phase of a signal beam

by the presence of a control beam. This feature is attractive for constructing two-

qubit quantum logic gates with photons [7]. A controlled phase gate, which can be

realized by an atom in a high quality (Q) cavity [70], performs this function. In

this gate, the accumulated phase of one beam is conditioned on the total number of

photons interacting with the atom, and the presence of other photons can be measured

without destroying them [73, 163]. Based on the CODAC technique, we describe in

this section a conditional phase measurement [164]. We employ the same type of

cavity design as described above, with a Q value near 10,000. The quantum dot is

strongly coupled QD with vacuum Rabi frequency g/2π = 16GHz.

We measure the phase of cavity-reflected photons by interfering them with a ref-

erence beam of known intensity and phase. This interference is accomplished by a

slight modification to the setup of Fig. 4.8 that effectively produces a Mach-Zehnder

interferometer. The implementation we will describe here has the advantage that pho-

tons travel the same path (though in different polarization states), so that relative

motion between the arms of the interferometer is eliminated. The detailed theoretical

analysis is presented in Appendix B. A quarter wave plate (QWP), inserted before

the lens, converts the linearly polarized signal into an elliptically polarized beam with

components parallel and orthogonal to the cavity polarization, as shown in Fig. B.2.

After reflection from the sample, these two components acquire a relative phase. The
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detected signal Is is an interference between the cavity reflected component and the

reference field:

Is(ω) =
∣∣A(θ)(r(ω) + eiΨ(θ))

∣∣2 , (4.7)

where A(θ) is a coefficient that depends on the QWP angle θ relative to the

vertical polarization of the PBS, r(ω) is the frequency and power-dependent cavity

reflectivity, and Ψ(θ) is the reference phase delay. A(θ), r(ω) and Ψ(θ) are given in

Appendix B. By changing the QWP angle θ, we can produce different interference

conditions between the complex cavity reflectivity r(ω) and the θ-dependent term

eiΨ(θ). Ψ(θ) is plotted in Fig. B.2(b).

Phase measurement

We can deduce the phase of r in different ways. First, we can measure Is(ω) and fit

it with the model of Eq.4.7. This is done in Ref. [164] to approximate the reflected

phase.

Instead of fitting the data by the analytical model, we can also directly deduce

the real and imaginary components of r without any a priori assumptions. We only

assume that the cavity reflects the incident light with some reflectivity denoted by

the complex coefficient r(ω). Then we measure the cavity reflectivity at different

interference conditions by varying θ. Given at least two phase measurements, we can

determine the two unknowns real(r(ω)) and imag(r(ω)) at every wavelength (using

a nonlinear equations solver in Matlab). A third measurement is useful for intensity

calibration. To illustrate this, we measure the complex cavity reflectivity as the

probe beam power is increased from the low-excitation limit to saturation. The data

are shown in Fig. 4.12 and show the saturation of the quantum-dot feature as the

cw-probe intensity is increased to 1500 nW.

Phase control at single wavelength

For applications such as all-optical logic in classical and quantum gates, most propos-

als require that control and signal photons be interchangeable as the output photon
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reflectivity at three settings of θ. In all, the complex r(ω) was measured for six different powers.
(b) Real part of r(ω). (c) Imaginary part of r(ω). (d) Phase φr = arctan(imag(r(ω))/real(r(ω))).

of one gate must be able to act as the control or signal photon of the next gate. In the

context of two beams interacting in the cavity, we could consider wavelength-matched

signal and control beams incident on the cavity from opposing directions. Now we

measure the phase change associated with the giant optical nonlinearity described

earlier. When the control and signal are at the same wavelength, the nonlinear in-

teraction between them (Fig. 4.13 (a)) arises from the saturation of the QD in the

presence of cavity coupled photons [30]. We observe a phase change of 0.24π (43◦)

when the control photon number is increased from nc=0.08 to 3. R/R0 increases from

0.5 to 1.0 at saturation. In these measurements, the wavelength is red-detuned by
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Figure 4.13: Saturation of the QD-induced interference and its corresponding phase. (a) The
dot was detuned from the cavity by g/3.5; the control and probe beams are identical here. The
measured saturation agrees with theory (solid line). The dashed curves show the expected phase
and intensity when the control intensity is doubled. The nonlinear phase shift φr(nc) − φr(2nc) is
maximized at nc=0.1, indicated by the arrow. (b) Nonlinear response to control photon number nc

when the signal beam is 0.009 nm (≈ g/3) from the dot resonance (vertical lines in a,b).

∼ 0.014 nm (g/3.5) from the anti-crossing point (see Ref. [164]).

It may be easier to separate control and signal beams in wavelength. In that

case, the signal and control beams would clearly no longer be interchangeable. But

detuned beams would be perfectly suited for applications such as quantum nondemo-

lition (QND) detection, where the control beam accumulates a phase based on the

presence of the signal beam, or all-optical control, where a control beam switches

the transmission of the cavity to the signal beam. Because the first quantum dot

had changed properties after a few weeks, we now consider another dot that is also

strongly coupled with a vacuum Rabi frequency g/2π = 8GHz.

We consider a case where where the control beam is detuned by ∆λ = −0.027

nm (' g) with respect to the signal beam. Keeping the signal intracavity number

ns ≈ 0.2 photons per cavity lifetime, we vary the control photon number nc. The

photon-photon interaction is mediated as the control beam saturates and detunes

the QD. Some detuning occurs by the AC Stark effect, which can create large phase

shifts [165]. In Fig. 4.13(b), we plot the phase and intensity of the signal beam when

it is red-detuned by 0.4g from the cavity, which in turn is resonant with the QD.

Here the phase is plotted with respect to the phase when the control beam is off,
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∆φr = φr − φr(nc = 0) ≡ φr − φr,0. ∆φr reaches 0.16π (28.8◦) when nc=1 (1 µW

measured before the objective lens).

∆ω/g

∆R=R(2n)−R(n)

−2 0 2 4∆ω/g

(φ(2n)−φ(n))/π

−2 0 2 4

2.5 3 3.5 4
−0.8

−0.6

−0.4

−0.2

0

∆ω/g
−2 0 2 4

−0.2

0

0.2

0.4

0.6

0.8

∆ω/g

−0.4

−0.3

−0.2

−0.1

0

0.1

−0.25

−0.2

−0.15

−0.1

−0.05

0

R(2n)−R(n)
R(n)
R(2n)

(φ(2n)−φ(n))
φ(n)
φ(2n)

/π

/π

/π

∆φ=-0.4 π

(a)

(b)

(c)

(d)

Phase change as cavity photon number 
is doubled, 

Amplitude change as cavity photon number 
is doubled,

∆ω  /g=0a

∆ω  /g=1a

∆ω  /g=2a

∆ω  /g=3a

∆ω  /g=0a

∆ω  /g=1a

∆ω  /g=2a

∆ω  /g=3a

E

E

E

E

E

E

E

E

cavity-probe detuningcavity-probe detuning

 φ
 =

 p
ha

se
 o

f r
e�

ec
te

d 
be

am
 phase change

amplitude change ∆R

R 
= 

am
pl

itu
de

 o
f r

e�
ec

te
d 

be
am

∆φ=

Figure 4.14: Predicted nonlinear phase and amplitude change when the incident photon number is
doubled. (a) Nonlinear phase change, as a function of probe detuning ∆ω/g for range of driving fields
E and quantum dot detunings from the cavity cavity resonance, ∆ωa = (0, 1, 2, 3)g. E increases
from the low-excitation limit to saturation. (b) The phase shift is largest when the quantum dot is
detuned from the cavity; here we find a maximum phase shift of ∆φ ≈ −0.4π occurs when ∆ωa = 3g.
(c,d) Corresponding nonlinear reflectivity changes. The amplitude change is largest near ∆ωa = 0.

Quantum gates require a large phase change of a signal photon, conditioned on a

control photon [70, 166, 167]. Furthermore, they require that both signal and control

photons have the same wavelength and duration. We measured the differential phase

change by the difference between the phase evaluated at nc and 2nc (Fig. 4.13(a)).

This gave a maximum differential phase shift of 0.07π (12◦) at nc =0.1 and maximum

amplitude change of 15% at nc=0.43. Theoretically we estimate a maximum of '
0.15π (27◦) for phase and 20% amplitude modulation with our system parameters,



4.3. GIANT OPTICAL NONLINEARITY 97

when the quantum dot is tuned on resonance with the cavity.

However, the differential phase change can be enhanced significantly to 0.4π when

the quantum dot is detuned from the cavity. This is shown in the intensity-dependent

phase and amplitude plots in Fig. 4.14. Fig. 4.14(a) shows the differential phase

(the phase change when the photon number doubles) at four different QD/cavity

detunings. At a QD-cavity detuning of ∼ 3g, an intensity regime exists where the

differential phase reaches as high as ∆φ ≈ −0.4π. The phases φ(n), φ(2n), and ∆φ

for this optimal regime are shown in Fig. 4.14(b). This configuration makes the

QD/cavity system attractive for constructing controlled phase gates for quantum

information processing. Meanwhile, the amplitude change is largest for ∆ωa ≈ 0 for

all QD/cavity detunings. This is shown in Figs.4.14(c,d).

Nevertheless, a controlled phase gate requires a π phase shift [6, 70]. This will

require repeated interactions, possibly by cascading several QD/cavity systems in

series. In this case, the coupling losses would grow exponentially. A more efficient

architecture such as the on-chip design described earlier in the chapter would be

required. A second, though smaller, source of coherence loss is QD spontaneous

emission. Fortunately, spontaneous emission into non-cavity modes is suppressed by

the PC bandgap [39].

4.3.2 Ultrafast amplitude control in time-domain

The quantum dot/cavity system is also attractive for ultra low-power switching in,

e.g., optical interconnects. The switching time is given by the cavity/dot coupling

strength and hence about 100GHz in our systems, though higher values could be

reached with higher dipole strengths or better QD-cavity field alignment. An optical

‘signal’ beam directed into the cavity is then switched with a ‘control’ which can be

an electrical or another optical signal.

Here we use a continuous-wave signal beam coupled into the cavity at resonance.

A pulsed laser beam that can be either tuned to the cavity or detuned from it is

applied as the control beam. The pulses are generated by a Ti:Sapph laser system

with 3ps pulses, spectrally filtered to 40 ps using a high-resolution fiber-based grating
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Figure 4.15: Characterization of the strongly coupled QD-PC cavity system used in the single
photon switching experiment. (a) Photoluminescence scans as temperature is scanned. (b) Cavity
spectrum when the dot is resonant and off-resonant with it. The fit is by Eq.3.5. (c) Reflected
intensity at low cw-probe power, 53nW before the microscope lens.

setup. The control beam is also coupled to the cavity. The cavity design is identical to

those described above. The QD/cavity coupling is characterized in photoluminescence

in Fig. 4.15, having κ/2π = 24GHz, g/2π = 27GHz, well into the strong coupling

regime. The reflected signal beam shows a large QD-interference feature (Fig. 4.15(c))

when the QD is temperature tuned onto resonance with it. In the experiment, we

align the QD to the maximum destructive interference. The pulsed control beam then

rapidly saturates the QD and enhances the reflection of the signal; i.e., the control

beam rapidly switches the reflectivity of the signal between low and high.

First only the control beam is switched on with a power of 3nW. In the present

case, it is resonant with the cavity. The reflected control is monitored on a streak

camera. A 20-second integration is shown in Fig. 4.16(a). Then the continuous wave

(cw)-signal beam is turned on as well for the same duration and with a power of 600

nW (Fig. 4.16(b)). Fig. 4.16(c) shows plots the difference between (b) and (a). This

is the nonlinear response of the QD/cavity system, mediated by the QD saturation. In

these measurements, it was critical to keep the alignment consistent between different

integrations. To avoid drift between the cavity and signal/control lasers, we integrated
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over 20 seconds at a time, and then repeated the cycle many times. The sample drift

occurs on the order of minutes and was in this way greatly reduced. In Fig. 4.16(d),

we show the averaged nonlinear response when the measurement was repeated eight

times (black crosses).

The time-resolved switching measurements are fit by a stochastic solution to the

master equation. Just as in the experiment, the cavity reflectivity was simulated

with the control beam only, and then with the control and continuous-wave signal

beams on simultaneously. The simulations are done by the Monte Carlo technique

described in Sect. 4.5.2. The excitation power for the cw-beam was estimated from

the saturation behavior, and the same calibration was applied to the control beam.

The nonlinear response, shown in green in Fig. 4.16(d), matches the experiment well.

The measurement shows that this quantum dot/cavity system allows coherently con-

trolled switching on the time scale of the modified dot bandwidth g2/κ. Furthermore,

the switching is accomplished with extremely low control beam powers, on the order

of single photons in the cavity, as shown in the fits in Fig. 4.16(d). We also found

similar switching speeds and powers when the control beam was detuned by up to κ

from the cavity.

4.4 Second-order coherence measurements on QD-

PC cavity system

We now describe a measurement of the second-order coherence of the reflected laser

beam. We show that the capture of a single photon into the cavity affects the proba-

bility that a second photon is admitted [42]. This probability drops when the probe

is positioned at one of the two energy eigenstates, resulting in photon antibunching.

This result is analogous to the recent report on photon blockade of a neutral atom

strongly coupled to a Fabry-Perot cavity [71]. In addition, we show that when the

probe is positioned in between the energy eigenstates the probability of admitting

subsequent photons increases, resulting in photon bunching. We call this process

photon-induced tunneling. This system represents an ultimate limit for solid-state
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Figure 4.16: (a) Measured reflectivity R(Ip) of pulsed control beam Ip only, integrated over 20
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as shown in the dashed plot for ∆ 〈n〉. This fit is derived from the difference of the simulated system
responses to Ip + Icw and Ip (see red and blue curves). The vertical axis is deduced from the fit to
the saturation behavior of the cw-signal beam.

nonlinear optics at the single photon level.

The system considered here has the same design as before; the dot has decay rate

γ/2π = 0.1 GHz and is strongly coupled to a three-hole defect cavity (κ/2π = 16

GHz) with coupling rate g/2π = 16 GHz. The setup is identical to that described

in Fig. 4.8, with the addition of the HBT setup (described in Sect. 3.2.1) for the

second order coherence measurement. The high-resolution grating setup filters 3-

ps Ti:Sapph-generated pulses to 40ps. This probe pulse duration is a compromise

between fast sampling and a spectral linewidth narrow enough to resolve the relevant

spectral features, as indicated by the spectral probe width in the bottom right of Fig.

4.17(c).

The energy eigenstates of a two-level system strongly coupled to an optical res-

onator are grouped into two-level manifolds denoted |±, n〉, with energies ~ωn,± =

~(nω0 ± g
√
n), where n is the number of energy quanta in the system and ω0 is the
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due to the imperfect extinction of the cross-polarized setup. In the bottom-right corner we show the
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bare cavity frequency (Fig. 4.17(a)). The anharmonic energy level spacing causes

phenomena such as photon blockade [71] or photon-induced tunneling. These phe-

nomena are manifested as antibunching and bunching in the second-order coherence

g(2)(τ).

Consider, for example, the lower energy probe beam that is tuned to the single-

photon manifold’s polariton mode |1,−〉 in Fig. 4.17(a). Photons in this beam have

energy ~(ω0 − g). A second photon at the same energy cannot simultaneously enter

the cavity because no energy level exists at energy 2~(ω0− g). This photon blockade

persists until the first photon has leaked from the cavity, which happens on the order

of 1/2κ, as shown in the simulation in Fig. 4.17(b).

Experimentally, we cannot resolve this time scale with the single photon counter

modules used the the HBT setup, which have ∼ 300 ps resolution. We mostly avoid

this problem by probing the system with short, 40-ps pulses, repeated every 13 ns.

The experimental results for the normalized autocorrelation at zero time delay, g2(0),

are presented in Fig. 4.17(c). In regions near the single-polariton modes with ω ∼
ω0 ± g. The reader will note that the highest degree of antibunching is actually

measured at about ωmin ≈ ω0 ± 1.4 · g. The exact minimum actually depends on

the probe intensity and must be determined numerically. Intuitively, the ωmin lies

somewhat outside the single-polariton position because the two-photon transition is

then further removed from the two-photon manifold energies ω0 ±
√

2g.

The reflected beam shows bunched statistics near ω0 because single photons are

highly detuned from the single-photon manifold eigenenergies. They are more likely

to pass in pairs or triplets, as can be seen from the illustration in Fig. 4.17(a). The

probability of multi-photon states coupling to the cavity is thus enhanced compared to

the Poissonian statistics of the coherent input beam. In a system where the polariton

modes are further separated (i.e., higher g/κ), the bunching regions would be resolved

into higher-order energy manifolds. The dressed states transitions would become

visible, as was recently reported in a transmission measurement of a strongly coupled

atom/cavity system [168]. In our case, the relatively large cavity loss blurs the dressed

state features, so that only one broad region of photon bunching is visible in Fig.

4.17(c).
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The experimental results in both the bunched and antibunched spectral regions

are closely matched by theory, indicated as the circles in Fig. 4.17(c). This fit is

derived from a stochastic master equation solution, as described below in Sect.4.5.2.

Each autocorrelation measurements takes about 30 minutes. Since we repeated

these for a large set of detunings to map the full spectrum of g
(2)
0 (0,∆ωp/g), we had

to address sample drift resulting in fluctuating coupling intensity into the cavity, and

fluctuating temperature. To map the dependence of g
(2)
0 (0,∆ωp/g) on probe detuning,

we periodically re-aligned the system to maintain constant coupling into the cavity

mode for the full duration of the experiment. The data in Fig. 4.17(c) are taken in

one session.

The experimental data in Fig. 4.17(c) shows that this strongly coupled system

allows control of the statistics of the output field from sub-Poissonian to super-

Poissonian. Thus, the probability of transmitting a specific number of photons can be

tailored by controlling ∆ωp. Given the above-mentioned properties, this device can

be used as a single photon transistor [169] where the presence of a gate field could

control the transmission of a signal field. One scheme to implement the transistor

is to tune the frequency of the gate field resonant with one of the polaritons in the

first-order manifold, say ω0 + g. A photon injected at ω0 + g, increases the proba-

bility of absorbing photons that are resonant with the |1,+〉 → |2,+〉 transition at

ω0 + g(
√

2 − 1). If the signal is tuned to this frequency, the presence of the gate

field enhances the transmission of the signal field. The photonic crystal architecture

allows for easy integration of such a single photon transistor with photonic crystal

waveguides [62,147] so the single photon switching is done directly on the chip.

4.5 Numerical methods

If the quantum dot/cavity system contains far less than one photon on average, then

it can be adequately approximated as a linear system of two oscillators. This is the

assumption we make in Appendix.B to derive Eq.4.6, which agrees very well with

the weak-excitation measurements given in Sect. 4.2. When we increase the input

intensity to the point where the average intracavity field approaches the saturation
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intensity of the quantum dot [143], the linear approximation becomes invalid. In this

case, we solve the system numerically.

4.5.1 Driving field at single frequency and constant power

We first describe the model that we used to model the giant optical nonlinearity. In

the steady state (cw probing), the model numerically solves the complex reflection

r(ω) from the master master equation, following References [44, 160]. This approach

is used to calculate the amplitude and phase dependence when a single probe beam

is present. The master equation reads

dρ

dt
= Lρ, (4.8)

where the Liouvillian L is

L = −i(Hρ− ρH) + CcρC
†
c + CSEρC

†
SE (4.9)

− (CcavC
†
cavρ+ ρCcavC

†
cav)− (CSEC

†
SEρ+ ρCSEC

†
SE). (4.10)

Here the collapse operators are CSE =
√
γσ− for spontaneous emission and Ccav =

√
2κb for cavity field loss. The system Hamiltonian is

H = (ωd − ω)σ+σ− + (ωc − ω)bb† + ig(b†σ− − σ+b) +E(b† + b) + F (σ+ + σ−) (4.11)

Here E,F are classical driving fields of the cavity mode and quantum dot, respectively.

b, b† denote the creation and annihilation operators of the cavity mode, while σ+,−

are the raising and lowering operators of the quantum dot. The master equation

is then solved numerically by inverting the steady-state matrix equation using the

qotoolbox software package for Matlab [160]. We solve the system in a Fock state

basis whose dimension is truncated to twice the maximum intracavity field (we check

that this number basis is large enough by verifying that 〈[b, b†]〉 = 1). We thus derive

the steady-state density matrix ρss, which then allows us to compute the intracavity

photon number and phase.
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4.5.2 Driving field at single frequency and time-dependent

power

In the experiments on ultrafast switching and nonclassical state generation (Sections

4.3.2 and 4.4), the excitation beams were pulsed. This requires a time-dependent

driving field E(t) in the Hamiltonian. Since the time-dependence is comparable to the

cavity/QD interaction rate, the steady-state solution above is not valid. We instead

use a numerical solution to the time-dependent Schrödinger equation. To account for

dissipation, we use a quantum trajectory approach. Here each trajectory is calculated

with an initial condition (zero field applied), and the system is evaluated according

to the modified Schrödinger equation. During each trajectory, the state vector can

collapse by one of the collapse operators,

ψ(t) → Ck(t)ψ(t)/||Ck(t)ψ(t)||. (4.12)

In the simulation of second-order coherence, we consider three collapse operators:

CSE =
√
γσ− for spontaneous emission and Ccav,1 =

√
2κ1b, Ccav,2 =

√
2κ2b for cav-

ity loss and subsequent detection by the two detectors in the Hanbury-Brown/Twiss

setup. Then we use the quantum Monte Carlo method implemented in [160] to

evaluate 6000 trajectories, which produces a stochastic wave function ψ(t) for the

reflected beam. The wavefunction is propagated using the effective Hamiltonian

Heff = H − i/2(C†
SECSE + C†

cav,1Ccav,1 + C†
cav,2Ccav,2). The time evolution records

the classical record of the times at which collapse occurred for each trajectory. We

use the record of collapse events onto detectors 1 and 2 to approximate the auto-

correlation function g(2)(τ). To model the actual actual experiment, we simulate

a time-dependent driving term in the Hamiltonian represents the 40-ps excitation

pulses. The intensity of the drive field matches the intensity used in the experiment,

representing one-third of saturation. In our experiment, this intensity was 1 nW for

the incident beam, measured before the objective lens. The simulation additionally

accounts for QD blinking and laser background. The full second-order coherence is
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calculated as weighted sum of the different contributions,

G(2)(τ) = 〈a†(t)a†(t+ τ)a(t+ τ)a(t)ρ〉 (4.13)

= pBG
(2)
B (τ) + pBGG

(2)
BG(τ) + pDG

(2)
D (τ), (4.14)

averaged over the full cavity reflectivity signal where the function G
(2)
B (τ) accounts

for the QD bright state, G
(2)
D (τ) for the QD-dark state (calculated using g → 0),

and G
(2)
BG(τ) for background laser signal (a coherent state). We then normalize by an

average of the simulated nearest neighbor peaks G
(2)

0 (1), G
(2)

0 (2), G
(2)

0 (3), ..., to obtain

g
(2)
0 (τ).

For the time-resolved switching experiment in Sect. 4.3.2, only one collapse op-

erator is required for cavity leakage, Ccav,1 =
√

2κ1b. The system is then modeled

by recording the detector clicks in that channel for the different combinations of the

cw-signal beam and the pulsed control beam. To model the simultaneous signal and

control beams, we added a custom function to the fseries function set in Ref. [160].

4.5.3 Probe beam with two frequencies and constant power

When two beams with different frequency drive the cavity, then the classical driv-

ing term in the Hamiltonian (Eq.4.11) is modified to E →
√
κ(Ece

−iωct + Ese
−iωst),

where Es, Ec are the control and signal driving fields, respectively. In the two-beam

saturation, we assumed no direct driving of the quantum dot, so we set F = 0 in

Eq.4.11.

A matrix continued fractions method based on the qotoolbox [160] was used to

solve for the cavity mode at the signal frequency ωs under excitation of a driving field

with two frequency components ωc, ωs. This method expands operators in a Fourier

series and solves for coefficients at the appropriate frequencies.



Chapter 5

Classical signal processing with

photonic crystals

Over the past half century, computer design has focused on shrinking a set of electri-

cal components into smaller and faster packages. While integrating and density have

improved by orders of magnitude, the basic physical implementations have remained

largely the same. Increasingly, these implementations are running into limitations in

electrical signaling, including loss, bandwidth, signal-to-noise, cross-talk, and delay.

Today wire length is greatly limiting the flexibility of circuit design. In addition, the

need for high-speed connections has forced chip designers to replace physical bus ar-

chitectures with complex collections of switched point-to-point circuits. The required

re-routing and amplification in this type of signaling exacerbates other problems such

as latency, power consumption, and heat dissipation.

As problems with electrical signaling become increasingly challenging, chip en-

gineers are accepting the need for optical signaling in interconnects. The optics

approach could greatly improve system synchronization (by optical clock distribu-

tion), bandwidth and density of long data connections, cross-talk, and pin impedance,

among others [170]. Optical interconnects will require fast low-cost, low-power optical

components that must be manufactured in large volumes. The right optical technol-

ogy has not yet been selected, and it is unlikely that a single approach will satisfy all

interconnect demands.

107
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5.1 Introduction

To save space and production cost, and to achieve high data transfer rates, optical

interconnects would benefit greatly from highly integrated on-chip architectures. Such

networks have been realized in the last few years as researchers are able to integrate

fast, low-power optical components on semiconductor chips, causing some to draw

analogies to the semiconductor electronics revolution. Because of low optical powers,

devices would first find applications in short-distance communication, including high-

speed local networks, board-to-board and chip-to-chip interconnects [170]. Additional

applications lie in biochemical sensing [37,38] and optical data storage [171].

One of the most promising architectures for integrated nanoscale devices is the

planar photonic crystal. As described previously in this thesis, cavities defined in

photonic crystals can provide extremely high confinement, with quality factors on

the order of 104 in active [28,30,172] and 106 in passive structures [95]. Through the

combination of a high quality factor (Q) and small mode volume Vmode, such cavities

can dramatically increase the vacuum Rabi energy, enabling cavity quantum electro-

dynamic effects such as enhanced spontaneous emission (SE) rate of embedded emit-

ters [39]. This cavity Purcell effect leads to lower lasing threshold and allows higher

SE coupling efficiency β, far in excess of 50% for even modest mean Purcell factor [28].

By contrast, β in Vertical Cavity Surface Emitting Lasers (VCSELs) is typically less

than 0.1%. The Purcell effect can also increase the direct modulation speed [34,173].

Moreover, the photonic on-chip design is ideally suited for integration of different

optical components; e.g., light sources/detectors and multiplexers/demultiplexers for

optical communications.

In this chapter, we describe recent progress on photonic crystal nanocavity lasers.

We will focus mainly on ultrafast laser dynamics reported in recent work from our

group, but will attempt to mention the major works in the field where appropriate.

Previous studies investigated the lasing dynamics indirectly in the frequency domain

[173]; here, we instead focus on direct time-domain measurements. In Sect. 5.2.1,

we begin with the designs for single-cavity and coupled-cavity devices, then in Sect.

5.2.2 introduce a model that describes lasing action in our devices. In Sect. 5.3, we
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discuss our recent work on optically pumped PC lasers, driven by multiple quantum

wells (QWs). These structures show extremely fast lasing action due to fast relaxation

dynamics. In the near-IR range, we demonstrate room temperature lasing with large-

signal modulation response on picosecond time-scales, i.e., with only several hundreds

of electric-field oscillations per pulse. A surface passivation technique greatly improves

the practicality of the PC laser by limiting nonradiative (NR) losses. Using a similar

design in the InP/InGaAsP material system, we demonstrate large-signal modulation

with pulse widths near 10ps in the telecom band. We will briefly discuss other active

media such as QDs, and plasmonic structures as alternatives to photonic crystals for

building ultralow threshold and high speed lasers, and conclude with a brief discussion

of electrical pumping.

(a) B

(c) (d)

z

x
y

x
y

(b) Bz

|E|2

Figure 5.1: Square-lattice photonic crystal laser structures. (a) Coupled x-dipole-mode field
pattern (out-of-plane magnetic field Bz). The y−dipole is rotated by 90◦, but not shown here. (b)
Coupled quadrupole mode. (c) Single-defect cavity with electric field intensity of the quadrupole
mode (inset). (d) Coupled cavity array structure in GaAs.
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5.2 Low-volume PC lasers

The low-volume, high-Q cavities enabled by photonic crystals can decrease turn-on

time and lasing threshold [34]. This improvement results when the gain spectrum

overlaps with the cavity resonance so that spontaneous emission into the cavity mode

exhibits higher spontaneous emission rate and spontaneous emission coupling effi-

ciency β. These effects can decrease turn-on time and lasing threshold [34]. In addi-

tion, microcavity lasers can be designed with very broad modulation bandwidth be-

cause the relaxation oscillation can be shifted beyond the cavity cutoff frequency [174].

Above threshold, higher pump powers lead to faster decay due to increased stim-

ulated emission rates. Small mode volume PC cavities can be used to achieve large

photon densities and speed up this process. Compared to other types of lasers such as

VCSELs, PC lasers offer lower driving power (Sec. 5.3), higher relaxation oscillation

frequency (see Sec. 5.2.4), and possibly faster electrical modulation speed because of

the potential for lower device capacitance and resistance. These potential advantages

will need to be demonstrated in reliable devices to make a compelling case against

VCSELs, which already have proven reliability, comparatively large output power in

the milliwatts range, tunability, high speed, and low cost [175–177].

5.2.1 PC nanocavity laser design

In designing the PC structure for fast lasing action, two considerations are weighed:

the Q value must be relatively large to achieve Purcell enhancement of the SE rate

and hence high SE coupling efficiency; at the same time, the mode energy ring-down

time τc = Q/ω should be small as it limits the laser’s response time. We choose

Q ≈ 2 · 103, corresponding to τ = 1 ps at laser wavelength λ ≈ 1 µm. This value

of Q is easily achieved with the the single-defect cavity shown in Fig. 5.1(c), defined

in a square-lattice photonic crystal. The quadrupole mode, shown in the inset, has a

Q ∼ 2000 as predicted by Finite Difference Time Domain (FDTD) simulations [178].

Because of its small size, the single-defect PC laser has the disadvantage that

output power is low — on the order of a few µW — and much of this power is

lost due to a wide-angle emission profile. On the other hand, band edge PC lasers,
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which operate in slow-group velocity regions of the PC dispersion, comprise a greater

gain area, as was shown in the first PC laser demonstrations [33, 179]. They also

offer greatly improved emission directionality [180]. However, they come with other

drawbacks, such as reduced lateral confinement [181]. A good solution appears to be

combining the strengths of the nanocavity and band edge lasers by arranging single-

cavity lasers into an array [178]. If the cavities are sufficiently close, lasing can be

achieved in a common mode. This PC nanocavity array laser has far more directional

emission and larger active material than the single laser, while providing better lateral

confinement than the band edge laser. The nanocavity array achieves very low group

velocity in any photonic crystal direction and a very high density of electromagnetic

states; in effect, the structure is the two-dimensional analog of coupled resonator

optical waveguides (CROWs) in photonic crystals [182–184]. Though coupled arrays

of small numbers of VCSELs were previously investigated [185], coupling between

individual lasers is difficult and requires a rather complicated fabrication procedure.

Photonic crystal nanocavity arrays allow precise control of both the uniformity and

the coupling very precisely.

We investigated two-dimensional cavity arrays with modes that couple equally

in different crystal directions (monopole and quadrupole modes in the square lattice

or monopole and hexapole modes in the triangular lattice). We primarily consider

PC cavity array structures in a square lattice [178]; this choice was arbitrary and we

would expect similar results in the triangular lattice. The coupled cavity array and

its dipole and quadrupole field patterns are shown in Fig. 5.1(a,b). In these modes,

the in-plane electric field components Ex and Ey, as well as out-of-plane Bz, are

maximized in the center of the slab. This is commonly called the transverse electric

(TE)-like mode.

5.2.2 Rate equations

A simple rate equations model describes the lasing dynamics well. Material gain is

averaged over the full mode as the QW or QD layers span the full structure. The mode

holds p photons in a volume Vm. The laser dynamics are modeled with three carrier

levels: the excitonic ground state, the pump level carrier number nE (populated
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above the GaAs-bandgap using a laser with power Lin), and the QW lasing level

carrier number nG (resonant with the lasing mode frequency). We then have 1

dp
dt

= g(nG)p+
FmnG

τr
− p

τp
(5.1)

dnG

dt
=

nE

τE,f
− nG

(
Fm + FPC

τr
+

1
τPC,nr

)
− g(nG)p

dnE

dt
= η

Lin

~ωp
− nE

(
1
τE,r

+
1

τE,nr
+

1
τE,f

)

In the top equation, the cavity photon number is driven by the QW through stim-

ulated emission (gain term g(nG)p) and spontaneous emission (at the resonant mode’s

Purcell-enhanced rate Fm/τr). The cavity loses photons at the cavity loss rate 1/τp.

The carrier number nG in the center equation is pumped by carrier relaxation from

the pump level population nE at rate 1/τE,f . Besides pumping the cavity, nG decays

through non-radiative (NR) channels at rate 1/τPC,nr and PC leaky modes at rate

FPC/τr, where FPC ≈ 0.2 expresses the spontaneous emission (SE) rate quenching

inside the PC bandgap compared to the SE rate 1/τr in the bulk QW (following sim-

ulations in [39]). In the bottom equation, the nE level is pumped through above-band

optical excitation with power Lin at frequency ωp(the first term) and decays through

carrier relaxation to nG, NR recombination, and SE (second term).

We use the rate equations 5.1 to model the lasing action of single and coupled PC

lasers, at both room and low temperature (∼ 10K), and containing QWs or QDs as

gain material. We use a logarithmic gain model for QWs and a linear gain model for

QDs. Under high pump power, the rate equations model would require modification

to account for QD saturation [187].

1For InAs MQW, g(nG) = Γg0vg ln(nG/VaNtr), Va = active material volume, g0 ≈ 2400/cm,
group velocity vg = c/n, Ntr ≈ 3 · 1018 cm−3(from [186]); gain confinement factor Γ ≈ 0.16; η:
pump power absorption ratio; τr: SE lifetime in unpatterned QW; τPC,nr: NR lifetime in PC;
τE,f , τE,r, τE,nr: lifetimes of pump-level relaxation, SE, and NR transitions (resp). At RT, we model
SE rate as Rsp = BN2

G in the intrinsic QW; the ratio in B for cavity and bulk emissions gives
SE rate modification. For InAs QDs at 10K, g(nG) = Γg0(nG/Va − Ntr), g0 = 8.2 · 10−6cm3/s,
Ntr = 3.2 · 1017 cm−3, Γ = 0.028.
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5.2.3 Threshold

Solving Eqs.5.1 in steady state gives the lasing threshold power, defined here as the

power where the average photon number p = 1 [174]. Assuming that most pump-level

population drops into the lasing level (τE,f � τE,r, τE,nr), the threshold is given by

Lin,th =
~ωp

τpη

[
nG,th

(
FPC

τp
τr

+
τp

τPC,nr

)
+ 1

]
(5.2)

In our QW- and QD-driven cavities, the threshold carrier number in the active volume

Va is approximated using the material’s transparency concentration, nG,th ∼ NtrVa ∼
1018 cm−3VmΓ, where Γ ∼ 0.16 is the gain confinement factor. Furthermore, with

τp ∼ 1 ps, τr ∼ 600 ps, and τPC,nr ∼ 100 ps, it is easy to see that for our laser

structures the first term in the brackets dominates, giving

Lin,th ≈
~ωp

η
VaNth

(
FPC

τr
+

1

τPC,nr

)
(5.3)

The threshold is thus determined by the gain material’s transparency concentration

Ntr, radiative loss into non-laser modes, and nonradiative recombination. In the

QD-driven devices, nonradiative recombination is reduced and the term FPC/τr dom-

inates. The factor FPC indicates that threshold is reduced by suppression of SE into

non-lasing modes [39]. On the other hand, in QW-driven devices, the nonradiative

term 1/τPC,nr determines threshold. Although Eq.5.2 was derived for steady-state,

we find that it is also a good approximation for pulsed excitation.

5.2.4 Laser intensity modulation

Two modulation schemes are used in telecommunications: small-signal and large-

signal modulation [186, 188]. In small-signal modulation, the laser is driven at a

constant above-threshold pump power Lin,0 and modulated with a small signal ∆Lin,
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resulting in differential changes ∆P = ∆(p/Vm) and ∆NG = ∆(nG/Va) to the steady-

state photon density P0 and lasing-level carrier densities NG,0. At low driving power

above threshold, the differential output power ∝ ∆P about the steady-state output

P0 is limited by the relaxation oscillation frequency [34],

ω2
R =

avgP0

τp
+

β

τpτr/Fm

+
βN0

P0τPC,nrτr/Fm

(5.4)

Here β = Fm/(FPC + Fm), as described in [39], a is the differential gain, and vg

the group velocity. In conventional lasers, only the first term in Eq.5.4 is considered

because β is small [186]. Therefore, to increase bandwidth, P0 and hence the driving

power is raised. The higher power can result in thermal problems [189], though

injection locking may help in VCSELs [177]. Eq.5.4 shows that in the high-β laser,

strong cavity effects help to increase ωR without the need to increase pump power,

opening a new pathway for increasing laser modulation bandwidth [174].

In large-signal modulation, the rate equations predict that the modulation rate is

limited by the pump-level relaxation time τE,f and cavity response time τp = Q/ω.

An additional turn-on delay arises as spontaneous emission builds the cavity field to

the point when stimulated emission becomes dominant. This delay time is reduced

in the high-Purcell regime through faster SE rate and higher β. This is seen from

the turn-on behavior for laser cavities with different Q in Fig. 5.2. Here the Purcell

factor is calculated as

Fm = ξ · 3

4π2

Q

Vmode/(λ/n)3
, (5.5)

where the factor ξ accounts for spatial averaging and is estimated at ξ ≈ 0.18 from

the measured Purcell rate enhancement of the coupled cavity array in Sect. 5.3.2.

The figure shows that as Fm is increased, the turn-on delay asymptotically decreases

to a value determined by the carrier relaxation time and the pump power. The delay

decreases with pulse energy, which is set here to excite a carrier concentration of 3×
Ntr. As Q is increased from 100 to 1600, the lasing pulse duration first decreases with

faster SE rate, then extends as it approaches the cavity ring-down time. Depending on

the driving conditions, the modulation rate can be optimized with a Q that provides
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high Purcell factor but does not excessively slow cavity response.
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Figure 5.2: Calculated lasing power P (t) · (Vmode~ωG/τp) in response to a 3-ps pump pulse (top),
for a range of Q and resulting average Purcell factors Fm. The turn-on delay drops with increasing
Q. The excitation carrier density is 3Ntr per pulse for all plots, and pump efficiency η = 1 in this
idealized model.

5.2.5 Rate equations model in FDTD

The three-level rate equations model does not account for spatial variations in the

carrier concentration across the photonic crystal device. However, we have found that

spatial effects such as carrier transport from the pump spot to the gain region, or

spatial hole burning effects [190], are important in understanding lasing efficiency and

time response. For that reason, we have developed a finite-difference time domain

model that includes carrier dynamics.

Material gain is implemented in FDTD by an effective conductivity σ, as in ref-

erences [191,192]. An auxiliary differential equation is used to describe the evolution

of the current density J . In turn, J is related to the carrier density NG (assumed

to be equal for holes and electrons in the intrinsic semiconductors considered here).

The set of equations obtained when ~J = σ ~E is substituted into Maxwell’s equations
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is then expressed in the time-domain and discretized as described in [193], though

we update the carrier concentration differently [194]. The resulting nonlinear FDTD

model allows calculation of the carrier drift into the lasing mode, and is important

for explaining the laser time response measurements covered in Sect. 5.3.

5.3 Quantum well photonic crystal lasers

Quantum wells provide large gain when embedded in the center of the PC membrane,

where the resonant TE-like mode has the maximum electric field energy density. A

single QW in the PC slab center would see the highest electric field and hence the

highest gain overlap; however, to optimize the laser current, it is often better to

distribute carriers (or current) across several quantum wells [195]. A QW-driven PC

nanocavity laser was first demonstrated with four InGaAsP quantum wells [32] and

was soon followed by other demonstrations employing between three and six quantum

wells [196,197], all operating in the telecommunications band.

5.3.1 GaAs/InGaAs structures

To investigate time-domain characteristics using our streak camera (Hamamatsu

N5716-03 streak tube) with detector response limited to wavelengths below 1 µm,

we fabricated PC lasers emitting between 900-980 nm. These employ four 8-nm

In0.2Ga0.8As QWs separated by 8-nm GaAs barriers (see illustration in Fig. 5.3).

The top and bottom QWs are about 32 nm from the center of the PC membrane

and still see 89% of the maximum field intensity. We use compressively strained QWs

which have higher differential gain, lower transparency carrier density Ntr, and higher

coupling to the TE-like-polarized cavity mode than unstrained QWs [186]. We first

consider lasers consisting of 172 nm-thick GaAs slabs patterned with 9x9 arrays of

coupled PC cavities in a square-lattice PC (Fig. 5.1(d)). The structures are fabricated

by the procedure described in Sect. 1.6.

To reduce nonradiative (NR) surface recombination on the large QW area exposed
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Figure 5.3: Confocal microscope setup (lens numerical aperture=0.65). The laser structures are
in a cryostat, which is cooled for some of the measurements, as indicated. Emission is directed to
either the streak camera, spectrometer with cooled Si detector, or optical spectrum analyzer for IR
spectra. Inset: Illustration of coupled cavity array membrane.

through PC patterning, the sample was passivated in a (NH4)S solution, which re-

sulted in a 3.7-fold reduction in the lasing threshold [198]. We found that surface

passivation was critical in our samples for room-temperature and continuous-wave

(CW) low-temperature operation.

The structures are pumped optically with 3-ps short pulses at an 80MHz repeti-

tion rate and at a wavelength centered at 750 nm using the confocal microscope as

described in [199] and shown in Fig. 4.4. High-resolution lasing spectra are measured

with the spectrometer, while time response is obtained using a streak camera with

3-ps resolution. At room temperature, the photoluminescence of the In0.2Ga0.8As

quantum wells peaks at 980 nm. For higher gain and heat dissipation, we first eval-

uated cooled structures which shifts the emission wavelength to 930 nm [34].

The PC array laser in Fig. 5.1(d) supports a lasing mode at λmode = 950 nm

at low temperature (LT) of 10K (Fig. 5.4(a)). Because of fabrication imperfections,

PC holes towards the edges of the structure were slightly smaller and cavities showed

a higher resonance wavelength. As a result, we observed that coupled cavity modes
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existed only on a subset of the full array. From images of the lasing mode, we estimate

that it comprises only 7-9 cavities; the pump beam diameter was adjusted to this size.

Fig. 5.4(c) shows the lasing curve for pulsed excitation (3.5 ps at 13 ns repetition),

with an averaged threshold of 6.5 µW(measured before the objective lens). This

corresponds to a large peak pump power of ∼ 21mW.

The threshold power is much lower under continuous pumping at low temperature.

Fig. 5.4(e) displays the lasing curve of the passivated structure, indicating onset

of lasing at only ∼ 9 µW. For a single cavity, threshold is even lower, near 2µW,

shown in Fig. 5.4(f). This threshold and a similarly low value recently reported with

GaInAsP/InP QWs [200] are considerably lower than in previous QW lasers [146,201].

We believe that three main factors reduce threshold in CW operation. First, car-

rier radiative efficiency is higher in steady-state lasing as stimulated emission outpaces

other nonradiative recombination processes, which are more significant in pulsed op-

eration (see illustration in Fig. 5.5(b)). Second, for the same average pump power,

the peak power of the pulsed beam is thousands of times larger and results in a higher

temperature of photoexcited carriers. The faster diffusion of the high-temperature

carriers results in a larger effective pump spot (observed in photoluminescence) with

lower gain overlap. Third, we estimate that CW operation is made even more efficient

by carrier drift into cavity. This drift results from a carrier density gradient caused

by spatial hole burning in the cavity mode (see Fig. 5.10(a)). It is expected to be

insignificant for the higher-temperature pumping in pulsed operation [199].

These contributions are quantified by applying the rate model of Eqs.5.1(see fits

in Fig. 5.4). All recombination rates are estimated from time-resolved measurements

on nonlasing structures. The model indicates that pump CW absorption efficiency

η ∼ 0.055 is far better than in pulsed operation, where η = 1.3 · 10−3 [199]. The

comparison of CW and pulsed excitation regimes indicates that there is significant

room for improving pumping efficiency in pulsed mode at low temperature.

At room temperature (RT), threshold is higher. The lasing curve in Fig. 5.4(d) in-

dicates a threshold of 68 µW average power. The larger threshold results in part from

a higher transparency concentration, smaller optical gain [186], and larger NR surface

recombination rate [198]. These effects are furthermore exaggerated by heating due
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Figure 5.4: QW-driven PC lasing characteristics (passivated structures). (a) Coupled-cavity array
spectrum below threshold and at low temperature (10K). The lasing mode consists of an estimated
7-9 cavities. (b) Low-temperature lasing curve shows threshold reduction after passivation. (c,d)
Low-and room-temperature lasing curves with pulsed excitation (3.5-pulses at 80MHz repetition,
passivated structure). (e,f) Continuous excitation lasing curves for coupled and single cavity. Hori-
zontal axes show average pump power. Fits by Eqs.5.1.
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to higher threshold pump power. Because of larger thermal velocity and diffusion, the

above-mentioned carrier drift into the lasing cavity will be reduced. The larger thresh-

old causes heating in the suspended membrane structures that limits the maximum

output power, as can be seen in the fall-off in Fig. 5.4(d) at ∼ 350µW. Because of this

heating, we achieved only quasi-CW operation at RT. This required a chopper wheel

that provided 1 ms-long pulses at a 17 Hz repetition rate. Heat dissipation can be

greatly improved in RT-operation by fabricating the PC laser structures on top of low-

index substrates such as sapphire or silicon oxide [196, 197,202–204], or by replacing

QWs with QDs which have lower nonradiative loss and carrier transparency [205].

We have also found that heat dissipation improves up to 20× by capping the PC

membrane in PMMA. This method also promises to prevent oxidation.
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Figure 5.5: Laser time response. (a) Experimental data shows response nearly following the
excitation pulse at room temperature; data at both temperatures are acquired at 2× lasing threshold.
(b) Illustration of pump inefficiency in pulsed operation. Pump energy is efficiently channeled into
the cavity mode only during lasing (shaded area under P (t) curve, amplified here 5× for visibility);
much of the remaining pump energy is wasted to SE and NR losses.

Because of faster carrier dynamics, RT operation results in faster modulation
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speed. This is seen in Fig. 5.5(a) comparing RT and LT lasing response to 3.4-ps-

long pump pulses (13 ns repetition). Both measurements were obtained with pump

powers roughly 2× above threshold, corresponding to averaged pump powers of 13 µW

and 136µW at low-and room temperature, respectively. We measured significantly

faster lasing response at room temperature, with the lasing pulses roughly following

the 3.4-ps pump duration. Frequency chirp was less than the cavity linewidth up to

∼ 2× threshold pump power.

The speed-up results primarily because the intraband relaxation time is shorter

at RT; we measured τE,f < 1 ps [199], which agrees with previous reports for III-

V quantum wells [190, 206, 207]. This behavior is captured well by the three-level

rate equations model (fits in Fig. 5.5(a)) whose calculated response is convolved

with a filter that takes into account the 3-ps response time (FWHM) of the streak

camera [198]. Based on the model, lasing response approaches FWHM=1.2 ps at 2×
threshold pump power when pumped with shorter 1-ps laser pulses, implying that

modulation rates in the THz regime would be possible. The delay can be decreased

with higher pump power, but is ultimately limited by the carrier relaxation time τE,f .

5.3.2 Spontaneous emission rate modification

We measure the Purcell factor Fm directly from lifetime measurements of the cavity

array pumped below threshold, compared to emission lifetime in the unpatterned

(bulk) sample [34]. Decay times for the passivated cavity array structure are estimated

from Fig. 5.6(b,c), indicating τuncoupled ≈ 142 ps and τcoupled ≈ 19 ps. Then the center

equation of (5.1) is used to calculate the underlying recombination rates (with p = 0).

For the bulk and PC regions at times far after the excitation pulse (when nE ∼ 0),

the laser level carrier number nG and its measured photoluminescence signal decay

according to

1
τcoupled

=
Fm + FPC

τr
+

1
τPC,nr

1
τuncoupled

=
FPC

τr
+

1
τPC,nr

(5.6)

1
τbulk

=
1
τr

+
1

τbulk,nr
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Figure 5.6: Microphotoluminescence from bulk quantum well, PC (uncoupled to cavity array
mode), and non-lasing PC cavity array at 1/2 threshold power (Pin = 12µW before objective
lens for original and 12µW for passivated structures, pulse length 3.5 ps with 80 MHz repetition).
Measurements at 10K. Solid fits are by Eqs.5.1; dashed fits show exponential decay approximations.

From bulk measurements, we estimate the natural radiative lifetime τr ∼ 605 ps,

assuming τbulk,nr � τr. Eqs.5.6 then give Fm ≈ 28. Repeating these measurements

for an unpassivated single-defect cavity gives a spatially averaged Fm ≈ 81 [34]. The

high Purcell factor for single cavities is not surprising as they are expected to have a

maximum F of 165 for the cavity with this set of Q and Vmode [39], indicating that
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spatial averaging over the mode reduced Fm by ∼ 2×. Baba et al. previously esti-

mated SE lifetime enhancement exceeding 16 (detector response limited) for similar

structures in GaInAsP PC nanocavities [190].

5.3.3 Delay time

As we indicated above, an important parameter in the large-signal modulation scheme

is the delay time, which decreases in high Purcell-factor cavities. We measured the

delay time at 100 K (with 890-nm pump wavelength) as 1.5 ps (Fig. 5.7(c)). This

delay time is nearly two orders of magnitude shorter than in previous measurements

for VCSELs [208].
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Figure 5.7: Large-signal lasing response in QW-driven PC laser. (a) Response to excitation pulses
at (i)9 ± 0.5 and (ii) 15 ps. (b) Excitation pulse train created by etalon setup. Imperfect mirror
arrangement causes an exponential decrease in pulse power and only the first three pulses exceed
the photonic crystal lasing threshold. (c) Lasing response delay.
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5.3.4 Large-signal modulation

To further demonstrate high-speed characteristics, we directly modulate single-defect

cavity lasers at high speeds by pumping with a series of 170-fs pulses generated using

a Fabry-Perot etalon [34]. Fig. 5.7(a,b) shows the results for direct modulation of a

nanocavity at low temperature. This measurement shows that large-signal modula-

tion well in excess of 100 GHz is indeed possible. Faster operation at room temper-

ature is expected, but the etalon measurements were not repeated in the passivated

structure.

5.3.5 Surface passivation

Quantum wells have a major drawback as gain media in photonic crystal devices. Non-

radiative surface recombination rate is very large because the QW has a large surface

area exposed to air at the hole walls (a possible remedy might shallow holes that do

not penetrate the QW, though this would result in asymmetric PC membranes with

limited Q, or bonding of unetched active QW layers to etched, passive PC structures,

as demonstrated in Ref. [209]). We have reduced the NR recombination problem,

for the first time in a PC laser structure, by applying a surface passivation treat-

ment [198]. The (NH4)S-mediated treatment reduced the NR recombination rate by

more than four times (Fig. 5.6(b)) and led to a fourfold reduction of lasing threshold,

as shown in Fig. 5.4(b). The increased efficiency extends the operating range from

cryogenic to practical regimes, enabling the above-mentioned room-temperature and

ultra-low threshold CW operation. The passivation lasted for several weeks when

the sample was kept in vacuum or in a nitrogen flow box. Exposed to air, the pas-

sivation lasts only a few days [210], but can be extended by capping the surface in

polyimide [211] or potentially in PMMA, as mentioned in Sect.5.3.1.

5.3.6 Waveguide-coupled photonic crystal nanocavity laser

As we mentioned above, one of the particular strengths of photonics crystals is that

they allow straightforward on-chip integration of photonic devices. As a step in that

direction, we demonstrated a photonic crystal nanocavity laser that is evanescently
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Figure 5.8: PC nanocavity laser integrated with an out-coupling waveguide. (a) SEM of structure.
Two modified L3 cavities are coupled to a 25 µm-long section of a waveguide, which terminates in
second symmetrical L3 cavity for scattering emission off the chip. (b) Transmitted intensity shows
the laser mode (large peak) and sides modes which are standing waves inside the long cavity that
makes up the terminated waveguide (small peaks).

coupled to a section of a waveguide and then to a second cavity for outcoupling. The

design is nearly identical to that used for the integrated single photon source described

in Sect.4.1.1. Two L3 cavities are coupled to a 25µm-long section of a waveguide, with

a cavity-waveguide separation of three holes (Fig.5.8(a)). The device was fabricated

in a GaAs membrane containing four InAs QWs, as described above. We pumped

the source cavity on the left and observed emission from the target cavity on the

right with a lasing threshold of 90 µW under pulsed excitation (measured before the

objective lens) at room temperature. Shown in Fig.5.8(b) is the spectrum observed

from the target cavity. It shows the source cavity’s mode (main peak) as well as some

emission from standing waves inside the waveguides (small side peaks). Though the

cavity/waveguide design will need to be optimized in future work, this demonstra-

tion already shows the feasibility to integrate sets of (possibly detuned) ultrasmall

nanocavity lasers onto a waveguide channel. In this case, the QW gain material exists

throughout the structure, which causes loss. A recent report by Nozaki et al. [212]

demonstrated a butt-joint regrowth technique to couple a passive waveguide to a PC

nanocavity.
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5.3.7 Telecom wavelength laser

Lasers operating near 1500 nm are particularly interesting for applications in optical

telecommunications [32,84,196,197]. For this reason, we investigated the time-domain

characteristics of PC nanocavity lasers in InP with InGaAsP quantum well gain [84,

194]. The structure was tested with the setup in Fig. 4.4 (adjusted for 1550 nm

and using a special long-wavelength streak tube Hamatsu N5716-02). The coupled

cavity designs are identical to the GaAs structures presented earlier, though scaled

up for the longer operating wavelength. They were fabricated by Hatice Altug and

first characterized in Ref. [84].

The single-cavity InP structure is shown in Fig. 5.10(c). Its lasing behavior is

shown in Fig. 5.9(a) and indicates a threshold of 22 µW when pumped with 3-

ps above-band (750 nm) excitation pulses. We measure large-signal response with

FWHM ≈ 10 ps, at 2× above threshold.

In a 9x9 photonic crystal cavity array, we measured FWHM≈ 19 ps, also at 2×
above threshold. We believe that the longer pulse duration results from inhomogeneity

in the pump beam, leading to different gain in different cavities.
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Figure 5.9: PC laser in InP with InGaAsP multiple QWs. (a) Lasing mode (2× threshold) and
light-in, light-out curve (inset) for single-cavity structure. (b) Single-cavity lasing response (Lin = 45
µW) (c) Coupled-cavity array time response (Lin = 2× threshold).

To analyze the pulse duration more closely, we modeled the lasing action using
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the nonlinear FDTD simulations discussed in Sect. 5.2.5. Optical pumping with a

finite-sized beam results in inhomogeneous gain and un-even lasing action, spreading

out the total pulse duration. This is seen from the lasing level concentration NG

and lasing fields in Fig. 5.10(b,d), recorded here 1 ps after injecting carriers at a

two-fold transparency concentration. The cavities are in different stages of lasing

action. As a result, the total response time is extended. Experimentally we find that

at higher powers, the pulse response becomes shorter. This observation supports our

model, as all cavities would be further above threshold and lase in a closer timeframe.

This result shows that phase-locking on the ultrafast time scale requires homogeneous

pumping across the array.
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Figure 5.10: (a) Lasing-level carrier concentration (1 ps after injection) showing density gradient
towards lasing cavity. Spatial hole burning results from the fast stimulated recombination during
the lasing pulse. Pump power is 2×Ntr at the center of the gaussian spot with radius 2a, where a
is the PC lattice period. (b) Carrier concentration in PC array, 1 ps after injection. Just beyond
threshold, small inhomogeneities in the pump spot (radius 6a) and coupled cavity mode can result in
a spreading of lasing onset times, contributing to longer total pulse duration. (c) SEM of single-cavity
InP laser structure. (d) Out-of-plane magnetic field of lasing mode, 1 ps after carrier injection.
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5.4 Other applications

The QD-devices presented in chapter 4 have close derivates for classical applications

such as short-range communication in optical interconnects or all-optical signal pro-

cessing. These devices would operate at higher QD density than the devices mentioned

above, with the possible exception of all-optical signal processing using single excitons

and giant optical nonlinearity, as mentioned in the previous section. The devices we

demonstrated include a PC cavity switched by optical carrier injection (pulse energy

60 fJ) with switching time on the order of 50 ps (lead author Ilya Fushman, see

Ref. [36]. We also studied the lasing dynamics in a QD-driven PC laser (lead author

Bryan Ellis, see Ref. [74]), showing thresholds near 1µW and pulse duration near

20ps. We measured a laser delay time bounded from below by the carrier relaxation

time from the pump into the lasing level. This time was 12 ps and did not change

appreciably with pump power or temperature in the range from 5K to 60K. This finite

relaxation time predicts that large-signal modulation in present PC lasers employing

conventional self-assembled In(Ga)As QDs is limited to ∼ 30 GHz, though advances

in QD growth can open the way to higher performance. For example, advances in

tunnel injection quantum dots show relaxation times of 1.7 ps at room temperature,

and were recently demonstrated in ridge waveguide lasers with 25 GHz small-signal

modulation bandwidth [213].

As mentioned in Sect.3.2.3 in the context of quantum information processing,

the radiative emission rate of emitters can also be modified by plasmonic structures.

Metallic structures are therefore also interesting to create faster and more efficient

devices for classical information processing, including light emitting diodes, high-

temperature SPP lasers, highly integrated photo-electrical devices such as detectors

[214], or miniaturized biochemical sensors (see Ref. [215] for a review).



Chapter 6

Conclusions and future directions

Below, we summarize the main results of this thesis, followed by future directions for

research.

6.1 Photonic crystal design:

• Eq.2.4 gives a simple expression to calculate the vertical loss of a cavity mode

in a photonic crystal cavity, providing a simple prescription for low-loss optical

modes.

• A general recipe can be used to derive a two-valued dielectric structure which

supports a given mode. This inverse approach to cavity design is faster, more

intuitive, and often more general than the other approaches we explored, in-

cluding systematic parameter search, genetic search, and convex optimization.

• The optical properties of fabricated structures can be analyzed by finite differ-

ence time domain simulations based on SEM images. This analysis allowed us

to create designs that are more resistant to fabrication imperfections.

Going forward, one of the major challenges in cavity design is the computational

demand of three-dimensional FDTD. It would be very useful if the full 3D simula-

tion could be collapsed into a 2D simulation, where the third dimension is taken into

129
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account by an effective index theory or coupled mode theory. Alternatively, it would

be useful to extend the inverse approach to general photonic crystal cavity design to

two dimensions. We are also interested in developing a way to engineer the coupling

between photonic crystal structures such as cavities and waveguides, and free-space

modes. We are addressing this problem in a forthcoming publication [145] that pro-

poses making small perturbations to existing designs to precisely couple photonic

crystal and free-space modes. This idea was briefly mentioned in Sect.4.1 where a

perturbed structure improved the outcoupling efficiency into a single mode fiber by

4-5 times compared to an unperturbed structure.

6.2 Physics and applications of quantum dots in

photonic crystals

• InAs quantum dots can be integrated into planar photonic crystal cavities to

make advanced single photon sources.

• Planar photonic crystals allow control over spontaneous emission (SE) proper-

ties of embedded emitters; the emission rate can be both increased more than

100 times and suppressed up to five times, depending on the degree of coupling

to a photonic crystal cavity.

• The simultaneous SE enhancement into the cavity mode and suppression into all

other modes results in near-unity SE coupling factor β = Fcav/(Fcav +FPC) ≈ 1,

even for moderate cavity Purcell enhancement.

• Through the large Purcell effect in PC cavities, QD emission can be sped up

beyond the systems’ dephasing rate and thus improve the indistinguishability of

consecutive photons; we measured wave-function overlap up to 0.67±0.18 from

a waveguide-coupled cavity.

• The Purcell rate enhancement greatly increases the repetition rate of QDs as

on-demand single photon sources; we directly measured SE lifetime reduction

to 40 ps
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• To improve the efficiency of future quantum networks or large entangled states

consisting of QDs linked through photonic channels, we demonstrated a funda-

mental building block consisting of a QD coupled to a source cavity, which is

connected via a waveguide to a target cavity.

• We demonstrated a novel method for coherent optical dipole access in a cavity

(CODAC) by reflecting a probe beam from the cavity.

• The coherently accessed QD/cavity system saturates with only one photon per

QD lifetime, presenting a giant optical nonlinearity.

• The nonlinear response of the QD/cavity system allows conditional phase shifts

between a signal photon and a control photon (at the same frequency or de-

tuned) at the single photon level (as extracted from our data). The signal phase

change due to a single control photon is estimated from experiments at 0.07π

for a system where the QD is resonant with the cavity.

• If the QD is detuned from the cavity, we expect that a single control photon

can change a signal photon’s phase by as much as 0.4π.

• The strongly coupled QD/cavity system presents another nonlinearity that re-

sults from the anharmonicity of its energy eigenstates; based on this nonlin-

earity, we produced states whose statistics are either bunched or antibunched

compared to the Poissonian number statistics of the input beam.

• The amplitude of a signal beam can be modulated by a control beam at powers

of single photons per cavity lifetime and at switching times faster than 40 ps,

representing an extremely low-power and high-speed all-optical switch.

• Plasmonic structures represent another means of increasing the emission rate

and reaching the strong coupling regime; we measured that the emission rate

of excitons coupled to a plasmonic crystal is sped up by up to factor four.

Several challenges lie ahead for realizing quantum information processing with

quantum dots coupled to photonic crystals. One approach is to use electron spin
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states [8], which have decoherence times several orders of magnitude higher than other

relevant time scales. Distant quantum dots in a high-Q cavity could then be interacted

by all-optical cavity-assisted Raman transitions [9]. Single electron spin state can be

optically prepared with high fidelity [216] and optically read out [217,218]. Different

dots in distinct cavities could be coupled by coherent mapping [21,141,219] of the QDs

and photons in a quantum network [7,20]. Instead of using electron spins, hole spins

are appealing because they have been measured to have higher decoherence times [11].

The electron/hole spin approach requires large magnetic fields, and the necessary

magnets are not available in our lab. Instead of relying on spin states, another

possibility is to use the x- and y- polarized single-exciton states and the QD ground

state to form a v-type level configuration. Coherent control in a single quantum dot

has already been demonstrated in this system [220]. We intend to study this system in

a cavity, which could enable coherent mapping between QD states and single photons

by cavity-assisted Raman transitions. The QD also naturally has a lambda-type

level configuration consisting of the x/y polarized exciton states and the bi-exciton

state; coherent control in this system has also already been demonstrated [221] and

could enable coherent mapping between single photons and QD states by coupling

the QD to a cavity. The advantage of using the exciton/biexciton states is that

they are naturally available in the QD and orthogonally polarized transitions can be

independently accessed by the polarized cavity mode. The disadvantage is a short

dephasing time on the order of 1 ns [61], though suppression of spontaneous emission

in planar photonic crystals [39] may extend this time. The short coherence time

would make the excitonic qubits impractical for quantum repeaters, but could enable

simple computations and proof-of-concept experiments.

Instead of storing and manipulating qubits in the quantum dot, we also intend to

follow an all-optical approach to quantum information processing [70]. This would

obviate the need for coherent mapping between photons and QD states. Qubits can

be stored in photons only (for example in polarization states). The main problem in

this approach is implementing two-qubit gates. These may be realized by exploiting

the extremely large nonlinearity available in cavity QED system [14,70,72,166,167].

In this regard, we will work to improve on our reported demonstration of controlled
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amplitude and phase shifts in the QD/cavity system (Sections 4.3, 4.3.1, 4.3.2) by

tuning the QD off-resonant with the cavity (providing up to 0.4π phase shift with a

single control photon), and by improving the coupling efficiency to and from the cavity

from the current value of 0.04 to values much closer to unity. Much higher coupling

efficiency can be attained by using an cavity/waveguide integrated photonic system,

as discussed in Sect.4.1.1, and by using chip-integrated grating couplers for efficient

coupling to and from the chip. With improved coupling efficiency, the system would

also be very useful for quantum nondemolition measurements [73]. The quantum

nature of the strongly coupled QD/cavity system also offers extremely large photon-

photon interaction, as we discussed in the context of photon-induced blockade [71]

and tunneling in Sect.4.4. Again, the coupling efficiency is currently only ∼ 0.05, and

an improvement to near unity would truly enable interactions between single photons

and represent a major step towards practical two-qubit gates. The photon blockade

could also provide a high-brightness, on-demand source of single indistinguishable

photons.

6.3 Classical signal processing with photonic crys-

tals

• Photonic crystal lasers employing integrated quantum wells enable lasing pulses

with duration on the order of picoseconds.

• Photonic crystal lasers in GaAs with InAs MQWs suffer from very large non-

radiative (NR) surface recombination at the hole walls. This loss mechanism

can be decreased by surface passivation, and we measured a resulting four-fold

reduction in lasing threshold which permitted ultrafast room-temperature op-

eration.

• Passivated GaAs/InAs QW lasers were operated in continuous-wave mode with

thresholds on the order of only microwatts.

• We demonstrated QW-PC lasers in the GaAs/InAs and InP/InGaAs material
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systems, operating from 900-980 nm and 1500-1550 nm, respectively.

• Time-domain measurements on coupled nanocavity array lasers suggest that

near threshold, the arrays do not lase in a common mode; this behavior is sup-

ported by simulations of carrier dynamics implemented in FDTD simulations.

• Purcell SE rate enhancement and high SE coupling efficiency lower the lasing

threshold and response time in pulsed lasing operation when the laser is operated

near threshold.

• The PC nanocavity laser can be easily outcoupled through a PC waveguide,

which may then be connected to other photonic structures on the chip.

Going forward, we intend to address the electrical pumping of PC light sources and

modulators. Many groups are currently pursuing electrical pumping; one electrically

driven device has already been demonstrated recently [222]. For high-speed electrical

modulation, the challenge is to keep RC time constants small, where C and R are the

capacitance and resistance of the laser. It appears that very fast electrical pumping

of nanocavity lasers is possible, as a recent experiment achieved time constants below

10 ps using micron-scale contacts with sub-fF capacitance [223]. If fast electrical

pumping can be achieved, then PC crystal lasers promise to fill a growing need for

integrated, ultrafast optical communication.



Appendix A

Derivation of Cavity Radiative

Loss

The radiated power per unit solid angle K(θ, φ) can be expressed in terms of the

radiation vectors ~N and ~L in spherical polar coordinates (r, θ, φ) :

K(θ, φ) =
η

8λ2

(∣∣∣∣Nθ +
Lφ

η

∣∣∣∣2 +

∣∣∣∣Nφ −
Lθ

η

∣∣∣∣2), (A.1)

where η =
√

µo

εo
. The radiation vectors in spherical polar coordinates can be expressed

from their components in Cartesian coordinates:

Nθ = (Nx cosφ+Ny sinφ) cos θ (A.2)

Nφ = −Nx sinφ+Ny cosφ,

and similarly for Lθ and Lφ. As described in Reference [92], the radiation vectors

in Cartesian coordinates are proportional to 2D Fourier transforms of the parallel (x

and y) field components at the surface S (Fig. 2.1):
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Nx = −FT2(Hy)

∣∣∣∣
~k||

(A.3)

Ny = FT2(Hx)

∣∣∣∣
~k||

Lx = FT2(Ey)

∣∣∣∣
~k||

Ly = −FT2(Ex)

∣∣∣∣
~k||

~k|| = k(
x

r0
,
y

r0
) = k sin θ(cosφx̂+ sinφŷ)

kz = k cos θ,

where k = 2π/λ, λ is the mode wavelength in air, and k|| = k sin θ.

Here the 2D Fourier Transform of the function f(x, y) is

FT2(f(x, y)) =

∫ ∫
dxdyf(x, y)ei~k||·(x,y) (A.4)

=

∫ ∫
dxdyf(x, y)ei(kxx+kyy) (A.5)

Substitution of expressions (A.3) and (A.4) into (A.1) now yields an expression for

the radiated power (2.3) in terms of the FTs of the four scalars Hx, Hy, Ex, and Ey.

This expression is in general difficult to track analytically. We will now use Maxwell’s

relations to express (A.1) in terms of only two scalars, Hz and Ez.

Noting that for a bounded function g, FT2(
∂g
∂x

) = −ikxFT2(g) (similarly for ∂g
∂y

),

we can re-write Nθ as

Nθ =
kz

k‖k
(−kxFT2(Hy) + kyFT2(Hx)) (A.6)

= −i kz

k‖k
FT2(

∂Hy

∂x
− ∂Hx

∂y
)

=
kzcε0

k‖
FT2(Ez)
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where the last step follows from Maxwell’s Eq. ~∇ × ~H = εo
∂ ~E
∂t

= iωεo
~E. Similarly,

we find Lθ = kzcµ0

k‖
FT2(Hz). From ~∇ · ~H = 0 and ~∇ · ~E = 0 at the surface S, it also

follows that Nφ = −i
k‖
FT2(

∂Hz

∂z
) and Lφ = i

k‖
FT2(

∂Ez

∂z
). Substituting these expressions

into Eq. (A.1) yields

K(kx, ky) =
η

8λ2k2
‖

[
1

η2

∣∣∣∣kzFT2(Ez) + iFT2(
∂Ez

∂z
)

∣∣∣∣2 +

∣∣∣∣kzFT2(Hz) + iFT2(
∂Hz

∂z
)

∣∣∣∣2
]

(A.7)

Furthermore, Ez, Hz ∝ exp(ikzz) for propagating waves inside the light cone

(which are the only ones that determine P ), implying that FT2(
∂Ez

∂z
) = −ikzFT2(Ez)

and similarly for Hz. This allows further simplification of the previous expression to

K(kx, ky) =
ηk2

z

2λ2k2
‖

[
1

η2
|FT2(Ez)|2 + |FT2(Hz)|2

]
(A.8)

Substituting this result back into the expression for total radiated power (2.3)

gives the required result (2.5):

P =

π/2∫
0

2π∫
0

dθdφ sin(θ)K(θ, φ) (A.9)

=

∫
k‖≤k

dkxdky

k||
k
K(kx, ky)|J(kx, ky)|

=
η

2λ2k

∫
k‖≤k

dkxdky

k2
‖

kz

[
1

η2
|FT2(Ez)|2 + |FT2(Hz)|2

]

Above, J(kx, ky) is the Jacobian resulting from the change of coordinates from

(θ, φ) to (kx, ky).



Appendix B

Coherent Optical Dipole Access in

a Cavity

Here we derive the field that is reflected from the cavity containing a coupled QD. The

vertically incident field at frequency ω is written in terms of the components parallel

and orthogonal to the 45◦-polarized cavity, ~Ein = E0(|45◦〉 + |−45◦〉)/
√

2. We let

operators ain(±k) and aout(±k) denote the field operators for the flux of the incident

and reflected observation modes in the 45◦ polarization (see Fig. B.1). b denotes the

cavity field and has field coupling rate κ1 into the observation modes and κ2 into all

other modes and material losses. These loss channels are represented by operator e.

The cavity resonance frequency is ωc, while the dipole resonance is ωd. The sample-

surface reflection is captured by setting aout(−k) = rDBRaout(k), where rDBR is a

complex reflection coefficient which also takes into account phase delay through the

round trip between the cavity and the DBR. The QD exciton has coupling constant

g and dipole field decay rate γ in the bulk semiconductor outside the cavity.

Following Refs. [142, 157], the Heisenberg operator equations for the cavity field

and dipole are

db

dt
= −iωcb− (4κ1 + κ2)b−

√
2κ1(ain(k) + aout(−k))−

√
2κ2e− igσ−(B.1)

dσ−
dt

= −iωdσ− − γσ− + igσzb− f (B.2)
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Here f is a noise operator. The input and output fields are related by

aout(k)− ain(k) =
√

2κ1b (B.3)

ain(−k)− aout(−k) =
√

2κ1b (B.4)

Assuming the weak excitation limit where the QD remains in the ground state and

〈σz〉 ≈ −1, we solve these equations to derive the reflected field in terms of ain(k):

r′(ω) ≡ ain(−k)
ain(k)

= − 2κ1(1 + rDBR)2

i(ωc − ω) + 2(1 + rDBR)κ1 + κ2 + g2

i(ωd−ω)+γ

+ rDBR (B.5)

We can then rewrite r(ω) in terms of the total cavity field decay rate κ = 2(1 +

rDBR)κ1 + κ2, which appears in the denominator of the previous equation. We also

denote the fraction of the field intensity observed from the cavity (either directly

through channel ain(−k) or via reflection from the DBR) as η = (κ1(1 + rDBR)2/κ)2.

In terms of the total cavity loss rate and coupling efficiency, r(ω) is

r′(ω) = −
2κ
√
η

i(ωc − ω) + κ+ g2

i(ωd−ω)+γ

+ rDBR, (B.6)

g

e
g

k

k

DBR

a  (k)in a   (k)out

a  (-k)in a   (-k)out

2

1

r

b

Figure B.1: Photonic crystal cavity probed by weakly coupling beam. A reflecting surface (DBR
in this case) reflects the probe beam back through the cavity. The cavity (operator b) contains a
QD with coupling strength g.

r(ω) gives the reflectivity of the component of the incident field that is polarized
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along the cavity, i.e., polarized along |45◦〉. To track the full incident beam, which is

vertically polarized, we will express the incident and reflected beams in terms of the

polarization components in the horizontal and vertical directions:

V =

(
0

1

)
, H =

(
1

0

)

To analyze the quarter- and half-wave plates, we first define the angular coordinate

transform R(θ) for a rotation θ from the vertical polarization:

R(θ) =

(
cos θ − sin θ

sin θ cos θ

)
,

The quarter and half wave plates are then given in the coordinates of their fast

and slow axes by the Jones matrices

MQWP =

(
1 0

0 i

)
,MHWP =

(
1 0

0 −1

)
,

respectively. When these elements are rotated by an angle θ with respect to

the vertical polarization, their Jones matrices are rotated according to MQWP (θ) =

R(θ)MQWPR(−θ) and MHWP (θ) = R(θ)MWHPR(−θ). The reflection from the cavity

is given by the reflections r(ω) from the cavity-polarized component and rDBR from

the cavity-orthogonal component,

Rcav =

(
rDBR 0

0 r′(ω)

)

The cavity is assumed to be at 45◦ to the vertical. If not, it can be corrected with

a half wave plate (this is typically the case in the experiment). Now we can trace the

probe beam through the system, following Fig. B.2. The output through the H−port

of the polarizing beam splitter is then

Eout = H ′[MQWP (θ)][R(−π/4)][Rcav][R(π/4)][MQWP (θ)]V
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The output field intensity, which is measured by a photodetector, then equals

Is(ω) = |Eout|2 =
∣∣A(θ)(r(ω) + rDBRe

iΨ(θ))
∣∣2 ,

where r(ω) = −r′(ω) and

eiΨ(θ) =
cos2 (2θ) + i sin (2θ)

cos2 (2θ)− i sin (2θ)
, (B.7)

The intensity at the detector is proportional to the modulus squared of A(θ), where

A(θ) =
i

2

(
cos2 (2θ)− i sin (2θ)

)
, (B.8)

The amplitude of the signal collected after the PBS is given by A(θ), which de-

pends on the QWP angle θ relative to the vertical polarization axis of the polarizing

beam splitter as in Fig. B.2(a). The phase of the interfering beam in Eq.4.7 of the

main text Ψ(θ) is shown in Fig. B.2(b).

QD

|e>

|g>

PBS

QWP

signal (λs)

control (λc)

D

1 µm

0

Ψ
(θ

)

π

π/2

π/8 π/4
θ

(a)
(b)

Figure B.2: Setup for phase measurement. (a) A quarter wave plate (QWP) in the CODAC setup
allows us to interfere the cavity-reflected beam with the component of the incident beam that does
not interact with the cavity. (b) Phase of the interfering beam as a function of the QWP angle θ.
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Is(ω) gives the general form of the reflected intensity transmitted through the

polarizing beam splitter. We will now consider some limiting cases that approximate

real conditions in the experiment.

The DBR reflectivity is |rDBR| ≈
√

0.94 from reflectivity measurements on the

unpatterned sample, so we approximate |rDBR| ≈ 1. Also, the distance between the

PC and the DBR mirror is chosen for constructive interference in the back-reflection,

so that the phase of rDBR is a multiple of 2π, and rDBR ≈ 1. Then the expression for

the reflectivity is

Is(ω) = |Eout|2 =
∣∣A(θ)(r(ω) + eiΨ(θ))

∣∣2 ,
where A(θ) and eiΨ(θ)) are given in Eqs. B.7,B.8, and

r(ω) =
2κ
√
η

i(ωc − ω) + κ+ g2

i(ωd−ω)+γ

− 1, (B.9)

This expression is Eq.4.7 in the text. It approximates the observed reflected

intensity as the cavity reflectivity is interfered with the reference beam in the cavity-

orthogonal polarization, by changing the QWP angle θ.

In Sect.4.2, we considered the case where the QWP is removed . This situation is

equivalent to setting θ = 0. Then Is simplifies to

R = η

∣∣∣∣∣ κ

i(ωc − ω) + κ+ g2

i(ωd−ω)+γ

∣∣∣∣∣
2

. (B.10)

This gives Eq. 4.6.
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quantum dot tuning on photonic crystal chips. Appl. Phys. Lett. 90, (2007).

[89] A. Faraon, D. Englund, D. Bulla, B. Luther-Davies, B. J. Eggleton, N. Stoltz,
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