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Abstract

Cavity quantum electrodynamics has enabled unprecedented control over the funda-

mental interaction of matter and light—the coupling between individual atoms and

single photons. At the same time, semiconductor electronics is quickly approaching a

regime in which the strange effects of quantum mechanics can no longer be ignored.

New types of on-chip optical technologies that exploit the quantum mechanical na-

ture of light have the potential to open up an entirely new direction for semiconductor

devices, combining the fine control of cavity quantum electrodynamics with the con-

venience of the semiconductor platform. However, the practical implementation of

quantum technologies on a chip will require an on-demand source of non-classical

states of light, such as pulses with a well-defined number of photons.

In this dissertation, I will present the development of a semiconductor non-classical

light source based on coupling artificial atoms (quantum dots) to small mode-volume

optical resonators (photonic crystal nanocavities). The strong coupling we achieve

between a quantum dot and a photonic crystal nanocavity produces a hybridization

of the quantum dot excitation with the optical field confined inside the cavity. I

will demonstrate how the rich energy structure exhibited by this system enables us

to control the statistics of photons in a transmitted laser beam, moving between

sub-Poissonian (in which photons are more evenly spaced in each pulse) and super-

Poissonian (in which photons are more likely to arrive bunched together) on demand.

I will further discuss how these non-classical states of light can be characterized by

examining the higher-order photon correlations measured via a generalized Hanbury

Brown and Twiss type interferometer. In addition, I will show that by detuning the

quantum dot resonance away from the cavity resonance, we can improve both the
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purity and the efficiency of single-photon generation in this system. This approach

allows us to combine the high fidelity of single quantum emitters with the high repe-

tition rate and accessibility of optical cavities.

Finally, I will explore methods for scaling up this system by fabricating multiple

photonic crystal nanocavities in such a way that they couple to each other. I will

present the experimental realization of a photonic molecule—two coupled photonic

crystal nanocavities—that is strongly coupled to a quantum dot contained inside one

of the component cavities. I will also examine the fabrication of coupled optical cavity

arrays in this photonic crystal platform. Our experimental findings demonstrate that

the coupling between the cavities is significantly larger than the fabrication-induced

disorder in the cavity frequencies. Satisfying this condition is necessary for using such

cavity arrays to generate strongly correlated photons, which could potentially be used

for the quantum simulation of many-body systems.

These on-chip sources of non-classical light represent a significant step in the ad-

vancement of semiconductor quantum optical systems. Their capability to produce

single photons of high purity at high repetition rate is essential for quantum key

distribution and for generating highly-entangled states in quantum metrology. Fur-

thermore, the photonic crystal platform represents an ideal way to move beyond the

single resonator and begin the development of integrated quantum optical networks.
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Chapter 1

Introduction

In much the same way that electrons can be used to carry information, to process

calculations, and to store data, the individual elements of light (photons) can be

manipulated to perform similar tasks. Coined analogously to the term “electronics,”

the field of “photonics” has received considerable recent attention due to its potential

to revolutionize traditional electronic devices. For example, fiber-optic cables have

now almost universally replaced copper cables for our long-haul Internet traffic. Many

scientists foresee a similar transition to photonics for information transfer at smaller

and smaller size scales, down to the minuscule interconnects on a computer chip [1, 2].

But this is not the only way that photonics can improve on electronics. By taking

advantage of the unique quantum-mechanical properties of photons and using them to

complement traditional electronic computation and communication, it is possible to

implement novel technologies that combine the best of both worlds. However, many

proposed quantum technologies, including quantum key distribution and photonic-

qubit based quantum computation, require on-demand sources of light that produce

pulses containing a well-defined number of photons [3].

In order to realize these opportunities, we must be able to manipulate the prop-

erties of individual photons in a semiconductor device, which is the primary focus of

my dissertation research. Using the same techniques developed for fabricating com-

puter chips, we can drill an array of holes into a semiconductor membrane to create
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CHAPTER 1. INTRODUCTION 2

a structure called a “photonic crystal cavity.” This structure forms a type of opti-

cal resonator, confining light of a particular frequency into a very small volume at

high intensities. By introducing a patch of a different semiconductor material inside

the resonator we can make an artificial atom (called a “quantum dot”) that couples

very strongly to the light field, producing a hybrid light–matter state that exhibits a

strong nonlinearity even at the single-photon level [4, 5]. This phenomenon enables

the development of optical devices whose operation depends fundamentally on the

strange laws of cavity quantum electrodynamics (QED).

1.1 Quantum light sources

Self-assembled quantum dots (QDs) are promising candidates for quantum light

sources due to their strong interaction with light and ease of integration into optoelec-

tronic devices [6]. High-fidelity single-photon generation from QDs for off-chip appli-

cations has been demonstrated under both non-resonant [7] and resonant [8, 9, 10]

excitation. Some of these experiments have employed micropillar cavities [11] or pho-

tonic nanowires [12, 13] for enhanced off-chip extraction efficiency. On the other hand,

photonic crystal cavities provide a promising on-chip route toward optoelectronic in-

tegration of QDs due to the established set of integrated waveguide and detector

structures [14, 15]. Such structures will be able to exploit strong light–matter cou-

pling with QDs for the generation of a variety of on-chip non-classical light states by

quantum-electrodynamical methods [16, 17, 18]. Recent exotic proposals have even

explored the possibility of releasing energy exclusively in bundles of n photons [19].

However, these devices are currently limited to single resonators operating in isola-

tion. With this in mind, part of my research has explored the ways we can scale up our

ability to manipulate individual photons. By building networks of coupled photonic

crystal cavities, it may be possible to take full advantage of the quantum interactions

between different resonators, allowing even better control over the transport, storage,

and manipulation of individual photons [20]. The integration of multiple interact-

ing photonic components on the same chip has the potential to drive the full-scale

development of photonic technologies.
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1.2 Dissertation outline

Chapter 2 provides a brief overview of the solid-state platform we use to generate non-

classical states of light, consisting of a QD coupled to a photonic crystal nanocavity.

In this system, the optical confinement provided by the photonic crystal resonator

can enhance the light–matter interaction into the “strong coupling” regime, which

results in a hybridization of QD and cavity excitations.

A strongly coupled QD–cavity system is capable of emitting non-classical states,

but the nature of such light is more complex than the ideal single-photon stream

emitted by a QD alone. Therefore, we must measure higher-order autocorrelation

functions in order to characterize this non-classical light. To that end, in chapter 3,

we report the observation of non-classical third- and fourth-order photon correlations

in an originally coherent probe after it was transmitted through a photonic crystal

nanocavity strongly coupled to a single QD [21].

In chapter 4, we demonstrate how single-photon generation from a strongly cou-

pled system can be improved by detuning the QD resonance away from the cavity

resonance [22]. With this approach, we find that high-quality single-photon genera-

tion is possible with current state-of-the-art samples.

Chapter 5 presents an alternative approach to non-classical light generation: cou-

pling the QD not to a single optical cavity but to a pair of coupled photonic crystal

cavities, also called a “photonic molecule” [23]. We extract the relative contribu-

tions of the coupling strength and nanofabrication-induced disorder in such a system,

and simulate its use as a non-classical light source. We conclude that the photonic

molecule represents a potential building block for an integrated quantum optical net-

work. To explore this idea further, in chapter 6 we examine larger arrays of coupled

cavities, and find that the coupling strengths between the cavities are great enough

to overcome the frequency variation due to fabrication imperfections [24]. Hence, our

coupled cavity arrays hold promise for generating strongly-correlated photons that

can be used for quantum simulation.

Finally, chapter 7 presents some conclusions and possible future research directions

for the development of this solid-state nanophotonic platform for cavity QED.



Chapter 2

Strong interaction between a

quantum dot and a photonic

crystal nanocavity

The building blocks of our non-classical light source are quantum dots and photonic

crystal nanocavities. In this chapter, I will discuss each of these elements and describe

how they interact.

2.1 Quantum dots

In order to obtain an optically-addressable, semiconductor-based quantum emitter,

we use molecular beam epitaxy (MBE) to grow a layer of self-assembled InAs QDs

embedded in a GaAs membrane. The MBE-grown structure consists of a ∼900 nm

thick Al0.8Ga0.2As sacrificial layer followed by a ∼150 nm thick GaAs layer that

contains a single layer of InAs QDs. Our growth conditions result in a typical QD

density of 60 − 80 µm−2, as shown in the atomic force microscope (AFM) image in

figure 2.1(a).

Due to the difference in band gaps between InAs and GaAs, the QD forms a

confining potential in all three directions that results in atom-like discrete energy

levels, as depicted in figure 2.1(b). An electron-hole pair or “exciton” generated via

4



CHAPTER 2. STRONG INTERACTION 5

above-band or resonant optical pumping populates these energy levels before recom-

bining and emitting a photon with a well-defined frequency. The three-dimensional

confinement of the QD, combined with its relatively long lifetime (∼1 ns) results in

very narrow optical lines corresponding to these transitions, as shown in figure 2.1(c).

Our QDs emit in the 900 − 940 nm range and operate best at low temperatures;

above ∼50 K, the QDs lose confinement and cease photoluminescence. The wide

range of wavelengths (i.e., inhomogeneous broadening) is due to variation in the size

of the QDs resulting from the random self-assembly process that occurs during MBE

growth.

250 nm 

(a) Conduction  
band 

pump 
emission 

1e 
2e 

1h 
2h Valence  

band 

(b) 

 [nm] 

(c) 

Figure 2.1: InAs QDs embedded in a GaAs membrane. (a) AFM image of
randomly-distributed uncapped QDs (1 µm × 1 µm region). (b) Schematic of the
energy structure of a QD, including photoluminescence emission following above-band
excitation. (c) Optical spectrum of bulk QDs.

On its own, a single QD can be thought of as a two-level system, consisting of a

ground state (in which no electrons or holes are trapped inside the potential well) and

an excited state (in which an exciton is confined inside the QD). While additional

states exist (e.g., the bi-exciton transition and the higher p-shell energy levels), they

can be ignored as long as we choose the frequency and power of our pump to access

only the single-exciton state, driving the QD well below saturation. Under these

conditions, the QD operates as a nearly ideal quantum emitter, producing individual

photons one at a time. However, it is difficult to optically address a single dot in

a bulk sample, and the production of single photons is relatively slow (due to the
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QD’s long lifetime). These challenges suggest that we need a method of enhancing

the optical interaction. We can do this using an optical resonator.

2.2 Photonic crystal nanocavities

By analogy with the free-space Fabry–Pérot cavities used to enhance the interaction

of photons with an isolated atom [25, 26, 27], we fabricate an optical resonator in the

semiconductor membrane containing our QDs in order to confine the electromagnetic

field and increase the strength of the field’s interaction with the QD transitions.

Although a variety of solid-state cavities can be fabricated for this purpose [28], we

focus on the photonic crystal nanocavity due to its small mode volume (V ) and

high quality factor (Q), properties that are essential to reaching the strong coupling

regime of cavity QED. The photonic crystal platform is also attractive for the ease of

integration with additional optical components, such as waveguides or other cavities

(as will be discussed in chapters 5 and 6).

(a) (b)

(c)

Figure 2.2: Optical nanocavity in a 2D photonic crystal membrane. (a) SEM
image of a 2D photonic crystal in a suspended membrane. (b) SEM image of the
defect region in the center of the photonic crystal that forms the optical cavity. Note
that several of the holes near the cavity have been shifted to improve the quality
factor. (c) Electric field intensity profile of the cavity resonance, as calculated from
FDTD simulations.
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We fabricate two-dimensional (2D) photonic crystals by etching an array of holes

into the semiconductor membrane containing our QDs. This patterning allows light to

be confined in-plane through distributed Bragg reflection and out-of-plane through the

index contrast provided by the membrane [29]. The photonic crystals are fabricated

using 100 keV e-beam lithography with ZEP resist, followed by reactive ion etching

and removal of the sacrificial Al0.8Ga0.2As layer in hydrofluoric acid [4]. The photonic

crystal lattice constant is a = 246 nm and the hole radius is r ≈ 60 nm. Figure

2.2(a) shows a scanning electron microscope (SEM) image of the completed photonic

crystal. The undercut of the sacrificial layer leaves the photonic crystal in a suspended

membrane of GaAs, with the thin layer of QDs just visible at the center of the slab.

For the majority of our experiments, we employ a linear three-hole defect (L3)

cavity [30]. To improve the cavity quality factor, several holes near the cavity were

scaled and shifted slightly [31, 32]. This defect region can be seen in the top-down

SEM in figure 2.2(b). Finite-difference time-domain (FDTD) simulations are used

to calculate the cavity field profile [figure 2.2(c)] and optimize the photonic crystal

parameters. From these simulations, we find that the mode volume of our photonic

crystal cavities can be as low as V ∼ 0.5(λ0/n)3, where λ0 is the cavity wavelength in

free space and n ≈ 3.4 is the refractive index of GaAs. The simulated quality factor

can be greater than Q ∼ 105, though in practice, fabrication imperfection limits us

to experimental values of Q ∼ 10, 000− 20, 000.

2.3 Strong coupling between a QD and an optical

cavity

The performance of our QD–cavity system is limited by the loss rates for both the

QD (denoted by γ) and cavity field (denoted by κ). The (radiative) decay rate of a

bulk QD is γ/2π ∼ 0.1 GHz, while in the photonic crystal the decay into continuum

(non-cavity) modes is suppressed further to γ/2π ∼ 0.01 GHz due to the photonic

band gap [33, 34]. Experimentally, the linewidth of the QD transitions is assumed to
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be γ/2π ∼ 1 GHz due to non-radiative effects such as spectral diffusion and phonon-

induced dephasing [35, 18]. The cavity field decay rate κ = ω0/2Q (where ω0 is the

cavity frequency) for our GaAs photonic crystal cavities is generally in the range of

κ/2π ≈ 8−16 GHz. This puts our system in the “bad cavity” limit (κ� γ) of cavity

QED, in which loss occurs primarily through radiation from the cavity mode.

If the coupling strength g between the QD and the optical cavity exceeds these

loss rates, the system is said to be “strongly coupled.” In this regime, energy may be

reversibly exchanged between the emitter (in this case, a single QD) and the cavity,

a process referred to as “vacuum Rabi oscillations” [36, 37, 38]. The energy structure

of a strongly coupled system is typically described by the Jaynes–Cummings (JC)

Hamiltonian [39, 40],

H = ω0a
†a+ (ω0 + ∆)σ†σ + g(a†σ + aσ†), (2.1)

where ω0 denotes the frequency of the cavity, a the annihilation operator associated

with the cavity mode, σ the lowering operator of the quantum emitter, ∆ the detuning

between quantum emitter and cavity, and g the emitter–cavity field coupling strength.

Note that by convention we express the Hamiltonian in angular frequency units rather

than energy, thus neglecting factors of h̄. Diagonalizing this Hamiltonian results in

new eigenstates (“dressed” states) which are a superposition of both QD and cavity

excitation (also referred to as “polaritons”). For the case of n excitations (n ≥ 1),

the two dressed states have frequencies given by

ω± = nω0 +
∆

2
±
√
n|g|2 +

(
∆

2

)2

. (2.2)

Thus, it can be seen that the presence of a QD splits the empty cavity resonance

into two “polariton” peaks, corresponding to each of these eigenstates. This splitting

is depicted schematically in figure 2.3(a). Furthermore, since the splitting between

the dressed states increases as
√
n, rather being constant for each level of excitation

(“rung”) of the JC ladder, the sequence of energy levels is no longer evenly spaced (as

it would be for the harmonic energy levels of an empty cavity). This anharmonicity is
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the key for enabling highly nonlinear phenomena in this system, such as the generation

of non-classical light (as will be discussed in more detail in chapter 3).

Cavity states Dressed states 

(a) (b) (c) 

QD 

Cavity 

Figure 2.3: Cross-polarized reflectivity spectrum of a strongly coupled sys-
tem. (a) Harmonic ladder of bare cavity states (left) compared with the anharmonic
dressed states ladder (right) corresponding to the strongly coupled QD–cavity sys-
tem. (b) Anticrossing between the QD and cavity resonances as the temperature
is increased. (c) Spectrum of a strongly coupled QD–cavity system at a fixed tem-
perature (T ≈ 32 K), with a fit (see section 2.4.2) in red. Note the two polariton
peaks.

2.4 Transmission through a strongly coupled QD–

cavity system

Experimentally, the strong coupling manifests as an avoided crossing or “anticross-

ing” between the QD and cavity modes as they move into and out of resonance (by

temperature tuning, for example). Since the relative band-gap difference between

InAs and GaAs changes as a function of temperature, so will the QD transition fre-

quency (the cavity frequency shifts as well due to the change in refractive index, but

this occurs much more slowly). Hence, the detuning between the QD and cavity res-

onance can be controlled by the lattice temperature [37, 41]. This anticrossing can

be observed using a cross-polarized reflectivity setup that suppresses the scattered

light from the pump laser while detecting light that has been transmitted through
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the QD–cavity system [4]. As seen in figure 2.3(b), the cross-polarized reflectivity

signal (which is equivalent to a transmission signal) from a strongly-coupled system

exhibits an anticrossing as the QD is temperature-tuned across the cavity resonance.

When the QD is on resonance with the cavity frequency, the transmission of a

weak probe through the system is primarily governed by the dressed states of the

first rung of the JC ladder. Hence, in figure 2.3(c) we observe the two polariton

peaks. By fitting this spectrum (see section 2.4.2 below for details), we are able to

extract the relevant system parameters. For the reflectivity spectrum shown in figure

2.3(c), we calculate the cavity field decay rate as κ/2π = 9.6 GHz and the QD–cavity

coupling strength as g/2π = 11.5 GHz, confirming that this system operates in the

strong-coupling regime.

2.4.1 Optical spectroscopy

All optical measurements were performed with a liquid helium flow cryostat at tem-

peratures in the range 10−40 K. For excitation and detection a microscope objective

with a numeric aperture of NA = 0.75 was used. Cross-polarized reflectivity mea-

surements were performed using a polarizing beam splitter to excite the system with

a laser polarization orthogonal to the collected polarization [4]. To further enhance

the extinction ratio, additional thin film linear polarizers were placed in the exci-

tation/detection pathways and a single-mode fiber was used to spatially filter the

detection signal. Furthermore, two wave plates were placed between the beamsplitter

and microscope objective: a half-wave plate to rotate the probe polarization relative

to the cavity orientation and a quarter-wave plate to correct for the birefringence

(i.e., polarization-dependent refractive index) of the optics and the sample itself.

2.4.2 Extraction of parameters

To describe the QD’s blinking and spectral diffusion, we use a simplified model in

which we assume the QD is in a bright state and resonant with the cavity for pbright

fraction of the time and does not interact with the cavity for pdark = 1 − pbright

fraction of the time, when it either goes dark [42] or has jumped to a far off-resonant
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state. A more detailed analysis of the dark state dynamics can be obtained using

a rate equation approach [43], but here we simply assume that blinking results in a

transmission spectrum which is an average between the double-peaked dressed-states

spectrum and the single-peaked bare-cavity Lorentzian. Hence, to extract the decay

rate of the cavity field κ and the QD–cavity coupling rate g, we perform a least-squares

fit of

Ftotal = Iin [pbrightFdressed + (1− pbright)Fcav] + Ibg (2.3)

to the observed transmission spectrum [figure 2.3(c)] of the strongly coupled system.

Here, Iin is the intensity of the laser coupled into the cavity, Ibg is the background

laser signal unsuppressed by the cross-polarization setup,

Fdressed =

∣∣∣∣
κ[γtot + i(ωQD − ωl)]

[κ+ i(ω0 − ωl)][γtot + i(ω0 − ωl)] + g2

∣∣∣∣
2

(2.4)

is the transmission spectrum of a strongly coupled QD–cavity system in the weak

probe approximation [4],

Fcav =

∣∣∣∣
κ

κ+ i(ω0 − ωl)

∣∣∣∣
2

(2.5)

is the Lorentzian transmission spectrum of an empty cavity, γtot = γ + γd, ω0 and

ωQD are (respectively) the resonant frequencies of the cavity and the dot, and ωl is

the frequency of the probe laser. Based on previous estimates [18], we assume the

QD dipole decay and pure dephasing rates to result in (γ + γd) /2π ≈ 1 GHz (for

simplicity we neglect any temperature dependence of the dephasing), and we used

pbright, Iin, Ibg, κ, g, ω0, and ωQD as the fitting parameters.



Chapter 3

Higher-order photon correlations

of non-classical light

In this chapter, I present experiments that use the second- and third-order autocor-

relation functions g(2)(τ) and g(3)(τ1, τ2) to detect the non-classical character of the

light transmitted through a photonic crystal nanocavity containing a strongly coupled

quantum dot probed with a train of coherent light pulses [21]. We contrast the value

of g(3)(0, 0) with the conventionally used g(2)(0) and demonstrate that, in addition

to being necessary for detecting two-photon states emitted by a low-intensity source,

g(3) provides a more clear indication of the non-classical character of a light source.

We also present preliminary data that demonstrates bunching in the fourth-order au-

tocorrelation function g(4)(τ1, τ2, τ3) as the first step toward detecting three-photon

states.

3.1 Background

A strongly coupled QD–cavity system can produce non-classical light by filtering

the input stream of photons coming from a classical coherent light source through

mechanisms described as “photon blockade” [16, 44] and “photon-induced tunneling”

[16, 45]. The anharmonic nature of the dressed states ladder (discussed in section

2.3 above) results in large optical nonlinearities at the single-photon level, where the

12
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admission of a single photon into the cavity may enhance (photon-induced tunnel-

ing) or diminish (photon blockade) the probability for a second photon to couple into

the system. Recent proposals [18, 19] have extended the concept of photon block-

ade from single photons to two-photon Fock state generation by coupling the probe

laser to the second manifold of the Jaynes–Cummings ladder via a two-photon tran-

sition [46]. This approach can potentially be further generalized to create three- and

higher-photon number states inside the cavity through multi-photon transitions to the

corresponding manifold. Here, we explore the probing of these multi-photon transi-

tions into the higher manifolds of the JC ladder of a strongly coupled QD–photonic

crystal nanocavity system [16] by measuring the third-order autocorrelation function

[g(3)(τ1, τ2)] of a probe laser transmitted through such a system.

One of the benchmarks used to characterize a source of single photons is the

measurement of the the second-order autocorrelation function g(2)(τ) = 〈a†a†(τ)a(τ)a〉
〈a†a〉2

[47] at τ = 0, which quantifies the suppression of multi-photon states (for details

see section 3.7.1). In actual experiments, the value of g(2)(0) for a light source is

usually estimated from a Hanbury Brown and Twiss (HBT) setup that measures

coincidence counts between two single photon counting modules (SPCMs). A classical

coherent light source will produce a photocount distribution with Poisson statistics

[g(2)(0) = 1], while a source whose output contains at most one photon at a time will

produce g(2)(0) = 0. More generally, photons from a “sub-Poissonian” light source—

in which the single-photon component dominates over the multi-photon states—will

be antibunched and yield g(2)(0) < 1.

In theory, the second-order autocorrelation function can also be used to identify

a two-photon source, since a pure two-photon Fock state will have g(2)(0) = 1/2.

However, most experimental demonstrations of non-classical light sources result in

low-intensity (sparse) output; i.e., the source is outputting zero photons most of the

time. While this does not affect the value of g(2)(0) for a single-photon source, a per-

fect but low-intensity two-photon source outputting the state ψ ≈
√

1− ε2|0〉+ ε|2〉,
with ε � 1, will give g(2)(0) ≈ 1/2ε2 (see section 3.7). A similar argument can

be made for any perfect but sparse n-photon source, which illustrates the difficulty
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of quantitatively distinguishing between various multi-photon Fock states in an ex-

periment relying on a two-detector measurement. In particular, photon bunching

[g(2)(0) > 1] will be observed for low-intensity non-classical light sources in which the

presence of the vacuum state is stronger than that of the photon-number Fock state

[16]. To resolve the presence of a particular Fock state, it is necessary to evaluate

higher-order photon autocorrelation functions and compare them with lower-order

ones. For example, a low-intensity non-classical light source with a dominant two-

photon component will show g(2)(0) > 1 and g(3)(0, 0) < 1 (section 3.7). Here, the

value of the third-order autocorrelation function [47]

g(3)(τ1, τ2) =
〈a†a†(τ1)a†(τ1 + τ2)a(τ1 + τ2)a(τ1)a〉

〈a†a〉3 (3.1)

can be estimated with a generalized form of HBT setup that monitors coincidences

between three SPCMs [see figure 3.1(b)] and thus allows one to measure the suppres-

sion of simultaneous three- and higher-photon events [46]. It is worth noting that the

use of photon-number-resolving detectors [48, 49], especially transition-edge sensors

[50] or superconducting nanowires [51, 52, 53], could provide an alternative technique

for the characterization of multi-photon Fock states; however, these devices are still

under experimental investigation and are not yet widely available.

Prior to this work, higher-order photon correlations had been measured for ther-

mal [54, 55, 56, 57] and laser [58] sources, relying on the strong excitation and high

count rates available in these systems. Contemporaneous with our work, g(3) measure-

ments of the fluorescence from a single QD weakly coupled to a microcavity had been

reported as well [59]. However, in the low-intensity, strongly coupled regime of cavity

quantum electrodynamics, such correlations had only been measured in an atomic

system [60]. Therefore, this work constitutes a significant step towards implementing

a solid-state non-classical light source of photon number states.

Our system consists of an InAs QD embedded in an L3-defect nanocavity [30] in a

2D GaAs photonic crystal, fabricated [4] as described in section 2.2. The QD–cavity

system is maintained at cryogenic temperatures (between 4 K and 50 K) using a

continuous-flow liquid helium cryostat. We excite this system with focused pulses
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FIG. 2. (Color online) (a) Nonclassical state generation via pulsed operation in the photon blockade. The properties of the laser pulse
coupled at the input port are controlled such that the output field has primarily a single-photon component. (b) Normalized Fock-state
coefficients (|c0|2 for vacuum state, |c1|2 for single-photon state, and |cmulti|2 =

!!
n=2 |cn|2 for multiphoton probability) for the output

field as the intensity of the laser pulse !0 is modified and the pulse width is kept constant at " = 0.45/# . The ground state and one
of the first-order eigenstates form an effective two-level system [18] so Rabi oscillations are observed in the single-photon character
of the output field. The system has parameters #/2$ = 1 GHz, % /2$ = 0.1 GHz, and g/2$ = 40 GHz. (c) Fock-state coefficients for
the output field as the duration of the laser pulse (" ) is modified while !0 = 10 GHz was kept constant. The system has parameters
#/2$ = 1 GHz, % /2$ = 0.1 GHz, and g/2$ = 40 GHz. (d) The same simulation as in panel (b) but for a system with #/2$ = 5 GHz and
g/2$ = 30 GHz.

The nonclassical state of light emitted at the output is
analyzed by using an ideal single-photon detector. For each
quantum trajectory, a laser pulse is coupled to the cavity and
the number of clicks detected at the output is monitored.
Ideally, for a deterministic single-photon source, a single
click should be registered by the detector every time the
device is operated. However, the output field is not in a
pure single-photon state, and in a Fock state basis, it can be
expressed as

|bout" =
!"

n=0

&n |n" , (9)

where &n is the coefficient of the Fock state |n". Here we write
the output state as a pure state, considering that the dephasing
rate of the system is negligible. The normalized value (|cn|2)
of the coefficients |&n|2 can be estimated from the number of
detected photons at the output when running a large number
of trajectories. For example, |cn|2 = |&n|2!

i |&i |2 is well estimated
by the relative number of trajectories for which n counts were
detected at the output. If the desired output state should be as
close as possible to a single-photon state, then the simulation
parameters should be optimized such that |c1|2 is maximized.

The experimental configuration considered here is as shown
in Fig. 2(a). The cavity has two mirrors, with decay rates

#1 and #2 such that #1 # #2. Effectively, the total decay
rate of the cavity is # $ #1. The driving laser is incident
on the mirror with higher reflectivity and the output field is
mainly collected from the lossier mirror. This configuration
allows for efficient collection of the nonclassical field at the
cavity output.

To illustrate the behavior of the system operating in
photon blockade under pulsed driving, we first analyze a
system with parameters #/2$ = 1 GHz, % /2$ = 0.1 GHz,
and g/2$ = 40 GHz. The value #/2$ = 1 GHz corresponds
to a cavity with a quality factor of Q = 160 000. This is
about five times larger than the state-of-the-art values of
Q observed in GaAs cavities with coupled InAs quantum
dots operating around 930 nm, but still within the theo-
retical limit for this material [20]. Regarding the coupling
rate g, the typical values measured so far are around
g/2$ = 25 GHz [21]. However, with further improvements
in the material system and the fabrication techniques it is
expected that higher values for Q and g, as considered here,
will be achievable. For this simulation, the cavity and the
quantum dot are assumed to be on resonance ('c = 'a).
The center frequency of the driving field is set on resonance
with the transition to the first-order manifold ('c + g) and
the pulse width is set to " = 0.45/# . Figure 2(b) shows the
zero-photon, single-photon, as well as multiphoton population
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2
�

g2 − 1
4 (κ− γ)2

A single optical mode confined inside an optical
cavity behaves like a simple harmonic oscillator,
where all the energy levels are equally spaced.
When this cavity mode is strongly coupled to a
two-level quantum emitter such as a quantum dot
(QD), the energy structure of the coupled sys-
tem becomes anharmonic. This anharmonicity,
known as Jaynes-Cummings ladder, can generate
nonclassical correlations between photons trans-
mitted through the cavity and result in funda-
mental phenomena of photon blockade and pho-
ton induced tunneling. These cavity quantum
electrodynamic (cQED) effects, which have been
experimentally observed both in solid state [1]
and atomic systems [2], were recently used to
probe higher order dressed states in the Jaynes-
Cummings Hamiltonian [3, 4]. However, pho-
ton blockade and photon-induced tunneling can
be used for applications beyond cQED, includ-
ing generation of non-classical states of light [5],
quantum simulation of complex many-body sys-
tems [6], quantum information processing, and
high precision sensing and metrology [7].

In this paper, we explore the utility of the
photon induced tunneling and blockade for non-
classical photon state generation and dressed
state probing. First, we provide numerical simu-
lation data showing that photon induced tunnel-
ing can be used to preferentially generate specific
multi-photon states. Following this, we present
experimental data demonstrating the transition
from blockade to tunneling regime in a strongly
coupled QD-cavity system and show the signa-
ture of higher order dressed states observed in
the measured photon statistics.

The dynamics of a coupled QD-cavity system,
coherently driven by a laser field, is well described
by the Jaynes-Cummings Hamiltonian of the form

H = ∆aσ+σ−+∆ca
†a+ig(a†σ−−aσ+)+E(t)a+E∗(t)a†,

(1)

∗Electronic address: arkam@stanford.edu

which assumes the rotating wave approximation
(RWA) and a frame of reference rotating with the
frequency of the laser field ωl. Here ∆a = ωa − ωland∆c = ωc − ωl are respectively the detuning of
the QD resonant frequency ωa and the cavity reso-
nance frequency ωc with the laser, g is the coher-
ent coupling strength between the QD and the
cavity mode, E(t) =

�
κP (t)
�ωc

is the slowly varying
envelope of the coherent driving field with power
P (t) incident onto the cavity, and a is the annihila-
tion operator for the cavity mode. If the excited
and ground state of the QD are denoted by |e�
and |g� then σ− = |g��e| and σ+ = |e��g|.

For the rest of our analysis, we will assume the
QD and the cavity are resonant (∆c = ∆a = ∆).
Two main loss mechanisms in this system are the
cavity field decay rate κ = ωc/2Q (Q is the qual-
ity factor of the resonator) and QD spontaneous
emission rate γ. These losses can be incorporated
by the Master equation

dρ

dt
= −i[H, ρ] + κL[a] + γL[σ], (2)

where ρ is the density matrix of the coupled QD-
cavity system and L[D] is the Lindblad operator
corresponding to operator D, defined as

L[D] = 2DρD† − D†Dρ− ρD†D. (3)

When the coupling strength g is greater thanκ
2 and γ, the system is in the strong coupling
regime [8, 9]. In this regime, energy eigenstates
are grouped in two-level manifolds with eigen-
energies given by nωc ± g

√
n (for ωa = ωc), where

n is the number of energy quanta in the coupled
QD-cavity system. The eigenstates can be writ-
ten as:

|n, +� =
|g, n� + |e, n − 1�√

2
(4)

|n,−� =
|g, n� − |e, n − 1�√

2
(5)

The splitting between the energy eigenstates in
each manifold has a non-linear dependence on n
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Figure 3.1: Experimental setup for detecting photon correlations. (a) An
SEM image of the photonic crystal nanocavity (left) and the schematics of the cross-
polarized microscopy setup. The polarizing beam splitter (PBS) in combination with
the half-wave plate (HWP) allows us to filter and select only the light that circulated
inside the cavity. (b) Schematics of the generalized HBT setup used to detect arrival
times of three-photon events, from which the third-order autocorrelation function
g(3)(τ1, τ2) is then extracted. (c) As the QD is temperature tuned across the resonance
of the cavity, an anticrossing is observed in the system’s spectrum (the cross-polarized
reflectivity curves are obtained by using a superluminescent broadband diode as the
source).

from a mode-locked Ti:sapphire laser tuned near the bare cavity resonance, and the

emitted light was collected with a high numerical aperture objective lens (NA =

0.75). We employ the cross-polarized reflectivity technique (input source orthogonal

to the collected reflected signal, and at 45◦ relative to the cavity mode) that mimics

the results of a transmission measurement [4], as discussed in section 2.4.1. This

experimental setup is depicted in figure 3.1(a).
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3.2 Three-photon correlations in a weakly coupled

QD–cavity system

To demonstrate the measurement of the third-order autocorrelation function from a

solid-state system, we first measured g(3)(τ1, τ2) from a single-photon source based

on the spontaneous emission from an individual QD coupled to a low quality-factor

cavity (Q ≈ 2, 000). This particular QD–cavity system was in the weakly coupled

regime, with the cavity only serving to improve the photon collection efficiency. The

QD was temperature-tuned to be on resonance with the cavity at 921 nm. The system

was then illuminated with focused pulses from a mode-locked Ti:sapphire laser tuned

to a higher-order mode of the L3 cavity (∼889 nm), which allowed us to excite the

dot through a higher-order state [61]. The pulses were ∼3 ps long with a repetition

rate of ∼80 MHz. The light emitted by the QD was collected with a high numerical

aperture objective (NA = 0.75) and passed through a ∼1 nm FWHM band-pass filter

to reject the scattered light from the excitation pulses and to suppress any undesired

fluorescence.

Figure 3.2(a) shows a subset of the raw data for the three-photon coincidence his-

togram collected from the QD fluorescence with our three-channel setup (as discussed

in more detail in section 3.2.1 below). Even before any further time-binning, we can

see qualitative features of the system that are characteristic of the emission from a

single quantum emitter. In particular, the noticeable lines of suppressed peaks corre-

spond to the number of three photon events in which (i) the first and second photons

arrive simultaneously (the vertical line with τ1 = 0), (ii) the second and third photons

arrive simultaneously (the horizontal line with τ2 = 0, shown in figure 3.2(d) in more

detail), and (iii) the first and third photons arrive simultaneously (the diagonal line

with τ1 + τ2 = 0). At the same time, the missing peak at (τ1, τ2) = (0, 0) corresponds

to the number of events in which all three photons arrive simultaneously.
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Figure 3.2: Three-photon correlations from QD fluorescence. (a) Three-
photon coincidences (a subset of the raw data) detected in the fluorescence from
a quasi-resonantly excited QD weakly coupled to a photonic crystal cavity. Here,
τ1 is the time interval between the arrival of the first and second photons, while
τ2 is the time interval between the arrival of the second and third photons. (b)
G̃(3)(τ1, τ2), the unnormalized values of the three-photon correlations, obtained by
integrating the counts under the coincidence peaks in (a). (c) Diagonal elements of
G̃(3)(τ1, τ2), with τ1 = τ2 = τ . Trep ≈ 12.5 ns is the repetition period of the pulse train
from the Ti:sapphire laser used to excite the QD and the dashed red line marks the
normalization level, Ḡ

(3)
∞ = 819±34, for the autocorrelation function. (d) Coincidence

counts G̃(3)(τ1, τ2), with τ2 = 0, corresponding to the three-photon events in which the
system emits the second and third photons simultaneously. Note the different scale
of the vertical axes compared to (c). (e) Two-photon coincidence counts G̃(2)(τ)

observed from the QD. The normalization level here is Ḡ
(2)
∞ = (4.26± 0.01)× 105.
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3.2.1 Extraction of g(3)(τ1, τ2)

For the measurement of g(3)(τ1, τ2), we implemented a three-channel photon arrival

detecting setup [shown in figure 3.1(b)] that records the arrival times of individual

photons at each of the three SPCMs using FPGA-based timing electronics. We time-

bin the resulting data files containing the arrival sequence in order to produce a time-

of-arrival histogram for three-photon events. Similar to the process used to extract

the number of two-photon coincidences G(2)(τ) from a two-detector measurement,

our time-binning algorithm uses a photon detected by SPCM1 as a start signal, the

detection of a photon by SPCM2 as the first stop (τ1), and the detection of a photon

by SPCM3 as the second stop (τ1 +τ2). This results in a 2D histogram for G(3)(τ1, τ2)

with a grid of peaks with spacing given by the repetition rate of the Ti:sapphire

pulses, as shown for instance in figure 3.2(a). The width of the peaks in the grid is

in this case mostly given by the time jitter of the TTL output from the SPCMs, so

integrating each peak will result in a time-binned average number of three-photon

events, which we denote by G̃(3)(τ1, τ2) [examples plotted in figure 3.2(b–d)].

To obtain the normalized pulse-averaged third-order autocorrelation ḡ(3)(τ1, τ2),

we generalize the procedure for extracting the value of the second-order autocorre-

lation function [16]; specifically, we rescale the data such that ḡ(3)(τ1 → ∞, τ2 →
∞) = 1. This is done by dividing G̃(3)(τ1, τ2) by Ḡ

(3)
∞ , which we obtain by fitting the

histogram of G̃(3)(τ, τ) with the function

G̃(3)(mTrep,mTrep) =
(
Ḡ(3)(Trep, Trep)− Ḡ(3)

∞
)

e−mTrep/Tdecay +Ḡ(3)
∞ (3.2)

to remove the effects of probe-induced blinking [62] on Ḡ
(3)
∞ .

The error ranges given on our final values for ḡ(2)(0) and ḡ(3)(0, 0) take into account

both the standard deviation σ0 =

√
G̃

(n)
0 of the number of detection events in the given

pulse (at zero time-delay) as derived from Poissonian statistics and the uncertainty
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σ∞ in the normalization value Ḡ
(n)
∞ . Combining these effects,

ḡ(n)(τ1 = 0, τ2 = 0, ..., τn−1 = 0)

≡
G̃

(n)
0 ±

√
G̃

(n)
0

Ḡ
(n)
∞ ± σ∞

=
G̃

(n)
0 ±

√
G̃

(n)
0

Ḡ
(n)
∞

(
1∓ σ∞

Ḡ
(n)
∞

+O
(
σ∞

Ḡ
(n)
∞

)2
)

≈ G̃
(n)
0

Ḡ
(n)
∞
±

(
Ḡ

(n)
∞ + σ∞

)√
G̃

(n)
0 + σ∞G̃

(n)
0

Ḡ
(n)
∞

2 , (3.3)

which provides a method of easily computing both the nominal values for ḡ(2)(0) and

ḡ(3)(0, 0), as well as their expected variation.

Each peak in the histogram in figure 3.2(a) represents the unnormalized value

of the third-order autocorrelation, spread over the duration of the excitation pulse.

Since the width of the peaks is an artifact of the SPCM timing jitter, we sum the

events under each peak into a single time-bin to obtain the average number of three-

photon events G̃(3)(τ1, τ2) (here G̃(3) means we have time-binned the raw detection

events but not yet normalized them), in which the peaks are spaced by τ1 = mTrep and

τ2 = nTrep [figure 3.2(b–d)]. We find that the normalized third-order autocorrelation

at (τ1, τ2) = (0, 0) is given by ḡ(3)(0, 0) = G̃(3)(0, 0)/Ḡ
(3)
∞ = 0.016 ± 0.005; i.e., the

simultaneous arrival of three photons is almost completely suppressed (we use the

notation ḡ(3) to indicate we have both time-binned and normalized the raw coincidence

counts, so this represents our experimental measurement of the theoretical value

g(3)). For comparison, figure 3.2(e) then plots the two-photon coincidence counts

G̃(2)(τ) detected between SPCM1 (start) and SPCM2 (stop), from which we extract

ḡ(2)(0) = G̃(2)(0)/Ḡ
(2)
∞ = 0.126 ± 0.001. Note that for this case of quasi-resonant

excitation we observe the blinking-related decay of two-photon coincidences with

Tdecay ≈ 1.37 µs. The non-zero values of both ḡ(3)(0, 0) and ḡ(2)(0) are the result

of imperfect spectral filtering of the background photoluminescence (PL) from the

sample. We also excited the system through the wetting layer of the QDs (860

nm), which resulted in additional PL noise, worsening the single-photon behavior

of the system. In this case, ḡ(2)(0) = 0.795 ± 0.002 (with Tdecay ≈ 0.3 µs), while
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ḡ(3)(0, 0) = 0.59 ± 0.02; i.e., the number of events in which three photons arrive

simultaneously is still significantly lower than the number of events in which two

photons arrive simultaneously.

It is also worth mentioning that since we extract the correlations from a complete

list of photon arrival times instead of the more conventional approach of detecting two

photons and binning the difference of their arrival times, our recorded correlations

at τ � Trep are not affected by the exponential decay that otherwise arises as a

consequence of the single-stop binning technique [63].

3.3 Two-photon correlations in a strongly coupled

QD–cavity system

We next examine a different system in which the QD is strongly coupled to the

photonic crystal nanocavity. We verify the strong coupling between the cavity and the

QD by observing an anticrossing in the reflectivity (taken using a superluminescent

broadband diode as a source) when the QD is temperature tuned through resonance

with the cavity [figure 3.1(c)]. By fitting the observed spectrum [figure 3.3(a)] as

described in section 2.4.2, we extract the experimental parameters of the system—

the decay rate of the cavity field κ/2π ≈ 26 GHz (corresponding to a quality factor

Q ≈ 6, 200), the QD–cavity coupling rate g/2π ≈ 21 GHz, and the fraction of the

time the dot spends in a dark state (not interacting with the cavity) due to blinking,

pdark ≈ 0.38. As mentioned earlier, when probed near resonance with coherent light

from a laser, such a system can act as an adjustable photon number filter thanks

to the anharmonic JC ladder [18]. Prior to this work, only measurements of the

second-order autocorrelation function had been performed on such a system [16, 45].

The relevant features of the photon correlations in this system occur at a time-

scale given by the lifetime of a photon inside the cavity [16], which is significantly

shorter than the time resolution of the SPCMs. To resolve these features, we sample

the correlations by a train of pulses from the mode-locked Ti:sapphire laser (∼80

MHz repetition rate). The linewidth of the original ∼3 ps pulses was reduced to
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∆λFWHM ≈ 0.04 nm (corresponding to a bandwidth of roughly 14 GHz) by passing

the pulses through a monochromator. This allows us to resolve the relevant spectral

features of the system while retaining the fast sampling. The average optical power

in the pulse train was measured to be P̄probe ≈ 0.2 nW in front of the objective lens,

which at an frep ≈ 80 MHz repetition rate and with a coupling efficiency of η ∼ 0.01

corresponds to an approximate intracavity photon number (during the on-time of the

pulse) of
ηP̄probe
freph̄ω

≈ 0.12.

We first tune the pulses to be on resonance with the QD–cavity system [red ar-

row in figure 3.3(a)] and record the arrival times of the transmitted photons using

the three-SPCM setup from figure 3.1(b), with the system held at a temperature

of T ≈ 30 K. From this data we can extract the second-order autocorrelation func-

tion g(2)(τ) via the two-photon coincidence counts G̃(2)(τ) detected between SPCM1

(start) and SPCM2 (stop) [figure 3.3(b)]. In addition to two-photon bunching caused

by photon-induced tunneling, this data also reveals the presence of classical bunching

resulting from QD blinking [16, 62]. The latter manifests itself as an exponential

decay of coincidence counts G̃(2)(τ) for increasing τ . The time constant of this decay,

Tdecay ≈ 0.5 µs, is much longer than the decay of the bunching from photon-induced

tunneling, and we extract it together with the normalization constant Ḡ
(2)
∞ by fitting

the histogram with the function G̃(2)(mTrep) = (Ḡ(2)(Trep)−Ḡ(2)
∞ ) e−mTrep/Tdecay +Ḡ

(2)
∞ .

Note that this decay time is determined by the mean switching rate between the

bright and dark states, and is independent of the fraction of time pdark the QD actu-

ally spends in the dark state. Unfortunately, because of the much faster time-scales

of our system compared to conventional atom–cavity experiments [60], we cannot

resolve the decay rate of photon bunching caused by photon-induced tunneling, as

this happens within the time scale of the individual pulses. After normalization, the

second-order autocorrelation is ḡ(2)(0) = G̃
(2)
0 /Ḡ

(2)
∞ = 1.141± 0.003.
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Figure 3.3: Two- and three-photon correlations in a resonantly probed
strongly coupled QD–cavity system. (a) The transmission spectrum (blue)
of the strongly coupled system in which the QD was tuned into resonance with the
cavity. For comparison purposes, the dashed gray curve plots the calculated trans-
mission of an empty cavity with Q = 6, 200, while the red dotted curve represents
the spectrum of the probe pulse (whose center frequency is tuned into resonance with
the dot and the cavity, as marked by a red arrow). (b) Two-photon coincidence
counts G̃(2)(τ) observed in the transmission of the strongly coupled system. Notice
the classical bunching caused by QD blinking. The second-order autocorrelation is
ḡ(2)(0) = G̃

(2)
0 /Ḡ

(2)
∞ = 1.141± 0.003. (c) Three-photon coincidence counts G̃(3)(τ1, τ2)

observed in the photons transmitted through the resonantly probed system. (d) Di-
agonal elements of G̃(3)(τ1, τ2), with τ1 = τ2 = τ . The QD blinking again results
in classical bunching that decays with the same time scale as for that observed in
G̃(2)(τ). (e) G̃(3)(τ1, τ2), with τ2 = 0, corresponding to the three-photon events in
which the system emits the second and third photons simultaneously.
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3.4 Three-photon correlations in a strongly cou-

pled QD–cavity system

In a process analogous to obtaining the second-order autocorrelation function, we

now extract the third-order temporal auto-correlation function ḡ(3)(τ1, τ2) via the

three-photon coincidence counts G̃(3)(τ1, τ2) shown in figure 3.3(c). The observed

correlations in this plot are in agreement with the previously reported measurements

[16] of g(2)(τ) in the photon-induced tunneling regime of a strongly coupled QD–

cavity system. In particular, the noticeable lines of enhanced peaks correspond to

the number of three photon events in which (i) the first and second photons arrive

simultaneously (the vertical line with τ1 = 0), (ii) the second and third photons

arrive simultaneously (the horizontal line with τ2 = 0, shown in figure 3.3(e) in more

detail), and (iii) the first and third photons arrive simultaneously (the diagonal line

with τ1 + τ2 = 0). At the same time, the highest peak at (τ1, τ2) = (0, 0) corresponds

to third-order temporal bunching in transmitted photons with ḡ(3)(0, 0) = 1.45±0.04,

which is noticeably larger than the value obtained for ḡ(2)(0). Note that as discussed

in section 3.2.1, the range of variation in this value has contributions both from the

standard deviation of the number of detection events for a given pulse (as determined

by a Poisson distribution) and from the uncertainty in the normalization constant.

These results are in marked contrast with the g(3) and g(2) measurements reported

in section 3.2 for the photoluminescence from a QD weakly coupled to a photonic crys-

tal nanocavity. In that system we discovered that ḡ(3)(0, 0) < ḡ(2)(0) < 1; i.e., there

were significantly fewer simultaneous three-photon detection events than simultaneous

two-photon detection events, as expected for an antibunched imperfect single-photon

source [59]. The strongly coupled system, on the other hand, exhibits photon-induced

tunneling when probed at the bare cavity resonance frequency, and hence shows the

signature of bunching: ḡ(3)(0, 0) > ḡ(2)(0) > 1.
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3.5 Frequency dependence of the multiple-photon

correlations

We repeated the autocorrelation measurements for a set of probe laser frequencies to

map the spectral dependence of ḡ(3)(τ1, τ2). Because the cavity had slightly shifted

in frequency, the measurement was now performed with the sample kept at a higher

temperature (∼40 K instead of ∼30 K), which negatively affected the amount of

detectable photon bunching. The QD was also slightly red-detuned from the cavity

resonance. Nevertheless, the frequency scan in figure 3.4(a) shows that as the probe

is tuned, the third-order autocorrelation ḡ(3)(0, 0) of the transmitted photons exhibits

either antibunched or bunched behavior as the system transitions from the photon

blockade to the photon-induced tunneling regime (for a probe red-detuned from the

cavity resonance). For comparison, figure 3.4(a) also shows the values of ḡ(2)(0)

obtained for the same frequency scan. In the tunneling regime ḡ(3)(0, 0) > ḡ(2)(0),

i.e., the simultaneous arrival of three photons is enhanced compared to simultaneous

two-photon arrivals, which is in qualitative agreement with numerical simulations

(explained further in section 3.7). During the experiment, we kept the probe power

constant at P̄probe ≈ 0.3 nW (corresponding to an approximate intracavity photon

number of 0.17) and the coupling of the probe into the cavity was re-optimized for

every data point.

The data in figure 3.4 show a good agreement with numerical simulations of the

values of g(2)(0) and g(3)(0, 0) as a function of probe detuning, given the system

parameters measured earlier [g/2π = 21 GHz, κ/2π = 26 GHz, and (γ + γd) /2π ≈
1 GHz], a probe driving strength of E0/2π = 10 GHz, a QD–cavity detuning of

∆ = 20 GHz, and the fraction of QD “dark state” time pdark ≈ 0.9 (note that this

is significantly higher than our earlier estimate based on the reflectivity spectrum

of the QD–cavity system, probably due to the higher temperature needed to bring

the dot into resonance with the cavity during this measurement). Importantly, the

experimental data and numerical simulations show that the bunching in g(2)(0) and

g(3)(0, 0) when the probe is on resonance with the QD and the cavity drops off as a

function of probe power [the inset of figure 3.4(a)], leveling out when the intracavity
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Figure 3.4: Comparison of autocorrelation functions. (a) A frequency scan of
the autocorrelation measurements with P̄probe ≈ 0.3 nW, corresponding to intracavity
photon number ∼0.17. The inset shows a comparison of the second- and third-order
autocorrelations for various levels of P̄probe, when the probe is on resonance with the
QD and the cavity. The dashed (solid) lines plot the result of a numerical simulation
for the second- (third-) order correlations. (b) A visualization of the time-binned and
normalized fourth-order autocorrelation function ḡ(4)(τ1, τ2, τ3). To guide the eye, the
value of each peak is represented both by color and size of the plotted data point.
(c) Schematics of the expanded HBT setup used to detect arrival times of up to four-
photon events used to obtain autocorrelation functions up to the fourth-order, i.e.,
ḡ(4)(τ1, τ2, τ3), shown in (b). (d) Increasing values of the autocorrelation functions
ḡ(n) at zero time-delay, plotted as a function of their order n (the red squares with
error bars represent experimental data, while the green diamonds plot the results of
a numerical simulation).

photon number nears 1. This power dependence indicates that the bunching we

observe is indeed due to photon-induced tunneling and not classical bunching due

to blinking; at higher powers, the QD saturates [64], which in turn diminishes the

polariton dip [5] and reduces the amount of bunching observed in the light transmitted

through the system, an effect which is well reproduced by our numerical simulations.

There are several factors that account for the difference between the theoretically

predicted values of the second- and third-order autocorrelations ḡ(2)(τ) and ḡ(3)(τ1, τ2)

and our experimentally observed values: background light due to imperfect extinction

of the uncoupled probe in the cross-polarization setup, QD blinking and spectral

diffusion, temperature-dependence of the QD dephasing rate, and the non-negligible

bandwidth of the probe pulses. In particular, the QD blinking and background light
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cause the observed signal to have a larger coherent-state component than desired.

The slight asymmetry of the data is due to the nonzero detuning between the QD

and the cavity resonance, an effect that will be explored in detail in chapter 4.

3.6 Four-photon correlations in a strongly coupled

QD–cavity system

We observe that the theoretically predicted values of g(3)(0, 0), the third-order pho-

ton correlations in a laser beam transmitted through a strongly coupled QD–cavity

system, differ more significantly than the values of g(2)(0) from the unity expected

from coherent (laser) light. This confirms that g(3)(τ1, τ2) is a more sensitive diag-

nostic tool for observing non-classicality in the measured photon statistics, as it can

more clearly be distinguished from the signature of coherent light. This approach—

increasing the order of the correlations in order to get a more clear signature of

non-coherent light—is further illustrated in figure 3.4(b–d), showing the preliminary

results of our measurements of the fourth-order autocorrelation function

g(4)(τ1, τ2, τ3) =
〈a†a†(τ1)a†(τ1 + τ2)a†(τ1 + τ2 + τ3)a(τ1 + τ2 + τ3)a(τ1 + τ2)a(τ1)a〉

〈a†a〉4 .

(3.4)

The four-photon correlations [figure 3.4(b)] were obtained by adding another pho-

ton counter to the generalized HBT setup [figure 3.4(c)], and then binning and nor-

malizing the four-photon coincidences in the transmitted light through this QD–cavity

system probed with resonant [figure 3.3(a)] laser pulses, a process equivalent to that

described earlier for g(2)(τ) and g(3)(τ1, τ2). Figure 3.4(d) then shows how the value

of the autocorrelation functions at zero time-delay keeps increasing with the order of

the autocorrelation function for light transmitted through the QD–cavity system in

the photon-induced tunneling regime. To obtain a sufficient number of four-photon

coincidences over a reasonable data collection time, the system was probed with

P̄probe ≈ 1.0 nW, which partially saturated the dot and resulted in lower observed
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values of ḡ(3)(0, 0) and ḡ(2)(0) for this particular measurement. This highlights a sig-

nificant drawback of this approach: the increasing integration time required to collect

enough events for a meaningful statistical analysis makes the measurement of higher-

order autocorrelations difficult or even impossible in some experimental systems.

In our setup, the single-photon count rate on each SPCM was roughly 7 × 105

counts per second for the g(4) measurements shown in figure 3.4. After identifying the

multiple-photon correlations and time-binning the delays, the coincidence counts are

distributed into a histogram consisting of a series of discrete peaks (corresponding to

different time-delays between photon arrivals in increments of 12.5 ns, the repetition

rate of the driving laser), as discussed in section 3.2.1. On average (away from

the zero time-delay peak), each two-photon coincidence peak accumulated events at

a rate of 22,000 to 42,000 counts per second (depending on the particular SPCM

configuration), while three-photon coincidence peaks accumulated events at a rate of

27 to 42 counts per second, and four-photon coincidence peaks accumulated events at

a rate of only 0.25 counts per second. We observe that moving to the next higher-order

autocorrelation function decreases the count rate (and hence increases the integration

time) by roughly a factor of 100. Since at minimum several hundred counts are

needed to make a reliable measurement, this puts the total integration time for g(4)

measurements (in our setup) on the order of hours.

3.7 Theoretical modeling

We model the dynamics of a coupled QD–cavity system (coherently driven by a laser

field) with the JC Hamiltonian of the form

H = ∆QDσ+σ− + ∆cava
†a+ g(a†σ− + aσ+) + E(t)a+ E∗(t)a†, (3.5)

which assumes the rotating-wave approximation (RWA) and a frame of reference

rotating with the frequency of the laser field ωl. Here ∆QD = ωQD − ωl and ∆cav =

ω0 − ωl are respectively the detuning of the QD resonant frequency ωQD and the

cavity resonance frequency ω0 from the laser, g is the coherent coupling strength
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between the QD and the cavity mode, E(t) =
√

κP (t)
h̄ω0

is the slowly-varying envelope

of the coherent driving field with power P (t) incident on the cavity, and a is the

annihilation operator for the cavity mode. If the excited and ground states of the QD

are denoted by |e〉 and |g〉, then σ− = |g〉〈e| and σ+ = |e〉〈g|.
Three main loss mechanisms of this system (the cavity field decay rate κ = ω0/2Q

where Q is the quality factor of the resonator, QD spontaneous emission rate γ, and

pure dephasing of the QD γd) are incorporated in the master equation,

dρ

dt
= −i[H, ρ] + κL[a] + γL[σ] + γdL[σ+σ−], (3.6)

where ρ is the density matrix of the coupled QD–cavity system and L[D] is the

Lindblad operator corresponding to a collapse operator D, defined as

L[D] = 2DρD† −D†Dρ− ρD†D. (3.7)

We define the values of the second- and third-order autocorrelation functions

g(2)(τ1) and g(3)(τ1, τ2) [47] as

g(2)(τ1) =
〈a†a†(τ1)a(τ1)a〉

〈a†a〉2 ,

g(3)(τ1, τ2) =
〈a†a†(τ1)a†(τ1 + τ2)a(τ1 + τ2)a(τ1)a〉

〈a†a〉3 , (3.8)

where τ1 is the time between the arrival of the first and second photons and τ2 is the

time between the arrival of the second and third photons. Thus, if we assume that

the output photon state transmitted through the system can be expressed as a super-

position of the photon number (Fock) states |ψ〉 =
∑

n cn |n〉 where the probability

of the nth Fock state is P (n) = |cn|2, it follows that

g(2)(0) =

∑
n n(n− 1)P (n)

[
∑

n nP (n)]2
,

g(3)(0, 0) =

∑
n n(n− 1)(n− 2)P (n)

[
∑

n nP (n)]3
. (3.9)
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In particular, this means that g(2)(0) = 0 for a single-photon pulse train (whether per-

fect or sparse), while g(2)(0) = 1/2 for a perfect two-photon pulse train but g(2)(0) ≈
1/2ε2 for a sparse two-photon pulse train (defined as |ψ〉 ≈

√
1− ε2|0〉+ ε|2〉).

Note that a classical light source producing a coherent state |α〉 =
∑

n
αn√
n!
|n〉 can

also have a particular Fock state |m〉 to be the state with the highest probability of

occurrence P (m), if α is chosen such that m < α2 < m + 1. Thus to evaluate the

non-classicality of a Fock-state source (and to distinguish it from a coherent source),

we define the ratio rm = P 2(m)
P (m−1)P (m+1)

[18], which contrasts the probability of state

|m〉 with the probabilities of the neighboring Fock states |m − 1〉 and |m + 1〉 in a

given light source. For a coherent state, the ratio rm = 1 + 1/m remains a constant

for a given m, which cannot be optimized by adjusting the value of α. This, in turn,

leads to g(n)(0) = 1 at all orders n for an m-photon source based on attenuation of

coherent light (from the simple application of the expressions above for g(2) and g(3)).

Thus, the level of non-classicality of a weak m-photon Fock-state source, such as one

based on the generalized photon blockade studied here, can be quantified either by

how much its value of rm differs from the classical limit [figure 3.5(d–f)] or by looking

at the values of its g(m)(0) and g(m+1)(0) [figure 3.5(c)]. Hence, the measurement

of higher-order photon correlations is of critical importance for distinguishing non-

classical states from coherent light.

Figure 3.5(a) shows the theoretical technique for addressing higher-order manifolds

of the JC ladder of a strongly coupled QD–photonic crystal nanocavity system [16],

while figure 3.5(b–f) plot the numerical simulation results that show the response of

the system to different probe laser frequencies. These simulations were performed by

numerically integrating the quantum master equation using the QOToolbox originally

developed by Tan [65]. The parameters used for the simulation are those of an ideal

QD–cavity system that is currently within experimental reach and that is driven with

laser pulses comparable to those used in our experiment. As expected, the system

behaves as a highly non-classical source in the single-photon regime [blue arrows in

figure 3.5(a)]. The single-photon component dominates the vacuum, as well as all

multi-photon Fock states [figure 3.5(b)], resulting in g(2)(0) ≈ 0.4 [figure 3.5(c)] and

r1 ≈ 25 [figure 3.5(d)] for ∆/g ≈ 1.1. Accessing the two-photon regime requires
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Figure 3.5: Creating and detecting two-photon states inside a cavity con-
taining a quantum emitter. (a) Energy diagram of a strongly coupled QD–cavity
system showing the spacings between the levels of the first- and second-order man-
ifolds. Because the energy differences between consecutive levels are not constant,
the system can act as a photon-number filter when the frequency of the probe laser
is tuned properly. Here the blue arrow represents the probe frequency at which only
individual photons couple into the system. The red arrow represents the probe fre-
quency at which photons couple in pairs via a two-photon transition, while the green
arrow represents the frequency at which a three-photon transition is addressed. (b)
Probability of n-photon state, P (n), inside the QD–cavity system as a function of
laser-cavity detuning ∆ and (c) the corresponding second- and third-order correla-
tion functions (plotted in log scale). The photon statistics were numerically calculated
for a system driven by Gaussian pulses with duration τp ≈ 25 ps. The simulation
parameters for both (b) and (c) are g/2π = 40 GHz, κ/2π = 4 GHz, and Eo/2π = 9
GHz, close to the highest achievable g with this type of system and to the highest
quality factor (Q ≈ 25, 000) measured in our laboratory; here, γ/2π = 1 GHz and
pure QD dephasing γd is neglected. The magnified sections of the plots (both in
linear scale) show the frequency range (marked by the vertical dashed lines) in which
the two-photon state is dominant over the other states [P (2) > P (1) + P (3)], where

g(2)(0) > 1 and g(3)(0, 0) < 1. The ratios (d) r1 = P 2(1)
P (0)P (2)

, (e) r2 = P 2(2)
P (1)P (3)

, and (f)

r3 = P 2(3)
P (2)P (4)

, as functions of the frequency of the probe laser. Each plot is contrasted

with r1, r2, and r3 for a coherent light source with 〈a†a〉 = 2 (dashed gray lines).
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addressing the levels of the second manifold of the JC ladder [red arrows in figure

3.5(a)]. This addressing is more difficult to do precisely, given that the linewidth of

the levels in the second manifold is roughly twice as big as the linewidth of the levels

in the first manifold [66]. As a result, the frequency for the maximum probability

of a two-photon state [∆/g = 0.94, figure 3.5(b)] does not fully coincide with the

maximum non-classicality of the two-photon regime [r2 ≈ 4.4 at ∆/g ≈ 0.9, figure

3.5(e)], and both are actually outside of the frequency region in which the two-photon

state dominates over the other non-zero Fock states [g(3)(0, 0) < 1 and g(2)(0) > 1,

magnified section of figure 3.5(c)]. The detrimental effect of the increasing level

broadening of the higher-order manifolds fully takes over when one tries to access

the three-photon regime [green arrows in figure 3.5(a)]. While P (3) is maximized at

∆/g ≈ 0.7 [figure 3.5(b)], the three-photon state is far from dominant and r3 only

reaches ∼2 [figure 3.5(f)].

These results illustrate the main limit of this scheme for non-classical light gen-

eration, which comes from the unresolvability of the higher-order manifolds in the

currently achievable GaAs L3 cavities with self-assembled QDs. The full potential of

this scheme, in particular its photon-number filtering capabilities, could nevertheless

be utilized in optical systems with higher quality factors (such as silicon-based L3

cavities) or smaller mode volumes (which can potentially result in higher coupling

strengths), or in circuit cavity-QED systems.

3.7.1 Relation between g(2)(0) and correlation measurements

The expression g(2)(0) = 〈a†a†aa〉
〈a†a〉2 is commonly used to describe the second-order field

autocorrelation of a light beam. However, in the context of our pulsed excitation

scheme this expression is somewhat incomplete [67]. A semiclassical treatment of

photodetection defines the measured degree of second-order coherence at zero time-

delay as ḡ(2)(0) ≡ 〈m(m−1)〉
〈m〉2 , which is the normalized second-order factorial moment of

the time-integrated photocount distribution Pm(T ) for m photons in a detection win-

dow of width T . By analogy to the classical integrated mean intensity, the quantum
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mechanical operator

M̂(T ) =

∫ T

0

dt b†(t)b(t) (3.10)

represents the total photon number arriving at an ideal detector over the time interval

t ∈ [0, T ], such that 〈m〉 = 〈M̂(T )〉. Here, b(t) is the instantaneous field mode

operator describing the field flux, as distinct from the cavity field mode operator a(t):

b(t) describes a field flux while a(t) describes a field. Comparing our semiclassical

definition of g(2)(0) to the quantum mechanical operator M̂(T ), we have

ḡ(2)(0) =
〈M̂(T )(M̂(T )− 1)〉

〈M̂(T )〉2
=
〈: M̂(T )2 :〉
〈M̂(T )〉2

, (3.11)

where 〈: M̂2(T ) :〉 denotes the quantum mechanical expectation value of the normally

ordered second moment of the photon number operator. Writing out this expression

explicitly, we obtain

ḡ(2)(0) =

∫ T
0

∫ T
0
dtdt′ 〈b†(t)b†(t′)b(t′)b(t)〉
(
∫ T

0
dt 〈b†(t)b(t)〉)2

, (3.12)

and substituting the unnormalized correlation moments for the expectation values,

we arrive at

ḡ(2)(0) =

∫ T
0

∫ T
0
dtdt′G2

bb(t, t
′)

〈m〉2 . (3.13)

Therefore, the measured ḡ(2)(0) actually represents a quantity other than that which

g(2)(0) = 〈a†a†aa〉
〈a†a〉2 would suggest. Instead of representing the correlation between

two Fock states—states that incidentally do not exist in free space—ḡ(2)(0) repre-

sents the sum of all field flux correlations G2
bb(t, t

′) over the detection time. In other

words, 〈a
†a†aa〉
〈a†a〉2 operates only on states which are well defined in a cavity whereas

the correlation measurements are performed on fluxes. However, input-output the-

ory provides a direct connection between the internal and external mode operators

such that measuring zero time-delay flux correlations is equivalent to calculating∫ T
0

∫ T
0 dtdt′〈a†(t)a†(t′)a(t′)a(t)〉

(
∫ T
0 dt〈a†(t)a(t)〉)

2 inside the cavity.
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3.8 Outlook

To achieve efficient generation of photon pairs and other higher-order Fock states

using this method, a system with a better dot–cavity coupling strength g and higher

cavity quality factor would be needed (as indicated by the numerical simulations

presented in figure 3.5 above). Alternatively, control over the dot–cavity detuning

with current experimental parameters could also be employed to improve photon

blockade and as an alternative scheme for generating higher-order Fock states, as

proposed by Sánchez-Muñoz et al. [19]. This approach will be explored further in

chapter 4. Finally, these higher-order autocorrelations have the potential to be used

for monitoring phase transitions in condensed-matter simulations based on photon

gases [68]. The possibility of using an array of coupled photonic crystal cavities for

such a simulation will be discussed in more detail in chapter 6.



Chapter 4

Photon blockade in a detuned

quantum dot–cavity system

The on-chip generation of non-classical states of light is a key requirement for future

quantum optical hardware. As I’ve shown in the previous chapters, such non-classical

light can be generated from self-assembled quantum dots strongly coupled to photonic

crystal cavities. These systems have the advantage that the degree of non-classicality

can be controlled simply by varying the probe frequency, as discussed in chapter 3.

However, the photon blockade observed in such resonant systems is quite limited

compared to what is achievable with single QDs alone. In this chapter, I present

a method of improving the suppression of multi-photon states by controlling the

detuning between the QD transition and the cavity resonance.

In particular, we demonstrate the feasibility of performing photon blockade at

significant detuning, and indeed the importance of doing so for high-purity and

high-efficiency operation [22]. We show that by detuning the QD and cavity res-

onances while operating in the photon-blockade regime, the second-order autocorre-

lation function [g(2)(0)] of the light transmitted through the cavity decreases from

g(2)(0) = 0.9 ± 0.05 to g(2)(0) = 0.29 ± 0.04. Simulations of the second- and third-

order autocorrelation functions for our system are in excellent agreement with the

measurements, and they reveal that not only does the quality of the single-photon

34
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stream increase, but that the absolute probability of obtaining a single photon in-

creases by a factor of ∼2. Furthermore, we show that the values we obtain for g(2)(0)

are only limited by the system parameters (QD–cavity field coupling strength g and

cavity field decay rate κ), and that high-quality single-photon emission is within reach

for current state-of-the-art samples with specific QD–cavity detunings.

4.1 Background

The phenomena of photon-induced tunneling and photon blockade in strongly coupled

systems have been experimentally demonstrated both for the case of the QD on

resonance [16, 17, 18] and near resonance [45] with the cavity (as well as for resonant

atom–cavity systems [44]). However, in the case of large detuning between the QD

and cavity resonance these effects have only been investigated theoretically [69].

The energy structure of a quantum emitter strongly coupled to a cavity is well

described by the Jaynes–Cummings Hamiltonian introduced in section 2.3:

H = ω0a
†a+ (ω0 + ∆)σ†σ + g(a†σ + aσ†), (4.1)

where ω0 denotes the frequency of the cavity, a the annihilation operator associated

with the cavity mode, σ the lowering operator of the quantum emitter, ∆ the de-

tuning between quantum emitter and cavity, and g the emitter–cavity field coupling

strength. After introducing dissipation into the JC system we obtain a quantum

Liouville equation with complex eigenenergies [69]:

En
± = nω0 +

∆

2
− i(2n− 1)κ+ γ

2
±
√

(
√
ng)2 +

(
∆

2
+ i

κ− γ
2

)2

, (4.2)

where En
± corresponds to the nth rung of the system. The real part of En

± yields the

energies of the states whereas the imaginary part yields their linewidths. Interestingly,

all four parameters κ, γ, ∆, and g contribute to the polariton splittings and linewidths.

The resulting eigenenergies, the JC ladder dressed states, are illustrated in figure

4.1(a). For n photons in the cavity the energy is nω0 (red lines), and the energy of the
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Figure 4.1: Transition energies of a strongly coupled system. (a) JC ladder
obtained from equation 4.1, showing the lower polariton (LP) and upper polariton
(UP) branches. (b) Cross-polarized reflectivity spectrum of the coupled QD–cavity
system obtained for tuning the QD through the cavity resonance. (c) Relative ener-
gies for exciting the nth rung of the JC ladder in an n-photon process. (d) Relative
transient energies for climbing the JC ladder rung by rung. Transitions from upper
and lower polaritons are color coded in blue and green, respectively.

quantum emitter (orange) varies with a detuning parameter. Due to the coupling, the

resulting energy eigenstates are the anticrossing polariton branches. At resonance,

the splitting is given by 2g
√
n (with n being the index of the rung). While this

dissertation explicitly discusses the case of a QD in a photonic crystal cavity, the

same physics holds for a large number of systems such as those formed by atoms

[70, 71] or superconducting circuits [72].

As discussed in chapter 2, our sample consists of a layer of low-density InAs QDs

grown by molecular beam epitaxy and embedded in a photonic crystal L3 cavity [30].

For QDs, the anticrossing that results from the coupling to a cavity can be efficiently

studied in optical spectroscopy experiments, where the detuning between the QD

and cavity resonance is controlled by the lattice temperature [37, 41]. Figure 4.1(b)

shows the transmission through the cavity measured in a cross-polarized reflectivity

configuration [4] in the temperature range T = 31−38 K. A clear anticrossing provides

evidence of strong coherent coupling between QD and cavity. A fit (as described in

section 2.4.2) reveals a coupling strength of g/2π = 10.9 GHz and a cavity field decay
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rate κ/2π = 10.0 GHz for this system.

Due to the unequal energy spacing (anharmonicity) of the JC ladder, transmission

of a laser through the cavity affects the beam’s photon statistics and introduces strong

photon correlations [16, 45]. This is schematically illustrated by the solid blue arrows

in figure 4.1(a); if the laser is tuned into resonance with one of the polariton branches

of the first rung, it cannot excite the system to the second rung due to the ladder

anharmonicity. Therefore, in this regime the transmitted beam consists of a series

of single photons as a result of this “photon blockade.” However, the fidelity of this

process is inherently limited by the transition linewidths, given by the cavity field κ

and quantum emitter γ decay rates. In particular, due to final state broadening and

the shorter lifetime of higher excited states, transitions to higher rungs have larger

linewidths, further reducing the probability of generating single photons.

4.2 Effect of QD–cavity detuning

Surprisingly, operating the system at a significant QD–cavity detuning can lead to

higher-purity single-photon emission. We consider two cases to support this conclu-

sion: the excitation of a higher rung in a “simultaneous” multi-photon process and

“subsequent” photon-by-photon excitation. In order to investigate both cases in de-

tail, we plot the energies for an n-photon excitation of the nth rung in figure 4.1(c)

and the transient energies from one rung to the next in figure 4.1(d). Clearly, at

zero detuning the energies for exciting the first and higher rungs are close together

[figure 4.1(c)], and their separation strongly increases for the upper (lower) polariton

branch for positive (negative) detunings of the quantum emitter. Hence, for a laser in

resonance with the first rung, the probability of n-photon excitation of higher rungs

decreases with increased detuning. Similar scenarios can be found for subsequent

climbs up the ladder; figure 4.1(d) shows the transition energies from the ground

state to the first rung, the first to the second rung, and the second to the third rung

as solid, dashed, and dotted lines, respectively. Transitions from an upper (lower)

polariton branch to higher rungs are color coded in blue (green). Near resonance
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the first and second transitions are close in energy but their separation strongly in-

creases with the detuning of the quantum emitter [c.f. dashed blue arrows in figure

4.1(a)]. The close proximity of the first rung to the outer higher order transitions

for large detunings does not reduce the single-photon emission character, since these

transitions occur from the other polariton branch as can be seen from the different

colors. Therefore, a detuning between quantum emitter and cavity is also expected to

improve the purity of single-photon generation under photon blockade for subsequent

rung excitation.

Detuning also affects the linewidths of the states in such a way that the linewidth

of a polariton branch that evolves towards the bare QD (bare cavity) transition de-

creases (increases). Equation 4.2 shows that the detuning between different rungs

scales with
√
n while the linewidth scales with n. This can be easily understood—

the decay rate of a certain rung is proportional to the number of photons involved.

Most strikingly, for the case of QDs and photonic crystal cavities with κ � γ, the

linewidth of a given polariton branch closer to the bare QD (bare cavity) at nonzero

detuning is smaller (larger) than at resonance. This is particularly important for

photon-blockade phenomena that rely on the absence of an energy overlap between

transitions from the crystal ground state to the first rung and transitions from the

first rung to higher rungs. Therefore, detuning the QD and cavity resonances not

only increases the energy difference between transitions involving different rungs but

also decreases the linewidth of the polariton branches closer to the bare QD transi-

tion. This further reduces the overlap of transitions involving different rungs of the

JC ladder and increases the fidelity of photon blockade.

4.3 Photon blockade in a detuned system

To quantify the quantum character of light, we return to the second-order autocorre-

lation function g(2)(τ) = 〈a†a†(τ)a(τ)a〉
〈a†a〉2 [47] at τ = 0. For a pulsed source, this can be

expressed as

g(2)(0) =
〈m(m− 1)〉
〈m〉2

, (4.3)
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where m signifies a number of detections in the photocount distribution [67]. As

discussed in section 3.7, this results in g(2)(0) = 1 for a coherent source and g(2)(0) = 0

for a perfect stream of single photons.

To test our expectation that the purity of single-photon generation under photon

blockade can be improved by detuning the QD and cavity resonances, we measured

g(2)(0) from the output correlations of a laser beam transmitted through the cavity

using a Hanbury Brown and Twiss setup (see section 3.1 for more details). The left

part of figure 4.2 shows g(2)(0) as a function of the laser detuning for six different

QD–cavity detunings. The data were recorded under pulsed excitation with τp =

30 ps pulses. This pulse duration was chosen as a compromise between frequency

resolution and avoiding re-excitation of the system. In the case of ∆ ≈ 0, the form of

g(2)(0) is nearly symmetric with photon-induced tunneling generating a maximum of

g(2)(0) = 1.45 ± 0.05 in the center, and photon blockade generating a minimum dip

of g(2)(0) = 0.85 ± 0.05 [g(2)(0) = 0.92 ± 0.05] at the laser detuning of 1.5g [−1.5g].

When detuning the QD, the maximum of g(2)(0) shifts such that it stays between

the polariton branches before it disappears for detunings greater than ∼4 g. The dip

of g(2)(0) both moves with and shifts toward the polariton branch that is closer to

the bare QD transition. Most strikingly, the depth of the dip increases and reaches

a value as low as g(2)(0) = 0.45 ± 0.05 for the detunings of ∆ = 2.7g and ∆ = 4.4g.

This value is lower than 0.5, indicative of strong single-photon character, and lower

than g(2)(0) measured in any prior photon-blockade experiments in the solid state.

We note here that since the lifetime of the polariton branch closer to the bare QD

transition increases with detuning (for details see section 4.6), excitation with 70 ps

pulses was possible without re-exciting the system at detunings of ∆ = 3g − 5g,

further reducing the minimum antibunching observed to g(2)(0) = 0.29 ± 0.04 (see

figure 4.6). Small asymmetries in the experimental measurements result from the

wavelength dependence of the cross-polarized laser suppression, asymmetries in the

spectral shape of the laser pulse, drift of the QD–cavity detuning, and temperature

differences between curves.

To support our findings, we performed quantum optical simulations using a quan-

tum trajectory method (see section 4.4.1). Overall, the results of these simulations
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Figure 4.2: Measured (left) and simulated (right) g(2)(0) as a function of the
laser detuning, for a set of different QD–cavity detunings. With increased
detuning the depth of the antibunching is more pronounced. Vertical lines represent
the relevant transition energies of the JC ladder as described in figure 4.1.
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(presented on the right side of figure 4.2) are in excellent qualitative agreement with

the measurements and also quantitatively resemble the values measured in the photon-

blockade regime. Only small differences exist; for example, the measured maximum

values of g(2)(0) are slightly lower than the simulated ones. This can be explained by

blinking of the quantum emitter [45], which was not included in the simulations.

4.4 Photon-number components of the generated

non-classical light

As discussed in chapter 3, higher-order autocorrelations are necessary to characterize

the multi-photon nature of non-classical light [21]. Thus, to further investigate the

single-photon character of the light transmitted through the cavity we performed

measurements of the third-order autocorrelation function g(3)(0, 0) = 〈m(m−1)(m−2)〉
〈m〉3 .

Figure 4.3(a) shows both g(2)(0) and g3(0) as functions of the laser detuning for the

case of QD–cavity detuning of ∆ = 0 (left) and ∆ = 2.8g (right). Clearly, g3(0)

shows the same qualitative shape as g(2)(0) but with stronger non-classical values.

Simulations of these autocorrelation functions [figure 4.3(b)] show good agreement

with the measurements. In particular, in the photon-blockade regime the values of

g3(0) are lower than those of g(2)(0), indicating that g(2)(0) is mainly limited by

two-photon events and not events corresponding to higher photon numbers.

Since the agreement with the measured autocorrelation functions is very good,

we can rely on the simulations to explicitly evaluate quantities only within reach of

theory, such as the probabilities Pn of transmitting n photons per excitation pulse

through the cavity. These probabilities are presented in figure 4.3(c) for n = 0 − 3

under the same conditions as the data shown in figure 4.3(a). Interestingly, we find

that in the case of zero QD–cavity detuning [figure 4.3(c) left], we see significant

contributions of one-, two- and three-photon events for all laser detunings. In fact,

the probability of two-photon events (blue) actually exceeds the probability of single

photons (red) in the case of the best photon blockade. In contrast, for a QD–cavity

detuning of ∆ = 2.8g [figure 4.3(c) right] operating in the photon-blockade regime,
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single-photon events (red) strongly dominate over two-photon events (blue) and the

probability of three-photon events (purple) becomes negligible. Most strikingly, in

the detuned case, not only does the quality of the single-photon stream increase,

but the absolute probability of finding a single photon in the transmitted laser pulse

increases by a factor of ∼2. In addition to the agreement between measured and

simulated values for both g(2)(0) and g(3)(0, 0), the experimental count rates support

this finding. Since the overall count rate is proportional to
∑

n nPn, it does not

directly correspond to the overall single-photon efficiency. However, we can still

calculate the ratio of the count rates at different detuning conditions in order to

support our claim of increased single-photon efficiency. Comparing the resonant and

detuned cases at the points of best photon blockade, our simulated count rates result

in a ratio of 2.27 : 1.05 = 2.16, which is in very good agreement with the measured

ratio of 4× 104 : 1.8× 104 = 2.22.

This counterintuitive finding that the efficiency of single-photon generation in-

creases when detuning QD and cavity resonances can be understood in the following

way. Photon blockade is obtained if the first rung of the JC ladder is excited while

the overlap of the laser with higher rungs is suppressed. When the QD and cavity are

on resonance, this suppression is inherently limited by the linewidths of the transi-

tions, which scale with n since the decay rate of a rung is proportional to the number

of photons. Meanwhile, the energy difference of subsequent rungs scales with
√
n

(see section 4.2 above). Therefore, for any system parameters κ and g that can be

achieved with the QD and cavity in resonance, there will always be an overlap be-

tween the transition to the first rung and transitions corresponding to higher climbs

up the ladder. As a result, the strongest photon blockade at zero QD–cavity detuning

is not observed for the laser exactly on resonance with the first rung of the JC ladder

(∼ ±g), but rather with the laser off resonance and detuned to ∼ ±1.5g (c.f. figure

4.3, left). In contrast, if the separation between different JC rungs is enhanced by

detuning the QD and cavity, the strongest photon blockade is obtained with the laser

on resonance with the polariton branch, making photon blockade more efficient than

in the zero detuning case. Therefore, not only the purity but also the efficiency of

single-photon generation improves given the correct QD–cavity detuning.
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4.4.1 Details on the simulations of g(2)(0) and Pn

As in section 3.7 above, under RWA and in a rotating reference frame relative to

the laser field (frequency ωl) the JC Hamiltonian describing the interaction of our

strongly coupled system with a laser pulse takes the form

H = ∆QDσ+σ− + ∆cava
†a+ g(a†σ− + aσ+) + E(t)(a+ a†), (4.4)

where σ± are the dipole operators, a is the cavity mode operator, and E(t) is the

slowly-varying field–cavity coupling amplitude. The self-energies and their shifts in

the rotating frame are defined by ∆QD = ωQD − ωl and ∆cav = ω0 − ωl, where ωQD

and ω0 are the QD and cavity energies, respectively. We take the laser pulse as a

Gaussian, well described by E(t) = E0 exp(− t2

2τ2
p
), where τp = 30 ps is the pulse length.

In simulations, we find that E0 results in correlations that closely match the observed

experimental data. Additionally, we assume that the cavity field decay (κ) dominates

the loss dynamics because the QD lifetime is almost two orders of magnitude larger

than the cavity lifetime.

The simulations presented in this chapter were performed using the Quantum

Optics Toolbox in Python (QuTiP) [73]. To simulate the second order correlation

function, two different approaches are used: the quantum regression theorem and the

quantum jump method. Application of the quantum regression theorem to a problem

of the form

〈A(t)B(t+ τ)C(t)〉 (4.5)

yields the result

〈A(t)B(t+ τ)C(t)〉 = Trsys{BΛ(t, t+ τ)}, (4.6)

where Λ(t, t+ τ) is governed by the evolution equation

∂rΛ(t, t+ τ) = L(t+ τ)Λ(t, t+ τ) (4.7)
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subject to the initial condition

Λ(t, t) = Cρ(t)A. (4.8)

After careful time-ordering [74], equation 3.12 has the same form as equation 4.5 and

thus the implementation of the quantum regression theorem for the calculation of

g(2)(0) is straightforward.

In the quantum jump method, quantum trajectories that are solutions for our sys-

tem’s associated stochastic Schrödinger equation are calculated. Monitoring collapse

events of the cavity field over many trajectories generates the expected photocount

distribution that would be measured by an ideal, infinite bandwidth detector placed

directly at the cavity output. From this distribution, we directly compute the normal-

ized second-order factorial moment in order to simulate our experimentally measured

g(2)(0) = 〈m(m−1)〉
〈m〉2 .
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Figure 4.4: Comparison of the quantum regression theorem and quantum
jump method. Simulated g(2)(0) obtained using the quantum regression theorem
(solid lines) and quantum jump method (red triangles) for a QD–cavity detuning of
(a) ∆ = 0 and (b) ∆ = 2.8g.

While using the quantum regression theorem results in a faster simulation of

g(2)(0), the quantum jump method additionally provides the explicit probabilities for

the transmission of n photons per pulse. To validate the performance of the quantum

jump method for our case and to ensure that we have simulated a sufficiently large

number of quantum trajectories, we present in figure 4.4 simulated values of g(2)(0)

as a function of the laser detuning for two different QD–cavity detunings (c.f. figure
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4.2), as obtained from the quantum regression theorem and quantum jump method

(black solid lines and red triangles, respectively). Clearly, the two methods are in ex-

cellent agreement. Furthermore, because the correlation functions describing photon

statistics are robust to loss and our detectors have finite detection probability paired

with low photon-coincidence probability, the experimentally measured and normal-

ized coincidences from the HBT setup should very closely match these simulated

values.

For the simulations presented throughout this chapter, we used the experimentally

extracted cavity field decay rate κ/2π = 10.0 GHz and coupling strength g/2π = 10.9

GHz. The QD decay γ plays almost no role for the detunings investigated here as it

is negligible due to a low intrinsic decay rate that is even further Purcell suppressed

by the photonic band gap (as discussed below). Therefore, the only parameter that

cannot be measured directly is the excitation power (coherent scattering of the laser

at high powers prevents reference to a saturation value). Thus, the power has been

manually fitted using the measured values of g(2)(0), g3(0), and the relative count

rates for different excitation conditions.

4.5 Optimum detuning for efficient generation of

single photons

It is important to note that for detuned strongly coupled systems, the emission from

the emitter-like polariton branch occurs almost exclusively through the cavity mode.

Since the QD is embedded in a photonic band-gap material, its emission into free-

space modes through non-cavity channels is strongly Purcell suppressed. For the

photonic crystal geometries used in our work, measured values of this emission rate

are suppressed to approximately one tenth of their bulk value [33, 34]. As a result of

this extreme time-scale disparity, the emission of the QD through the detuned cavity

mode obtained from equation 4.2 dominates over all other channels for detunings up

to ∼60 g. This limit is much larger than the detunings of a few g that are investigated

here. Hence, the emission occurs almost exclusively through the cavity.
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CHAPTER 4. DETUNED PHOTON BLOCKADE 48

This means that with increasing detuning between the QD and cavity resonances,

the oscillator strength of the QD-like polariton branch decreases. Therefore, when

the detuning becomes too large, the efficiency decreases, resulting in a decreased

likelihood of single-photon generation beyond detunings of a few g. In section 4.4 we

compared the probability of finding n = 0−3 photons in a pulse transmitted through

the cavity. In particular, we found that the probability for obtaining a single photon

increases when the detuning is increased from 0g to 3g. However, as the oscillator

strength of the QD-like polariton branch decreases with increasing detuning, for too-

large detunings the probability of finding a single photon in the output decreases. To

visualize this, we present in figure 4.5(a) g(2)(0) and in figure 4.5(b) P1 as functions of

the laser frequency for a QD–cavity detuning of 0g (black), 3g (red), and 10g (blue).

While for ∆ = 10g g(2)(0) is close to the value obtained at ∆ = 3g, P1 (and thus

the efficiency for single photon generation) decreases to one eighth of the value at

∆ = 3g. This clearly demonstrates the existence of an optimum detuning for efficient

single photon generation.

4.6 Influence of the pulse length

Since the cavity lifetime is much shorter than the timing jitter of the single photon

counters, measurements of g(2)(0) can only be performed with pulsed excitation. As

discussed in the section 4.3, the choice of pulse length forces a compromise between

frequency resolution (reducing the overlap of different rungs) and re-excitation of the

system. In other words, if the laser pulses are too long the system will be re-excited

during the interaction with a single pulse, reducing the non-classical character of the

transmitted light. On the other hand, pulses with a shorter duration are spectrally

broader, resulting in a larger overlap with higher rungs. The dependence of the ra-

diative polariton lifetimes on the QD–cavity detuning is calculated by using equation

4.2 with the measured values of κ and g [figure 4.6(a)]. With increasing detuning

between the QD and the cavity, the lifetime of the QD-like (cavity-like) polariton

branch increases (decreases). Therefore, in order to obtain the strongest photon
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blockade, the pulse length has to be chosen according to the detuning. To demon-

strate the existence of an optimum pulse length for given QD and cavity frequencies,

we present in figure 4.6(b) simulations of g(2)(0) as a function of the pulse length and

laser detuning for a QD–cavity detuning of ∆ = 3g. With longer excitation pulses

the photon-blockade dip narrows and g(2)(0) decreases, reaching its lowest values for

pulse lengths of 70 − 110 ps. As shown in figures 4.6(c) and 4.6(d), for detunings

of ∆ = 3g − 5g we were able to obtain a significantly improved photon blockade of

g(2)(0) ≈ 0.3 using a pulse duration of 70 ps instead of 30 ps.
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Figure 4.6: Choosing a detuning-dependent pulse length. (a) Radiative polari-
ton lifetime as a function of the QD–cavity detuning, as calculated using the measured
values of κ and g. (b) Simulation of g(2)(0) as a function of the pulse length and laser
detuning for a QD–cavity detuning of ∆ = 3g. (c–d) HBT measurements of g(2)(0)
using 70 ps long pulses and a detuning of (c) ∆ = 3g and (d) ∆ = 5g.

4.7 Outlook

In conclusion, QD–cavity detuning is a key ingredient for high-purity generation of

non-classical light from strongly coupled systems. We have shown that detuning

strongly reduces the spectral overlap with higher rungs of the JC ladder and hence

greatly improves the generation of single photons by photon blockade. This approach

to photon blockade has strong potential for single-photon generation under currently

achievable system parameters. Improvements in the spatial alignment of the QD

and cavity field have enabled the coupling strength to reach values up to g/2π = 40
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GHz [75]. Recent nanofabrication improvements have allowed for experimental GaAs

photonic crystal cavity loss rates as low as κ/2π = 4.0 GHz [76]. When using these

parameters in our simulations we obtain g(2)(0) = 0.1 in the photon-blockade regime,

and an absolute probability of over 90% for single-photon emission, demonstrating

that high-quality single-photon streams generated by photon blockade are within

reach.

The generation of single photons by photon blockade might have additional ad-

vantages over other techniques. First, the use of high quality photonic crystal cavities

promises a method of on-chip routing of the photons by coupling them to photonic

crystal waveguides (with high efficiency) [16]. Second, the cavity emission rate is at

least one order of magnitude faster than the bare QD emission rate, resulting in a

comparable increase in the maximum single-photon generation rate while maintaining

potential advantages from resonant excitation. Furthermore, the successful experi-

mental demonstration of photon blockade in the detuned light–matter configuration

demonstrates the feasibility of operating cavity QED in such an extreme regime and

paves the way for a wealth of other quantum light sources, including those generating

n-photon states [19]. A source of such higher-order photon states could potentially

be used for efficient generation of the highly entangled N00N states, which are par-

ticularly interesting for quantum metrology and high-resolution quantum lithography

and sensing [77].



Chapter 5

A quantum dot coupled to a

photonic molecule

In this chapter, I present a demonstration of the effects of cavity quantum electro-

dynamics for a quantum dot coupled to a photonic molecule consisting of a pair of

coupled photonic crystal cavities [23]. We show an anticrossing between the QD and

the two super-modes of the photonic molecule, signifying achievement of the strong

coupling regime. From the anticrossing data, we estimate the contributions of both

mode-coupling and intrinsic fabrication-dependent detuning to the total separation

between the super-modes. We also show signatures of off-resonant phonon-mediated

interaction between the two cavity modes, a phenomenon recently explored in several

solid-state cavity systems [64].

5.1 Background

As discussed in chapter 2, a single quantum emitter coupled to a resonator consti-

tutes a cavity-QED system for studying strong light–matter interaction. With an

eye toward achieving a scalable quantum computer [78] and more recently a photonic

quantum simulator [79, 80, 81], significant progress has been achieved in optical cav-

ity QED as well as its microwave counterpart circuit QED. The cavity-QED system

consisting of a single QD coupled to a photonic crystal cavity has recently emerged

51
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as an attractive candidate for integrated nanophotonic quantum information pro-

cessing devices [20]. This solid-state cavity-QED system is of considerable interest

to the quantum optics community for the generation of non-classical states of light

[16, 18, 21], for its application to all-optical [5, 82] and electro-optical switching [83],

and due to unusual effects like the off-resonant dot-cavity interaction due to electron-

phonon coupling [84]. However, all of the cavity-QED effects demonstrated so far in

this system involve a single cavity. Although numerous theoretical proposals employ-

ing multiple cavities coupled to single quantum emitters exist in the cavity-QED and

circuit-QED literature [79, 80, 81, 85], experimental development in this direction is

rather limited. Most of these proposals—for example, observing the quantum phase

transition of light—require a nonlinearity in each cavity, which is a formidable task

with current technology. However, several proposals involving a single quantum emit-

ter coupled to multiple cavities also predict novel quantum phenomena—for example,

generation of bound photon-atom states [86] or sub-Poissonian light generation in a

pair of coupled cavities (a “photonic molecule”) containing a single QD [87, 88]. This

photonic molecule, coupled to a single QD, forms the first step toward building an

integrated cavity network with coupled QDs. Photonic molecules made of photonic

crystal cavities have been studied previously [89, 90] to observe mode-splitting due to

coupling between the cavities. In those studies, a high density of QDs was used merely

as an internal light source to generate photoluminescence (PL) under above-band ex-

citation; no quantum properties of the system were studied. In another experiment,

a photonic molecule consisting of two micropost cavities was used along with a single

QD to generate entangled photons via exciton-biexciton decay, but the QD–cavity

system was in the weak coupling regime and the only cavity-QED effect observed was

Purcell enhancement [91].

We have achieved strong coupling of a photonic molecule with a single QD. We

note that even though the photonic molecule described here is based on photonic

crystal optical nanocavities, one could also employ Fabry–Pérot cavities, distributed-

Bragg-reflector microcavities, microposts, or microwave cavities [92, 93] for this task.

However, prior to this work, coupling multiple cavities to single quantum emitters had

not been shown in any cavity-QED system. We show a clear anticrossing between
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the QD and the two super-modes formed in the photonic molecule. In general, the

exact coupling strength between two cavities in a photonic molecule is difficult to

calculate, as the observed separation between the two modes has contributions both

from the cavity coupling strength as well as from the mismatch between the two

cavities due to fabrication imperfections. However, by monitoring the interaction

between a single QD and the photonic molecule we can exactly calculate the coupling

strength between the cavities and separate the contribution of the bare detuning due

to cavity mismatch.

In addition to the photonic molecule, the fabrication of large-scale arrays of cou-

pled cavities (without any quantum emitters) has been reported both in a photonic

crystal platform [94] and in circuit QED [92], revealing the widespread interest in

exploring the scalability of these systems. We will turn our attention to such coupled

cavity arrays in chapter 6.

5.2 Theoretical analysis of a photonic molecule

Let us consider a photonic molecule consisting of two cavities with annihilation oper-

ators for their bare (uncoupled) modes denoted by a and b, respectively. We assume

that a QD is placed in and resonantly coupled to the cavity described by operator a.

The Hamiltonian describing such a system is given by

H = ∆0b
†b+ J(a†b+ ab†) + g(a†σ + aσ†), (5.1)

where ∆0 is the detuning between the two bare cavity modes; J and g are, respectively,

the intercavity and dot-cavity coupling strength; σ is the QD lowering operator; and

the resonance frequency ω0 of the cavity with annihilation operator a is assumed to be

zero. We now transform this Hamiltonian by mapping the cavity modes a and b to the

bosonic modes α and β introduced as a = cos(θ)α+sin(θ)β and b = sin(θ)α−cos(θ)β.

This mapping maintains the appropriate commutation relations between operators a

and b. Under these transformations we can decouple the two cavity modes (α and β)
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for the following choice of θ:

tan(2θ) = −2J

∆0

. (5.2)

Under this condition the transformed Hamiltonian becomes:

H = α†α(∆0 sin2(θ) + J sin(2θ)) + g cos(θ)(α†σ + ασ†)

+ β†β(∆0 cos2(θ)− J sin(2θ)) + g sin(θ)(β†σ + βσ†). (5.3)

Therefore, a QD coupled to a photonic molecule has exactly the same eigenstructure as

two detuned cavities with the QD coupled to both of them (from the equivalence of the

two expressions above for the Hamiltonian H). The super-modes of the transformed

Hamiltonian α and β will be separated by ∆ =
√

∆2
0 + 4J2 (obtained by subtracting

the terms multiplying α†α and β†β in equation 5.3, under the conditions of equation

5.2), and the interaction strength between the QD and each super-mode will be

g1 = g cos(θ) and g2 = g sin(θ). Hence, g =
√
g2

1 + g2
2, θ = arctan(g2/g1), and so

tan(2θ) = 2g1g2/(g
2
1 − g2

2) = −2J/∆0.

If the two cavities are not coupled (J = 0 and so θ = 0), we can still observe two

different cavity modes in the experiment due to ∆0, the intrinsic detuning between

the two bare cavities. However, if we tune the QD across the two cavities in this case,

we will observe QD–cavity interaction only with one cavity mode (in this case α, as

the term coupling β to the QD in the transformed Hamiltonian will vanish as a result

of sin(θ) = 0). In other words, in this case the QD is spatially located in only one

cavity and cannot interact with the other, spatially distant cavity. Figure 5.1 shows

the numerically calculated cavity transmission spectra (proportional to 〈a†a〉+ 〈b†b〉)
when the QD is tuned across the two cavity resonances. When the two cavities are

coupled (J 6= 0), we observe anticrossings between each cavity mode and the QD

[figure 5.1(a)]. However, only one anticrossing is observed when the cavities are not

coupled [figure 5.1(b)].



CHAPTER 5. A QD COUPLED TO A PHOTONIC MOLECULE 55

-5 0 5 10
0

1

2

3

4

5

6

7

-5 0 5 10
0

1

2

3

4

5

6

7
N

or
m

al
iz

ed
 C

av
ity

 O
ut

pu
t

ω ω κp 0-( ) /

(a) (b)

ω ω κp 0-( ) /

Figure 5.1: Numerically calculated cavity transmission spectra when the QD
resonance is tuned across the two cavity resonances. (a) An anticrossing is
observed between the QD and both cavity modes when the two cavities are coupled
(the coupling rate between the two cavities is taken to be J/2π = 80 GHz). (b)
When the two cavities are not coupled (J = 0), we observe an anticrossing in only
one cavity. Parameters used for the simulation: cavity decay rate κ/2π = 20 GHz (for
both cavities); QD dipole decay rate γ/2π = 1 GHz; QD–cavity coupling strength
g/2π = 10 GHz; intrinsic detuning between the bare cavity modes ∆0/2π = 40 GHz
for (a) and ∆0/2π = 120 GHz for (b). The plots are vertically offset for clarity. The
horizontal axis corresponds to the detuning of the probe laser frequency ωp from the
cavity a resonance (ω0) in units of cavity field decay rate. Note that here the QD is
taken to be coupled to the higher-energy (cavity b) resonance.
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5.3 Photonic molecule characterization

The actual experiments are performed with self-assembled InAs QDs embedded in

GaAs, and the whole system is kept at cryogenic temperatures (∼10 − 25 K) in a

helium-flow cryostat. The cavities used are L3-defect GaAs photonic crystal cavities

coupled via spatial proximity. The photonic crystal is fabricated from a 160 nm thick

GaAs membrane, grown by molecular beam epitaxy on top of a GaAs (100) wafer. A

low-density layer of InAs QDs is grown in the center of the membrane (80 nm beneath

the surface). The GaAs membrane sits on a 918 nm sacrificial layer of Al0.8Ga0.2As.

Under the sacrificial layer, a 10-period distributed Bragg reflector, consisting of a

quarter-wave AlAs/GaAs stack, is used to increase collection into the objective lens.

The photonic crystal was fabricated using electron beam lithography, dry plasma

etching, and wet etching of the sacrificial layer in diluted hydrofluoric acid [4], as

described in section 2.2.

We fabricated two different types of coupled cavities: in one case, the two cavities

are offset at a 60◦ angle [inset of figure 5.2(a)] and in the other the two cavities

are laterally coupled [inset of figure 5.2(b)]. In the first case the coupling between

the cavities is stronger, since the overlap between the cavity electromagnetic field

profiles is larger along the 60◦ angle. Figures 5.2(a) and 5.2(b) show the typical PL

spectra of these two different types of coupled cavities for different spacings between

the cavities. A clear decrease in the frequency separation between the cavities is

observed with increasing spatial separation. Note that the consistency of this trend

between different fabrication runs already indicates that this frequency separation

cannot be purely due to the fabrication-related intrinsic detuning between the two

cavities. Nevertheless, it is very difficult to quantify how much of the separation is

due to coupling (J) and how much is due to intrinsic detuning (∆0) of the cavity

resonances. However, we will show that by observing the anticrossing between the

QD and the two modes we can conclusively determine both J and ∆0.
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Figure 5.2: Photoluminescence spectra of the coupled cavities for different
hole spacings between two cavities. (a) The cavities are separated at an angle
of 60◦ (see the inset for an SEM image). (b) The cavities are laterally separated
(see the inset for SEM). A decrease in the wavelength separation between the two
cavity modes is observed with increasing spatial separation between the cavities (i.e.,
with increasing number of holes inserted between the two cavities). A much larger
separation is observed in (a) when the cavities are coupled at an angle compared to
the lateral coupling in (b).



CHAPTER 5. A QD COUPLED TO A PHOTONIC MOLECULE 58

5.4 Strong coupling between a photonic molecule

and a single QD

First, we investigate the strong coupling between a single QD and the photonic

molecule in PL. For this particular experiment, we used a photonic molecule con-

sisting of cavities separated by four holes along the 60◦ angle. In practice it is not

trivial to tune the QD over such a long wavelength range as required by the observed

separation of the two cavity peaks. Hence, we use two different tuning techniques: we

tune the cavity modes by depositing nitrogen on the cavity [95], and then we tune the

QD resonance across the cavity modes by changing the temperature of the system.

For the spectra shown in figure 5.3(a), there is no nitrogen deposition and the tem-

perature is changed from 20 K to 30 K to tune the QD across the longer-wavelength

cavity mode. To obtain the spectra in figure 5.3(b), we deposited nitrogen (to red-

shift the cavity modes) and changed the temperature from 20 K to 40 K, showing

the anticrossing between the QD and the shorter-wavelength cavity mode (all these

temperatures are measured at the cold-finger of the cryostat). We observe less shift of

the cavity resonance with temperature after nitrogen deposition, most likely because

the nitrogen starts evaporating with increasing temperature, causing the cavity to

blue-shift and thus compensating for the red-shift caused by the increased temper-

ature. We fit the PL spectra (as described in section 2.4.2) to find the resonances

of the coupled QD–cavity system, and plot the peak locations in the top panels of

figures 5.3(a) and 5.3(b). We observe clear anticrossings for both coupled modes. The

nitrogen and the temperature tuning do not cause a significant change in the coupling

and the detuning between the cavities, as confirmed by the measurements described

below. We note that there is another QD [shown by the red arrow in figure 5.3(a)] in

the vicinity of the cavity resonances; however, it is only weakly coupled to the cavity

as no anticrossing between that QD and the cavity mode is observed. Within the

cavity defect region, we typically have about four QDs that are spectrally distributed

over a wide range. Spatially, they are also randomly distributed within the cavity

and, thus, have different coupling strengths with the cavity mode. Tuning the system

over a large range of wavelengths (as we do in this experiment, with temperature and



CHAPTER 5. A QD COUPLED TO A PHOTONIC MOLECULE 59

923 924

(a) (b)

λ  (nm) λ  (nm)

N
or

m
al

iz
ed

 P
L 

In
te

ns
ity

923 924 925

λ  
(n

m
)

923.6

923.8

923.7

923.9

Temperature Temperature

Figure 5.3: Normalized PL intensity plotted for temperature tuning the QD
across the photonic molecule resonances. (a) Spectra before nitrogen deposition
(i.e., the QD is temperature tuned across the longer wavelength resonance). (b)
Spectra after nitrogen deposition (which red-shifts the cavity resonances and allows
us to temperature tune the QD across the shorter wavelength resonance). In both
cases, the temperature is increased from bottom to top (the plots are vertically offset
for clarity). Clear anticrossings are observed between the QD and both cavity super-
modes; the peaks of the two anticrossing resonances (as extracted from curve fitting)
are plotted in the top panels. The red arrow in (a) indicates the presence of an
additional, weakly coupled QD, which does not contribute to the anticrossing.
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nitrogen tuning) can bring into resonance some of these other QDs, as shown by this

additional peak. However, no signature of coupling between this QD and the QD

under study for anticrossing is observed, and the presence of this additional weakly

coupled dot does not change the conclusions of the experiment. Furthermore, the

additional QD is not visible in figure 5.3(b), as it is far-detuned from both cavity

modes.

We perform curve fitting for the PL spectra when the QD is resonant with the

cavity super-modes and estimate the system parameters [figures 5.4(a) and 5.4(b)].

The shorter-wavelength super-mode is denoted as sm1, while the longer-wavelength

super-mode is denoted sm2. As the detuning between the super-modes is much larger

than the vacuum Rabi splitting caused by the QD, we can assume that when the QD

is resonant to sm1, its interaction with sm2 is negligible, and vice versa. Therefore, we

can fit the PL spectra of each super-mode exhibiting vacuum Rabi splitting individu-

ally. For sm1, we extract from the fit the field decay rate κ1/2π = 22.4 GHz and the

QD–field interaction strength g1/2π = 14.2 GHz [figure 5.4(b)]; for sm2, κ2/2π = 16.7

GHz and g2/2π = 23.7 GHz [figure 5.4a]. We observe from the extracted κ values that

the coupled cavity modes have very high quality factors (Q ∼ 7, 000 − 10, 000). We

also estimate the total separation between the two observed modes as ∆/2π ≈ 246.5

GHz and ∆/2π ≈ 253.5 GHz before and after nitrogen tuning, respectively. This

minimal difference in ∆ resulting from the nitrogen tuning does not impact our fur-

ther analysis, and we take ∆ to be the average of these two values. The change

in the cavity field decay rates arising from the nitrogen deposition is also minimal.

From these data, we use the relations θ = arctan(g2/g1), tan(2θ) = −2J/∆0, and

∆ =
√

∆2
0 + 4J2 (derived in section 5.2 above) to obtain J/2π ≈ 110 GHz and

∆0/2π ≈ 118 GHz. The intercavity coupling strength J could be increased further

by placing the cavities closer together (though this would also make observation of

both anticrossings more difficult).
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Figure 5.4: QD–photonic molecule spectra. (a) PL intensity when the QD is
resonant with super-mode sm2. (b) PL intensity when the QD is resonant with super-
mode sm1 (after nitrogen deposition). From the fits (shown in red) we extract the
system parameters. Numerically simulated (c) second order autocorrelation g(2)(0)
and (d) transmission through cavity b, as a function of probe laser frequency ωp, with
the experimental system parameters that were extracted from the fits.

5.4.1 Feasibility of non-classical light generation

We now numerically simulate the performance of such a QD–photonic molecule system

for the generation of sub-Poissonian light using the quantum optical master equation

approach [96]. Two bare cavity modes are separated by ∆0/2π = 118 GHz; a QD is

resonant and strongly coupled to one of the modes (cavity a) with interaction strength

g/2π = 27.6 GHz (as discussed earlier, g =
√
g2

1 + g2
2, where g1 and g2 are the two

values of QD–cavity interaction strengths obtained by fitting the PL spectra for each

super-mode). We drive mode b (the empty cavity) with a probe laser of frequency

ωp, and calculate the second order autocorrelation g(2)(0) = 〈b†b†bb〉
〈b†b〉2 of the transmitted

light [88]. We also assume the two cavities to have the same cavity decay rate, which

is an average of the cavity decay rates measured from the two super-modes (as the

decay rates of the bare cavity modes a and b are experimentally inaccessible). Note,

however, that having slightly different decay rates does not significantly affect the
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performance of the system. The numerically simulated cavity b transmission and

g(2)(0) of the transmitted light are shown in figure 5.4(c–d). From these simulations,

we observe that with our system parameters we should be able to achieve strongly

sub-Poissonian light with g(2)(0) ≈ 0.03. Unfortunately, in practice it is very difficult

to drive only one cavity mode without affecting the other mode due to the spatial

proximity of the two cavities. This individual addressability is critical for satisfactory

performance of the system [88], and to retain such a capability in a photonic molecule

the cavities should be coupled via a waveguide [97].

5.5 Off-resonant coupling in a photonic molecule

As a further demonstration of cavity-QED effects in the photonic molecule, we inves-

tigated the off-resonant interaction between the coupled cavities and the QD, sim-

ilar to the observations of this phenomenon in a single L3-defect cavity [64] and a

nanobeam photonic crystal cavity [98]. This experiment was performed on a different

QD–photonic molecule system than the one in which we observed strong coupling.

Figure 5.5 shows the spectra indicating off-resonant coupling between the photonic

molecule and the QD. Under resonant excitation of the longer-wavelength super-

mode (sm2, top panel), we see pronounced emission from both sm1 and a nearby

QD. Similarly, under resonant excitation of sm1 (bottom panel), we see emission

from sm2, although the emission is much weaker. We exclude the presence of any

nonlinear optical processes by performing a power-dependent study of the cavity

emission, which shows a linear dependence of the cavity emission on the laser power.

Hence, we can conclude that this off-resonant emission is a result of a phonon-assisted

transfer of population between the two super-modes of the photonic molecule [96].
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Figure 5.5: Off-resonant interaction between a photonic molecule and a QD.
We scan the laser across both coupled modes; when one super-mode is excited, we
observe emission from the off-resonant super-mode. A spectral slice for each resonance
shows the relative position of the laser and the cavity modes.

5.6 Outlook

In summary, we demonstrated strong coupling of a single QD to a photonic molecule

in a photonic crystal platform. Clear anticrossings between the QD and both super-

modes of the photonic molecule were observed, showing conclusive evidence of inter-

cavity coupling. From the anticrossing data we were able to separate the contributions

of the intercavity coupling and the fabrication-caused intrinsic detuning to the cavity

mode splitting, and discovered that the two effects were of comparable magnitude

for reasonably-separated cavities. We have also observed off-resonant cavity–cavity

and QD–cavity interaction in this type of system. These photonic molecules could be

employed for non-classical light generation (as theoretically studied in section 5.4.1),

and also represent a building block for an integrated nanophotonic network in a solid-

state cavity-QED platform. Such a network could be implemented by scaling up the

number of coupled cavities in our system, a possibility which I explore further in

chapter 6.



Chapter 6

Beyond isolated systems: coupled

cavity arrays

In this chapter, I will explore the effects of coupling multiple photonic crystal cavities

together. Specifically, I present an experimental study of coupled optical cavity arrays

in a photonic crystal platform [24]. We find that the coupling between the cavities

is significantly larger than the fabrication-induced disorder in the cavity frequencies.

Satisfying this condition is necessary for using such cavity arrays to generate strongly

correlated photons, which have potential application to the quantum simulation of

many-body systems.

6.1 Background

Solving strongly correlated quantum many-body systems is a formidable task. One

promising approach is to mimic such complicated systems using another simpler and

more easily controllable quantum system, as envisioned by Feynman [99]. To that

end, the first demonstration of quantum phase transitions with ultra-cold atoms in an

optical lattice [100] has sparked a significant amount of research on quantum simula-

tion with atomic systems [101]. Another very promising possibility is to use photons

themselves as the interacting particles [68, 80, 79]. The central aim of this approach

is to obtain a correlated “quantum fluid of light” [68] by building a coupled network

64
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of nonlinear electromagnetic cavities. The photons can hop between cavities due to

the electromagnetic coupling and can repel each other in the same cavity due to the

intracavity nonlinearity. Such a coupled cavity network exhibits rich physics—such as

topologically protected optical delays [102]—even without any nonlinearity, although

having nonlinear cavities opens up many more avenues of research. Obviously, the

optical nonlinearity required for significant repulsion at low photon number is very

high, and in current technology, only two-level systems (atoms, single quantum emit-

ters such as QDs, or superconducting transmon qubits) strongly coupled to a cavity

provide such strong nonlinearity (in the photon-blockade regime). Such a platform

consisting of coupled nonlinear cavities is useful not only for quantum simulation but

also for quantum error correction [103], as well as for classical optical signal processing

[104].

Although plenty of theoretical proposals for simulating interesting physics in such

a coupled cavity array (CCA) are present in the literature, the experimental progress

in this direction is rather limited. As it is necessary to have many cavities for this

proposal, a solid-state system is obviously an ideal choice. However, due to imper-

fect nanofabrication, solid-state cavities have inherent disorder, resulting in different

resonance frequencies than originally designed. Such disorder might limit the utility

of CCAs for quantum simulation. However, Underwood et al. recently argued that

as long as the coupling strengths are much larger than the disorder, the CCAs can

be used for quantum simulation, and it was shown that microwave transmission line

cavities for circuit QED satisfy this condition [92].

In this work, we demonstrate high-Q 2D CCAs based on photonic crystals fab-

ricated in GaAs with embedded high-density self-assembled InAs QDs. Although

the photonic molecule has been well studied [23, 90, 105, 106, 107, 108], relatively

few experiments have been conducted with CCAs. A 2D CCA of photonic crys-

tals in GaAs (with multiple quantum wells as the active material) has been studied

previously for increasing the output intensity from nanolasers or slowing down light

[109, 110, 111, 112], but the quality factors of the cavities were too low to identify

individual cavity modes. A long chain of high-Q coupled cavities has been studied in

silicon [94], but the physical phenomena observable in such a one-dimensional (1D)
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system are rather limited. While a 1D array [113] has been studied as a platform to

simulate the physics of Bose glass [114] and Tonks-Girardeau gas [115], a 2D array is

a more suitable candidate for simulating many other systems, including topologically

nontrivial states such as the fractional quantum Hall state [116, 117, 118]. Although

an extensive treatment of disorder in the context of circuit quantum electrodynamics

has already been reported [92], our optical cavity-QED system is capable of achieving

much larger coupling strengths (∼THz) between the cavities. Our experimental find-

ings on the nature of coupling strengths and disorder in this system provide a more

realistic picture for exploring the utility of optical CCAs for quantum simulation.

6.2 Spectra of coupled cavity arrays

We employ an array of L3-defect photonic crystal cavities, as typically studied in

single QD–cavity QED experiments [4, 41]. The fundamental mode of such a cavity

is (to some extent) linearly polarized in the direction orthogonal to the cavity axis;

in our proposed CCA geometry, all the cavities have parallel axes, and their modes

therefore have the same polarization. As in our single-cavity work [4], the photonic

crystal CCA (with photonic crystal hole radius ∼60 nm and lattice periodicity 246

nm) is fabricated in a 164 nm thick GaAs membrane (with self-assembled InAs QDs

embedded at a depth of 82 nm from the surface) using electron-beam lithography and

reactive ion etching (see section 2.2). Three different CCAs are designed consisting

of 4, 9, and 16 cavities. Scanning electron micrographs of the fabricated structures

are shown in figure 6.1(a–c).

We assume each cavity couples primarily to their closest neighbours in each direc-

tion. These cavities are coupled to each other by three different coupling strengths

depending on their relative orientation and separation. When two cavities are ori-

ented at an angle of 60◦ [figure 6.1(d–e)], the coupling strength t is strongest; for

vertically stacked cavities [figure 6.1(h–i)], the coupling strength J1 is smaller than

t; and for horizontally adjacent cavities [figure 6.1(f–g)], the coupling strength J2 is

much smaller than t and J1 (the difference in coupling strengths is a result of the

different radiation patterns of the cavity modes and their different overlaps in various
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directions). From finite-difference time-domain (FDTD) simulations, we can calcu-

late the field profiles of the pairwise coupled cavities [figure 6.1(d–i)] and estimate the

coupling strengths from the separation of the super-modes in the simulated spectra,

assuming cavity operation in the range of QD emission (wavelengths of ∼900 − 930

nm). For a hole radius r varying from 70 nm down to 50 nm (to account for fab-

rication variation), with photonic crystal lattice constant a = 246 nm, we find that

t/2π ∼ 0.8− 1.3 THz, J1/2π ∼ 0.4− 0.8 THz, and J2 � t, J1.

1 mµ

1 mµ

1 mµ

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h) (i)

-1

0

1

Figure 6.1: SEM images of CCAs with (a) 4 cavities, (b) 9 cavities and (c)
16 cavities. The simulated electric field profiles for each of the two super-modes of
the different types of coupled cavities are shown: (d), (e) for 60◦ coupled cavities;
(f), (g) for laterally coupled cavities; (h), (i) for vertically coupled cavities. The
frequency splitting of these super-modes specifies the coupling strength in each case.
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We characterize the resonances of the coupled cavity array by photoluminescence

(PL) studies, where the large density of embedded QDs (∼200/µm2 in this case) acts

as an internal light source. Figures 6.2(a–c) show the PL spectra obtained from the

CCAs at 30 K, under excitation of an 820 nm continuous-wave laser. The excitation

power is ∼1 nW measured in front of the objective lens. Figure 6.2(d) shows the PL

spectrum collected from the bulk QDs, which provide the background illumination for

the cavity spectra. The quality factors of the observed modes are Q ∼ 1, 000− 3, 000

[figure 6.2(e)], and all the modes have a similar polarization axis. We identify the

set of higher-Q resonances in figure 6.2 with the coupled fundamental modes of the

L3 cavities, shown in figure 6.1. Note that these modes are not necessarily in the

same wavelength range for different sizes of the arrays, as the structures were defined

during the fabrication process with different exposure times in e-beam lithography,

and thus different photonic crystal devices may have different parameters (in this

case, slightly different hole radii).

We also point out that the number of modes observed in PL should be the same

as the number of cavities in the CCA, irrespective of whether the cavities are cou-

pled or not (assuming any degeneracy is lifted due to fabrication imperfection, as

discussed in chapter 5). Without coupling between the cavities, the observed modes

would be randomly placed spectrally and no specific order between the modes should

be observed. On the other hand, if the cavities are coupled, the cavity modes are

expected to be spaced in frequency at a specific order determined by the coupling

strengths. However, because of the disorder introduced during the nanofabrication

process, the exact distribution of the cavity resonance frequencies will be perturbed.

Hence, the ratio between the cavity coupling strengths and the disorder in the cavity

resonances represents a measure of the relative magnitude of these effects, which can

be estimated by examining the differences in the cavity resonance frequencies. One

could instead estimate the disorder in the cavity resonances from the actual cavity

frequencies rather than the differences. However, cavity arrays written on different

parts of the chip are more susceptible to fabrication variation, and might suffer an

overall frequency shift of their entire set of modes. Thus, the mode separations pro-

vide a better measure of the disorder present within each CCA while allowing us to
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Figure 6.2: The PL spectra of the CCA for (a) 4; (b) 9 and (c) 16 cavities. We
can clearly identify all the cavity array modes. We focus on several specific separations
between the CCA modes labeled ∆1 through ∆6 in the plots and perform statistical
analysis. We also observed several low-Q modes at long wavelengths for several cavity
arrays, as can be seen in part (a). These modes are not the actual coupled cavity
modes under study, which is confirmed by monitoring the resonance frequencies of
single (uncoupled) L3 cavities fabricated in the same chip. (d) PL spectra collected
from the bulk QDs. (e) Lorentzian fits to the highest frequency modes [shaded in
(a), (b), and (c)] to estimate the quality factors. The estimated quality factors for
the highest frequency mode in the 4-, 9-, and 16-cavity CCAs are ∼1,800, ∼2,800,
and ∼2,500, respectively.
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gather statistics from several CCAs for comparison. We also tried performing the dis-

order analysis using mode separations that have been normalized by the bare cavity

frequency in order to exclude any contribution from the overall frequency shift. We

found that normalized mode separations and unnormalized mode separations provide

very similar results, so in the interests of clarity, we provide numerical estimates and

statistical data for the raw mode separations only.

6.3 Numerical estimation of coupling and disorder

Using the coupling strengths derived from FDTD simulations (t/2π = 1.2 THz,

J1/2π = 0.8 THz, J2 ≈ 0), we calculate the eigenstates of the CCA by diagonal-

izing the Hamiltonian

H =
∑

i

∆ia
†
iai +

∑

〈i,j〉

gij(a
†
iaj + a†jai), (6.1)

where ∆i is the bare resonance frequency of the ith cavity due to fabrication imper-

fection, and gi,j is the coupling strength between the ith and jth cavity. The cavity

frequencies ∆i are randomly chosen from a Gaussian distribution with zero mean and

standard deviation σf [92]:

Pr(∆0) =
1√

2πσf
e
− ∆2

0
2σ2
f . (6.2)

The zero for the eigenfrequencies of the coupled-cavity system is set at the frequency of

an uncoupled cavity with no disorder. We note that for photonic crystal cavities, the

disorder affects both the bare cavity frequencies and the coupling strengths; however,

it is very difficult to separate the two effects. Depending on the spatial positioning of

the disorder, the effect on the bare mode separation and the coupling strengths can

vary.

Figure 6.3 shows the finite-difference time domain simulation of the effect of disor-

der on the coupling between cavities in a photonic molecule. We consider two different
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Figure 6.3: FDTD simulation of the effect of disorder on the observed mode
separations in a photonic molecule. (a) Perturbation where a side hole in the
cavity is changed. (b) Perturbation where a hole in between two cavities is changed.
(c) The observed mode separations as a function of the perturbed hole radius for the
two cases shown in (a) and (b). The unperturbed hole radius is 60 nm.
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perturbations in the cavities: in one case, a side hole of one of the cavities is per-

turbed [figure 6.3(a)], and in the other case, a hole between two cavities is perturbed

[figure 6.3(b)]. The unperturbed hole radius is 60 nm, and the perturbed hole radius

changes from 30 to 90 nm. We find that the mode separations in the numerically

simulated spectrum vary differently [figure 6.3(c)]: for the side hole perturbation,

the mode separation changes by ∼500 GHz, whereas for the perturbed hole between

two cavities, the mode separation changes by ∼800 GHz. In the latter case, the

perturbation affects the coupling strength strongly, but the effect in intrinsic (bare)

detuning is not significant (as both cavities sense the perturbation). However, for

the side hole perturbation, the coupling strength is not affected much, but the bare

detuning changes more. Hence, the experimentally measured variations have contri-

butions from randomness both in the bare mode separations as well as the coupling

strengths. Nevertheless, in order to simplify our analysis, we assume that the total

variance originates from just the bare mode separations, and the coupling strengths

are constant.

The mean values of the eigenfrequencies (averaged over ∼10,000 instances) are

plotted in figure 6.4(a–c) as a function of increasing σf . We observe that the relative

separations between the modes follow a specific pattern when the disorder is small.

However, with increasing disorder any specific distribution of the cavity modes disap-

pears. This can be observed more clearly in figure 6.4(d–f), where the differences in

the mode frequencies are plotted as a function of σf . At high disorder, the differences

become similar, and increase linearly with σf . We note that the mean µ of the mode

separations is a combination of the coupling strength and the disorder, whereas the

standard deviation σ of the mode separations mostly depends on the disorder alone.

To elaborate further, we can consider the simple example of a photonic molecule

(two coupled cavities), where the observed separation ∆ between two modes is given

by
√

∆2
0 + 4J2, where ∆0 is the random bare detuning between the cavities due to

fabrication imperfection and J is the the coupling strength (see section 5.2 above).

Under the approximation of a Gaussian distribution for the bare cavity detunings (as

in equation 6.2), we can calculate the mean µ and standard deviation σ of the mode

separation ∆ (considered as an absolute value). If the coupling is weak compared
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Figure 6.4: Numerically calculated eigenspectra of the coupled cavities. The
eigenfrequencies are shown as a function of the disorder standard deviation σf for (a)
4, (b) 9, and (c) 16 cavities in the arrays. The spacings between the cavities are the
same as the structures shown in the SEM images in figure 6.1(a–c). The differences
in subsequent eigenvalues are shown as a function of σf for (d) 4, (e) 9, and (f) 16
cavities in the arrays. These mode separations increase linearly with increasing σf
when σf is much greater than the coupling strengths, as found from the theory for a
simple photonic molecule. Insets magnify the region of low disorder, and we identify
the mode separations ∆1 → ∆6.
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to the disorder (J = 0 or σf/J � 1), we find that µ =
√

2
π
σf and σ ≈ σf . If

instead the disorder is weak compared to the coupling (i.e., σf/J � 1), we have

µ = 2J + σ2
f/4J + O(σ4

f ) and σ ∼ O(σ2
f/J). Similar analysis can be performed for

CCAs with more than two cavities, although the formulae for the mean and standard

deviation become complicated, and a simple closed-form expression is difficult to

obtain. Nevertheless, as seen for the photonic molecule, the ratio of the standard

deviation to the mean gives us an estimate of the relative contribution of the disorder

and the coupling to the total mode separations.

Curiously, several modes are spaced very closely at weak disorder, indicating a

lesser contribution of the coupling to such mode separations [this can be seen by

the clustering of mode separations near zero in figure 6.4(d–f)]. On the other hand,

several mode separations are large compared to the others (denoted by ∆1 → ∆6),

signifying a large contribution from the coupling strengths to the mode separations.

We observe that the relative positions of the cavity modes agree qualitatively with

our experimental findings. We can identify the same specific separations ∆1 → ∆6

between the modes in the experimental results of figure 6.2 as in the theoretical

calculations of figure 6.4. Clearly, the fabricated structures are in the regime where

the coupling strengths are greater than the disorder. This regime is magnified in the

inset of figure 6.4(d–f) and the mode separations ∆1 → ∆6 are identified.

6.4 Statistical study of CCA mode separations

We find a consistent order between the experimentally observed modes of different

CCAs (figure 6.2), indicating the cavities are coupled. Next we analyze all the sep-

arations between subsequent cavity modes. To do this, we fabricated ∼30 copies of

each of the three types of cavity arrays, and we calculated the mean µ and standard

deviation σ for all of the observed mode separations.

In our fabricated CCAs, we find that the ratio σ/µ � 1 for almost all the mode

separations, indicating the presence of strong intercavity coupling; otherwise, for no

coupling, the ratio would be equal to
√
π/2− 1 ∼ 1. Table 6.1 shows the data

for specific separations (∆1 → ∆6) between the modes in the cavity array spectra
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in detail. As seen from the numerical simulations presented above (figure 6.4), the

separations are not all equally influenced by the coupling strengths, and the chosen

separations (indicated in figures 6.2 and 6.4) are the ones that are most heavily

dependent on the coupling strengths.

Table 6.1: The mean mode separations (µ) and standard deviation (σ) measured
over ∼30 cavity arrays, with similar hole radii (see figure 6.2 for the definition of the
separations).

∆ µ (THz) σ (THz) σ/µ
∆1 2.33 0.25 0.1
∆2 3.22 0.13 0.04
∆3 2.35 0.14 0.06
∆4 1.19 0.19 0.16
∆5 1.94 0.2 0.1
∆6 2.35 0.14 0.06

6.4.1 Dependence of mode separations on hole radius

As a further proof of the fact that the separations between the observed cavity array

modes are mostly due to the coupling between the cavities, and not the disorder, we

repeated the fabrication of sets of ∼30 cavities for different values of air-hole radius

for all three types of CCAs.

A decreasing trend in the separation is observed with increasing hole radius (fig-

ure 6.5). A similar trend is observed in simulation for a photonic molecule with

diagonally placed cavities, as a function of the hole radius (inset of figure 6.5). The

decrease in the mode separation with an increase in the hole radius can be explained

by the accompanying increase in the size of the photonic band gap (and thus the

larger reflectivity of the mirror layers separating cavities, which reduces the cavity

couplings). Consequently, such a trend indicates that the separations are mostly due

to the coupling between cavities, as a detuning due solely to disorder would have a

much weaker dependence on the photonic crystal hole size.
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Figure 6.5: The observed mode separations ∆1 → ∆6 as functions of the
photonic crystal hole radius. A decreasing trend in the separation is observed
with increasing hole radius (the photonic crystal lattice periodicity a is 246 nm). For
comparison, the inset shows the numerically simulated (FDTD) coupling strength
between two cavities placed diagonally as a function of the hole radius.
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6.5 Outlook

We have shown the signature of large coupling strengths between photonic crystal cav-

ities in a coupled cavity array. The coupling strengths are significantly larger than the

disorder introduced during nanofabrication, which is a necessary condition for em-

ploying such cavity arrays in quantum simulation with correlated photons. However,

the challenge of achieving a significant nonlinearity in each cavity still remains.



Chapter 7

Conclusions

The quantum dot strongly coupled to a photonic crystal nanocavity provides a rich

and rewarding platform for studying cavity-QED effects in the solid state. In this

dissertation, I have described several contributions that explore the generation of

non-classical light and the ways in which this system can be scaled up for potential

use in integrated quantum optical networks.

7.1 Summary of contributions

First, we demonstrated the measurement of higher-order autocorrelation functions

[g(2)(0), g(3)(0, 0), and g(4)(0, 0, 0)] and showed how such measurements can be used to

characterize the non-classical light emitted from a strongly coupled QD–cavity system.

While this system exhibits both photon blockade and photon-induced tunneling, the

quality of the single-photon stream produced by photon blockade is severely limited

(g(2)(0) ≈ 0.9) when the QD is on resonance with the cavity. To address this issue, we

proposed detuning the QD away from the cavity resonance and optimizing the pulse

length to compromise between spectral overlap with unwanted higher-rung transitions

and re-excitation of the cavity. With these improvements, we were able to produce

single photons both with a much higher degree of purity (g(2)(0) ≈ 0.3) and at

a much greater efficiency (roughly doubling the absolute probability of the single-

photon component).

78
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Of course, one of the advantages of working in the solid state is that we are not

limited to single cavities; we can explore the effects of integrating multiple systems

together on one chip. With this in mind, we demonstrated the first cavity-QED effects

with a QD coupled to a photonic molecule, measuring anticrossings between the QD

resonance and both photonic molecule super-modes. These measurements allowed us

to extract the degree to which the two cavities in the photonic molecule were actually

coupled together as well as the influence of disorder on their frequencies. Following

this line of thinking to its natural conclusion, we fabricated larger arrays of four, nine,

and sixteen coupled photonic crystal cavities and investigated their coupling strengths

and disorder. Here too, we found that the coupling between the cavities is large

enough to overcome their frequency variation due to fabrication-induced disorder,

suggesting the possibility of using these arrays to generate strongly-correlated photons

for quantum simulation.

7.2 Future work

While we have achieved significant improvements in using the QD–photonic crystal

cavity platform as a non-classical light source, a great deal of research remains to be

done in order to make this system a practical resource for various quantum optical

applications. In particular, moving beyond single photons to on-demand pulses of

n photons would lay the groundwork for novel concepts in quantum information

processing and metrology.

7.2.1 Accessing higher rungs of the Jaynes–Cummings lad-

der

Coupling a QD to a high quality-factor cavity (such as our photonic crystal nanocav-

ity) produces a rich energy structure that can be used as an adjustable photon-number

filter [18]. However, in order to generate a specific state with n photons using this

method, we must be able to precisely select the corresponding higher-order mani-

fold. Unfortunately, as discussed in section 3.7, the increase in linewidths makes
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the higher-order states that produce multi-photon transitions unresolvable with our

current experimental parameters.

There are several possibilities for addressing these challenges. First, we can im-

prove the quality factor of our photonic crystal cavity in order to shrink the linewidths

of all of the dressed states, and hence reduce their overlap with each other. In addition

to the ongoing process of seeking improvements in fabrication, there are some oppor-

tunities for improving the cavity design as well, by using optimized hole shifts derived

from genetic algorithms [32]. While the improved cavity design may enable the gen-

eration of few-photon states with comparable efficiency to the current state-of-the-art

with single photons, it is unlikely to solve the problem of generating n-photon states

completely. In particular, even though in this configuration an excitation of the nth

rung of the JC ladder is possible, the dynamics of emission from subsequent transi-

tions down the ladder and their coherence properties are rather complicated, making

it likely that the final state will be composed of many different photon-number states

of various probabilities rather than being dominated by a single n-photon component.

Another approach is suggested by the recent proposal of generating n-photon

“bundles” in a strongly-driven detuned QD–cavity system via “super-Rabi oscilla-

tions” [19]. In this scheme, instead of probing the energy levels that result from the

strong coupling between the QD and the cavity with a weak laser beam, a strong

laser beam interacting with the QD dresses its states and the cavity is used to probe

the system. While this process produces pulses which are not exactly n-photon Fock

states, their photon number is still well-defined within a given time window, and the

composite photons exhibit a high degree of correlation. Hence, the bundle may still

be useful for applications in quantum sensing and lithography. From a practical point

of view, the generation of these n-photon bundles also requires the development of

slightly higher quality-factor cavities, and so this technique must be complemented

by the design improvements discussed above. Fortunately, the requirements on the

cavity quality factor are somewhat less strict in this proposal, and simulations of

the process have shown that close to 100% of two-photon emission is within reach of

current state-of-the-art samples.
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7.2.2 Phonon-assisted transitions

In contrast to atomic cavity-QED systems, our QDs are embedded in a crystalline host

matrix, resulting in strong interactions with phonons. While in many circumstances

such interactions are undesirable (resulting in dephasing of the QD), it is also possible

to carefully design experiments which benefit from the presence of phonons [119,

120, 121]. Solid-state systems are becoming increasingly relevant for their potential

in building quantum optical networks, and so it is essential to develop a thorough

understanding of the influence that phonons have on the system dynamics.

As discussed in section 5.5, the interaction with phonons can enable off-resonant

transfer of population between QDs and cavity modes. Recently, we have begun to

explore how this effect can be exploited to improve photon blockade. In particular,

by pumping one polariton branch and collecting the emission of the other polariton in

a detuned strongly coupled QD–cavity system, we observe a phonon-assisted transfer

between the two states [122]. Hence, by varying the power of the driving laser, we

can achieve direct coherent control of the population in each state. This means that

at positive detunings (where the QD-like polariton is at a higher energy than the

cavity-like polariton), we can excite the system through the upper polariton, and

wait for the phonon-assisted decay into the lower polariton state. Then by collecting

only the emission from the lower polariton, we can dramatically improve the quality

of single-photon generation (since this emission occurs at a different frequency, it is

easy to filter away the background from our driving laser). This process has allowed

us to achieve a photon blockade as low as g(2)(0) = 0.03 ± 0.01, rivaling the best

values obtained from bulk QDs.

Unfortunately, since the phonon-assisted transfer is an incoherent process, the

resulting photons are not completely indistinguishable, which removes one of the

key motivations for coupling a QD to an optical cavity in the first place. However,

this method still retains the other advantages provided by a cavity: the very short

lifetime that enables a high photon generation rate and the potential for integration

into on-chip optical networks. Thus, for applications that do not require perfectly

indistinguishable photons but simply depend on the generation rate of high-purity
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single photons (such as the BB84 quantum key distribution protocol [123]), phonon-

assisted photon blockade in a detuned QD–cavity system is a promising technology.

7.2.3 Four-level emitter coupled to a cavity

There may also be benefits from replacing our QD (considered here as a two-level

system) with a four-level emitter. From a theoretical study of a four-level emitter

coupled to a cavity with realistic parameters [66], we discovered that this system can

achieve a significantly improved photon blockade even outside of the strong coupling

regime. Essentially, in this system the frequency of maximum transmission for the

first photon coincides with a local minimum in the transmission of the second photon.

This arrangement stands in contrast with the more overlapping probabilities of multi-

photon transmission that result from the two-level emitter (observed, for example, in

figures 3.5 and 4.3). Of course, higher cavity quality factors would still be beneficial in

either case to reduce the dressed-state linewidths and suppress off-resonant coupling

of additional photons, but even for current experimental parameters the four-level

emitter results in significantly lower values of g(2)(0).

Such a four-level emitter could be realized in the photonic crystal platform by

using a charged QD in a strong magnetic field, which we have also investigated for

use as a spin-photon interface [124]. However, this approach requires strong magnetic

fields, and also results in an energy splitting between the pairs of transitions which is

not desirable for non-classical light generation. A more promising potential candidate

for the solid-state emitter in this scheme would be a negatively charged QD molecule

[125]. Such a molecule exhibits two energetically close-lying levels in which a single

electron resides in one (the “upper”) or the other (“lower”) of the two QDs. These

levels are linked by allowed optical transitions to a pair of excited states where one

hole and one electron are located in the upper dot, and the second electron is located

in the upper or lower dot, respectively. At a specific electric field (∼10 kV/cm), the

transitions within each of these pairs of levels have the same energies, leading to the

desired ideal four-level system necessary for the implementation of photon blockade

with a photonic crystal nanocavity.
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7.2.4 Non-classical light from coupled cavities

As discussed in detail in chapter 5, more exotic methods for the generation of non-

classical states of light can be realized by using systems of coupled cavities. The

photonic molecule we have investigated has the potential to produce strongly sub-

Poissonian light with current experimental parameters, but only if we can individually

address the component optical cavities [88]. Since our photonic crystal cavities are

proximity coupled, we are limited by the spot size of our laser. One potential solution

to this problem would be to couple the cavities via a waveguide instead [97]. Such a

system should be achievable in the photonic crystal platform, and would allow each

of the cavities to be addressed individually. However, some optimization in design

and fabrication will be required in order to tune the coupling of each cavity to the

waveguide so as to achieve a similar regime of coupled operation.

An alternative design would be to couple a QD equally to two separate modes

of a single photonic crystal nanocavity. This kind of setup can be achieved in a

“bimodal” cavity (such as the single-hole H1-defect photonic crystal cavity) which

has two nearly-degenerate resonances of orthogonal polarizations. In such a system

we have learned that strongly sub-Poissonian light results from interference between

the coherent light transmitted through the resonant cavity and the super-Poissonian

light generated by photon-induced tunneling [126]. Peculiarly, this effect is most

pronounced in a regime where the coupling strength g and cavity decay rate κ have

comparable values, and it vanishes completely in the absence of cavity loss. Thus,

this approach does not require extremely high quality factors. However, this scheme

is sensitive to the frequency difference between the cavity resonances, which is the

inevitable result of disorder introduced in the fabrication process. To counteract this

complication, the cavity quality factor can actually be reduced to increase the overlap

of the two resonances. We have also explored various post-fabrication techniques for

tuning the cavity frequencies back into degeneracy with each other [127, 128, 129],

which could potentially be used to improve the performance of the photonic molecule

as well.

Finally, scaling up the number of coupled cavities even further (as discussed in

chapter 6) opens up entirely new possibilities for quantum simulation and quantum
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optical networks. In order to generate a strongly-correlated quantum fluid of light

[68] using such a coupled cavity array, the coupling strengths between the various

cavities need to be large enough to overcome any variation in their frequency due to

disorder. We showed that this condition was met for our photonic crystal coupled

cavity array. However, the other requirement of achieving a sufficiently strong nonlin-

earity in each cavity remains more challenging. In most of the applications relating to

quantum simulation, single quantum emitters must be deterministically positioned in

each of the cavities, which is very difficult to achieve with even state-of-the-art solid-

state technology. Site-controlled QDs [119, 130, 131, 132, 133] represent one potential

solution to this problem, while other possibilities include bulk or quantum-well non-

linearities [85, 134]. Recently, there has also been significant interest in coupling 2D

materials (such as graphene or WSe2) to photonic crystal cavities [135, 136], which

could also provide the requisite nonlinearity. Naturally, a great amount of work still

needs to be done in reducing the losses inherent in these systems and demonstrating

their reliability for cavity QED. Nevertheless, coupled photonic crystal cavities hold

great promise for implementing a scalable, integrated, quantum optical network in a

semiconductor platform.
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“Waveguide superconducting single-photon detectors for integrated quantum

photonic circuits,” Applied Physics Letters, vol. 99, no. 18, p. 181110, 2011.

[16] A. Faraon, I. Fushman, D. Englund, N. Stoltz, P. Petroff, and J. Vučković, “Co-
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J. Bloch, “Exciton-photon strong-coupling regime for a single quantum dot

embedded in a microcavity,” Physical Review Letters, vol. 95, p. 067401, 2005.

[39] E. Jaynes and F. Cummings, “Comparison of quantum and semiclassical radi-

ation theories with application to the beam maser,” Proceedings of the IEEE,

vol. 51, no. 1, pp. 89–109, 1963.

[40] F. W. Cummings, “Stimulated emission of radiation in a single mode,” Physical

Review, vol. 140, pp. A1051–A1056, 1965.



BIBLIOGRAPHY 90

[41] K. Hennessy, A. Badolato, M. Winger, D. Gerace, M. Atatüre, S. Gulde, S. Fält,
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A. Imamoğlu, “Strongly correlated photons on a chip,” Nature Photonics, vol. 6,

no. 2, pp. 93–96, 2012.

[46] A. Kubanek, A. Ourjoumtsev, I. Schuster, M. Koch, P. W. H. Pinkse, K. Murr,

and G. Rempe, “Two-photon gateway in one-atom cavity quantum electrody-

namics,” Physical Review Letters, vol. 101, p. 203602, 2008.

[47] R. J. Glauber, “The quantum theory of optical coherence,” Physical Review,

vol. 130, pp. 2529–2539, 1963.

[48] E. Waks, K. Inoue, W. Oliver, E. Diamanti, and Y. Yamamoto, “High-efficiency

photon-number detection for quantum information processing,” IEEE Journal

of Selected Topics in Quantum Electronics, vol. 9, no. 6, pp. 1502–1511, 2003.

[49] B. E. Kardyna l, Z. L. Yuan, and A. J. Shields, “An avalanche-photodiode-

based photon-number-resolving detector,” Nature Photonics, vol. 2, pp. 425–

428, 2008.



BIBLIOGRAPHY 91

[50] A. E. Lita, A. J. Miller, and S. W. Nam, “Counting near-infrared single-photons

with 95% efficiency,” Optics Express, vol. 16, no. 5, pp. 3032–3040, 2008.

[51] A. Divochiy, F. Marsili, D. Bitauld, A. Gaggero, R. Leoni, F. Mattioli, A. Ko-

rneev, V. Seleznev, N. Kaurova, O. Minaeva, G. Gol’tsman, K. G. Lagoudakis,
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ics of strongly coupled quantum dot-nanocavity systems,” arXiv :1503.05595,

2015.

[123] C. H. Bennett and G. Brassard, “Quantum cryptography: Public key distri-

bution and coin tossing,” Proceedings of IEEE International Conference on

Computers, Systems and Signal Processing, vol. 1, pp. 175–179, 1984.

[124] K. G. Lagoudakis, K. Fischer, T. Sarmiento, A. Majumdar, A. Rundquist,
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