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Summary 
Controlling spontaneous and stimulated emission in coupled optical cavities 

Quantum emitters (QEs) interacting with confined electromagnetic fields 

(EF) represent a physical implementation of lasers and single-photon sources. Solid-

state versions of this system, e.g. quantum dots (QDs) embedded in photonic 

crystal cavities (PhCCs), present the additional advantages of scalability and 

enhanced photon emission rates, which allows their integration into chips with 

more complex functionalities and increased performance.  

Within this context, QDs and PhCCs devices are able to efficiently produce photons 

via spontaneous (SpE) and/or stimulated emission (StE) processes, but their intrinsic 

small scales pose technical challenges that often overcome the advantages. Indeed, 

the control of radiative processes, which is well-established in macroscopic systems, 

is much more challenging to implement within micron-sized devices, as it is difficult 

to access the QEs and the cavities separately. The research conducted during this 

project focuses on the study of a novel method, hereby called mode-field tuning, that 

allows to fully control spontaneous and stimulated emission processes of QDs 

interacting with a PhCC mode, specifically by using three coupled cavities.  

In coupled-cavity systems, the electromagnetic field amplitude experienced by QDs 

inside one resonator (named target cavity) depends on the frequency mismatch 

between the latter and the other ones (control cavities). A deterministic variation of 

the resonance frequencies of the control cavities therefore induces a change in the 

EF in the target one, effectively altering the emission rate of the QDs non-locally. 

The primary goal of the presented research is studying this control in the 

spontaneous and stimulated emission regimes with this method. This goal involves 

the conception of the structure, the experimental demonstration of the proof-of-

principle and the development of a theoretical model that describes the physics 

involved.  



 

 

In addition to the aforementioned goals, the observation of non-Lorentzian 

resonances in coupled cavities have been studied theoretically and experimentally. 

These experiments, conducted in collaboration with external groups, clarified that 

non-Lorentzian resonances arise when several overlapping modes contribute to the 

local density of states available to the emitters. They challenge the conventional 

framework of an emitter interacting with an isolated cavity mode and thereby 

extend our fundamental understanding of spontaneous emission in complex 

photonic systems. 

In Chapter 1, the basic topics involved in this thesis are introduced. In particular, 

light-matter interaction between emitters and cavity modes is described, with 

specific focus on theimplementation in the solid-state. The relevant formulas used 

throughout this work are introduced, and the literature on coupled nanocavities for 

the control of radiative processes is reviewed. 

Chapter 2 describes the theoretical framework used to model SpE and StE in 

coupled optical cavities. In particular we quantitatively formulate the variations of 

the field in each cavity as a function of the detuning via coupled-mode theory. Then, 

we integrate these variations into a set of rate equations that describe the StE of 

photons in the specific case of a QD laser. 

In Chapter 3 the experimental, numerical and fabrication methods are introduced. 

Firstly, an overview of the optical setup for frequency- and time-resolved 

spectroscopy is given, together with an explanation of the upgrade realized to allow 

a multi-beam irradiation of the sample. Then, the finite elements method used for 

the electromagnetic and thermal simulations of the photonic devices is briefly 

introduced, whereas the description of the fabrication steps of the structures 

concludes this Chapter. 

In Chapter 4 the experimental investigation of the control over the SpE via mode-

field coupling is presented. First, the PhCCs are introduced, together with the 

modification of the designs required to optimize the inter-cavity tunneling rates, to 



 

 

improve the quality factor (Q) of the cavity and to engineer the spectral position of 

the control resonator resonances. Then, the study of the photoluminescence of the 

QDs in the frequency- and time-domain as a function of the detuning is discussed, 

and the inhibition of the SpE is proved by the observation of a dark mode 

characterized by an increased carrier lifetime. 

Chapter 5 regards the control over the StE emission obtained with mode-field 

coupling. An introductory part introduces the cavities involved, and the laser 

operation is first studied in the uncoupled cavity limit, and then as a function of the 

detuning. The lasing signatures are investigated in the frequency domain via the 

linewidth narrowing and the input-output characteristics, whereas in the time-

domain the StE and SpE emission rates are measured and discussed. The 

modulation of lasing action through mode-field coupling is demonstrated 

experimentally and compared to the predictions of the model described in Chapter 

2. We also theoretically show that a combination of mode-field tuning and ultrafast 

detuning techniques leads to the generation of short pulses, in a manner similar to 

the Q-switching technique. 

In Chapter 6 the peculiar lineshape of the emission spectra in presence of 

overlapping resonances is addressed in a two-cavity system. First, an overview from 

a theoretical perspective is briefly outlined, in terms of local density of photonic 

states and quasi-normal mode description of open systems. Then, the experimental 

results and a discussion on the deviations from the Lorentzian behavior are 

discussed in the case of overlapping supermodes in symmetric and asymmetric loss 

conditions. The measurements presented in this Chapter are part of a larger 

experimental work that represents the first extensive experimental study of the 

non-Lorentzian local density of states that has been recently predicted 

theoretically. 

Finally, in Chapter 7 an overall discussion on the results and an overview of the 

perspectives conclude this thesis work. 
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Chapter 1 | Introduction 
 

The progress achieved by mankind in light technologies during the last two 

centuries is impressive when compared to the ones of the previous hundred 

thousand years. Before the optimization of the arc lamps dated 19th century, based 

on a combination of enduring batteries with voltage-induced continuous discharges 

in metals [1], the main illumination methods relied on the control over the fire, 

whereas light applications were, although pioneering, mainly confined to few ones, 

e.g. the camera obscura and the burning mirrors [2]. Since then, technological 

progresses focused on improving the performances of sources for environmental 

illumination and on discovering new ways to produce light, while several efforts 

were increasingly put in the exploration of novel methods exploiting the broad 

electromagnetic spectrum and the optical properties of materials [3]. 

Throughout the last two centuries, it became increasingly clear that the purpose of 

light generation was not solely confined to the environmental illumination. Besides 

the fundamental understanding of the classical and quantum nature of the 

electromagnetic field, which represents a prerequisite in light technologies, during 

the first part of the 1960’s two major breakthroughs changed the way to produce 

and apply light. On one hand, the development of the first light emitting diodes 

(LEDs) at the infrared [4] and visible [5] frequencies unlocked semiconductor-based 

light sources, which determined remarkable advances in scalable, cheap and 

efficient light emitters. On the other hand, the pioneering works conducted by 

Schawlow, Townes and Maiman [6, 7] led to one of the most important device ever 

invented, i.e. the laser. The coherent radiation produced by these sources 

determined huge steps forward in several fields, including spectroscopy [8], 

medicine [9], as well as single-atom trapping, cooling and manipulation [10] to 

mention only a few. The implementation of this source of coherent light in the solid-

state [11] further opened a way to produce lasers in compact and low-energy budget 
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designs, which allowed them to be extremely common and accessible within 

everyday life. 

During the last decades, the miniaturization of light sources at the nanoscale 

pushed even further the range of light applications into various fields [12], including 

sensors [13][14] and data storage [15]. The enhanced emission rates and the 

subwavelength dimensions characterizing nanolaser and nanoLEDs potentially 

provide the ultra-small footprint, high bandwidths and low energy per bit ratio 

required to surpass electronic-based technology in many contexts, e.g. optical 

communication [16] and interconnects [17]. Additionally, solid-state sources 

producing single-photons, i.e. light quanta, enable the realization of photonic 

integrated circuitry based on the on-chip generation [18], routing [19] and 

information processing with photons, which promise higher computational power 

in some applications, e.g. for quantum simulations [20]. In general, the increased 

demand of global interconnection and data storage require circuitry with decreased 

dimensions, which contrast the fundamental limitations of electronics when 

miniaturization comes into play [21].  

However, despite these huge progress, light sources have still room for 

improvements, especially at the nanoscale. For instance, the photons produced by 

LEDs via spontaneous emission (SpE) are not extracted from the device with unitary 

collection efficiencies, therefore limiting the performance. Additionally, even in 

lasers the presence of many radiative channels for the spontaneously emitted 

photons impact the lasing threshold and the energy budget as a consequence. 

Therefore, many efforts have been employed towards the control over the radiative 

processes to improve light source performances, with particular focus to nanoscale 

devices made of semiconductor materials [22], which ensure a good degree of 

scalability for large-scale production.  

Within this context, semiconductor quantum dots (QDs) embedded in photonic 

crystal cavities (PhCCs) represent a versatile solid-state system that relies on a 
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mature technology, able to provide single-photons [23] and laser radiation with  

low- [24], [25] and high-density [26] of QD emitters, respectively. The enhanced 

light-matter interaction, high radiative efficiencies [27] and fast dynamics, make 

this platform a strong candidate for future quantum devices [28] and in non-linear 

optics [29]. When combined with electronics, these solid-state structures provide 

additional features like ultra-low threshold lasing [30] as well as on-demand single-

photons generation with nano-electro-mechanical devices [31]. Moreover, indium 

arsenide (InAs) QDs enclosed in gallium arsenide (GaAs) membranes present the 

additional advantage of emitting around 1300 𝑛𝑚 [32], in a low-loss and zero-

dispersion spectral window of silica fibers, therefore adequate for long-distance 

optical communication [33].  

Besides the potential advantages of the miniaturization at the nanoscale, many 

practical challenges complicate the control of the photonic output of these devices. 

Achieving a full control the radiative processes, analogously as implemented at 

microwave frequencies in cavity quantum electrodynamics (cQED) systems [34]–

[36], is a prerequisite in this context but challenging to realize due to the small 

scales. The main approaches to the dynamic control of cQED involved fast 

variations of the emitter-cavity detuning [26, 27] and of the loss and field 

distribution [39], but these methods induce a time-dependent phase shift of the 

emitted photons (chirp), which in turn causes dispersive effects that are detrimental 

in optical communication and quantum networks [40]. Moreover, the high 

modulation bandwidths (typically tens of GHz), required for optical interconnects 

based on nanolasers, are affected by practical challenges when combined with 

electrical pumping schemes. Indeed, these schemes imply the injection of short 

current pulses into the gain medium, and the small dimension of the latter is 

coupled with a series resistance and parasitic capacitance, which causes a large RC 

time constant that constraints the achievable bandwidth below the intrinsic one 

[41].  
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The work described in this thesis primarily addresses the experimental proof-of-

principle of a novel approach for the control of radiative processes, namely mode-

field-coupling [42], [43], which potentially offers a way to overcome the above 

mentioned issues. Unlike previous approaches employing the paradigm of single 

cavities, mode-field coupling relies on a systems of three-coupled resonators [42], 

where the field distribution can be deterministically tuned in a target cavity and 

consequently the light-matter interaction can be tailored. In these systems, the 

presence of a dark mode – i.e. a resonance with forbidden radiative emission – is 

exploited to turn off spontaneous and stimulated emission of photons without 

affecting the emitter’s population.  

Additionally, the radiative properties of emitters embedded in optical resonators,  

well-described with the Purcell formula [44] in single cavities, are investigated in 

coupled-cavity systems with overlapping resonances. Indeed, previous theoretical 

works [45], [46] predicted that deviations from the Purcell formula can occur in 

these systems, but an experimental validation of these predictions was required. 

These deviations are crucial in engineering the radiative properties of quantum 

emitters embedded in coupled cavities and under specific circumstances the 

emission spectra presents non-trivial lineshapes [47], [48].  

This introductory chapter is conceptually divided into two main parts: firstly, the 

basic theory behind spontaneous emission is briefly described within the paradigm 

of single cavities, with particular focus on the two distinct regimes that determine 

whether SpE is a reversible or an irreversible process, i.e. weak and strong coupling. 

Additionally, the solid-state platform constituting the devices studied in this thesis, 

i.e. self-assembled quantum dots inside photonic crystal cavities, is described. The 

second part focuses on coupled cavities, where an overview of the literature is 

included, as well as the implementation of the optical coupling in photonic crystals. 

Finally, the overview of this thesis will constitutes the final section. 
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1.1 Radiative processes in single cavities 

Spontaneous and stimulated emission (StE) represent a subset of the radiative 

processes included in the broader ensemble of light-matter interaction phenomena. 

While SpE is ubiquitous in nature and generates the vast majority of photons that 

our eyes can sense, StE requires more stringent conditions to take place. Indeed, 

StE requires the presence of an excited quantum emitter (QE), and a resonant 

photon that stimulates the emission of a second, identical photon with same phase, 

polarization and direction. On the other hand, SpE requires only an excited emitter, 

as the production of a photons occurs naturally after the interaction with the 

ubiquitous vacuum field. 

Once the research works in classical and quantum electrodynamics provided a 

fundamental understanding of these emission processes [49], [50], practical 

applications naturally arose. Indeed, LEDs and lasers base their operation principle 

in SpE and StE emission respectively, and their resulting versatility is nowadays 

central in many applications [51][52]. 

In this section, the basic concept of SpE emission is briefly introduced, in the specific 

context of the cavity-emitter paradigm. This overview focuses on the definition of 

some quantities that are relevant in this thesis work, e.g. the light-matter coupling 

rate 𝑔, and on the definition of the two regimes in which the system can operate, 

namely strong and weak coupling. Then, the derivation of the SpE rate from Fermi’s 

golden rule is derived, and will serve as a basis for the relevant formula used in this 

thesis, e.g the total emission rate used for the description of the nanolaser. 

1.1.1 The cavity-emitter paradigm and spontaneous emission 

The situation of one or more quantum emitters (QEs) interacting with an optical 

cavity mode is a simple scheme that provides fundamental insights of CQED 

processes [53], and represents the basic ingredient composing laser devices [54]. In 

a simplified scheme, one QE is represented by a two-level system composed by a 
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ground and an excited state (|𝑎⟩ and |𝑏⟩ respectively), which are separated by an 

energy ħ𝜔𝑒𝑚. This QE is assumed to interact with a single mode of the optical cavity 

with angular frequency 𝜔𝑐 = 2𝜋𝜈𝑐  as sketched in Figure 1.1.  

A theoretical approach, originally formulated by E.T. Jaynes and F.W. Cummings, 

provides a description of the cavity-emitter interaction within a fully quantized 

framework, where the quantum nature of both the electromagnetic field and the 

emitter are taken into account. The Jaynes-Cummings model [55] considers the 

quantized optical mode as a superposition of Fock states |𝑚⟩, where 𝑚 quantifies 

the number of photons present in the mode, as |𝑚⟩ is eigenstate of the number 

operator [49]. 

 

Figure 1.1: Sketch of a system composed 

by a two-level system with transition 

energy ħ𝜔𝑒𝑚, interacting with a cavity 

mode (with frequency 𝜔𝑐) at a rate 

indicated by 𝑔. 

Within the rotating-wave [56] and dipole [49] approximations, and under the 

assumption of low radiation intensity1, the evolution of the system is described via 

the Jaynes-Cummings Hamiltonian, which considers the emitter (�̂�𝑒𝑚), field (�̂�𝑓) 

and emitter-field interaction (�̂�𝑖𝑛𝑡) as three different contributions as [50]: 

�̂� = �̂�𝑒𝑚 + �̂�𝑓 + �̂�𝑖𝑛𝑡 =

=  ħ[𝜔𝑒𝑚|𝑏⟩⟨𝑏| + 𝜔𝑐�̂�
†�̂� + 𝑔(|𝑏⟩⟨𝑎| + ⟨𝑏|)(�̂�† + �̂�)] 

(1.1) 

Where  �̂�† and �̂� are the bosonic creation and annihilation operators, 𝑔 is the light-

matter interaction rate, and here the vacuum energy in the field is neglected. The 

                                                 
1 The interaction hamiltonian �̂�𝑖𝑛𝑡 = 𝑔(|𝑔⟩⟨𝑒| − |𝑒⟩|𝑔⟩⟨𝑔|)(�̂�

† + �̂�) misses higher order 

terms, such as a second component proportional to (�̂�† + �̂�)2, which describes processes like 
elastic scattering [50], but  is negligible for low field intensities. 
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rate 𝑔, present in the interaction hamiltonian �̂�𝑖𝑛𝑡, is an important parameter since 

it determines the strength of the light-matter interaction, and is given by:  

𝑔 =
𝑑𝑖𝑓 ∙ �⃗⃗�(𝑟)

ħ
 

(1.2) 

Where �⃗⃗�(𝑟) = 𝐸0(𝑟)�̂� is the electric field at the emitter’s position 𝑟, �̂� is the unit 

vector describing the polarization, 𝐸0(𝑟)  = √ħ𝜔𝑐 2휀0휀𝑟𝑉⁄ 𝑒(𝑟) is the amplitude of 

the field per photon multiplied by a normalized function 𝑒(𝑟) that equals unity at 

the antinode of the field and 𝑑𝑖𝑓 = ⟨𝜓𝑏|𝑑|𝜓𝑎⟩ is the dipole moment of the transition 

(𝜓𝑎/𝑏  are the wavefunction of the lower/upper state, 휀0 and 휀𝑟 represent the 

vacuum permittivity and the relative dielectric constant of the cavity medium  

respectively) [57]. If the emitter is located at the maximum of the field, the electric 

field can be written as �⃗⃗�(𝑟) = √ħ𝜔𝑐 2휀0휀𝑟𝑉⁄ �̂�  and 𝑉 can be estimated by imposing 

the energy normalization condition2, which in case of homogeneous and dielectric 

cavities leads to [57]:  

𝑉 = ∫|𝑒(𝑟) |2 𝑑3𝑟 
(1.3) 

The quantity 𝑉  has the dimensions of a volume, and in simple cavity geometries is 

closely related to the physical volume of the cavity. Eq.(1.2) indicates that the 

coupling rate 𝑔 depends on the emitter (via the dipole moment 𝑑𝑖𝑓), the mode field 

and the relative orientations of the associated vectors. These quantities are static 

quantities in single cavities, as the former is fixed by the optical transition, whereas 

the latter depends on the volume 𝑉 associated to the mode, which is determined by 

the cavity design. Unlike the single cavity case, the mode-field tuning studied in this 

thesis exploits the variations of the distributed vacuum field in coupled cavities, 

                                                 
2 The energy normalization condition considered is given by ∫2 휀𝑟(𝑟)|𝐸0(𝑟)|

2𝑑3𝑟 = ħ𝜔𝑐, 
which corresponds to the energy of a single-photon [57]. 



8 

 

which allows the tailoring of the light-matter interactions through the interaction 

rate 𝑔 as in Eq.(1.2).  

The energy structure of the Hamiltonian in Eq.(1.1) in absence of interactions (𝑔 =

0), consists of an infinite set of  𝑚-doublets of degenerate energies (bare states) 

which depend solely on the photon number 𝑚 and the cavity-emitter detuning 𝛿 =

𝜔𝑒𝑚 − 𝜔𝑐  as: 

𝐸𝑎,𝑚+1 = ħ𝜔𝑐(𝑚 + 1) +
1
2
ħ𝛿

𝐸𝑏,𝑚 = ħ𝜔𝑐(𝑚 + 1) −
1
2
ħ𝛿

 

 

(1.4) 

When the interaction is turned on, the cavity and the emitter couple, and the 

eigenvalue spectrum of the full Hamiltonian includes a set of non-degenerate 

doublets (dressed states) that present the additional dependence on the coupling 𝑔 

as: 

𝐸+𝑚 = ħ𝜔𝑐(𝑚 + 1) +
ħ
2
𝛺𝑅
′

𝐸−𝑚 = ħ𝜔𝑐(𝑚 + 1) −
ħ
2
𝛺𝑅
′

 

 

(1.5) 

The quantity 𝛺𝑅
′ = √𝛿2 + 4𝑔2(𝑚 + 1), named generalized Rabi frequency, removes 

the degeneracy at 𝛿 = 0, and this condition is referred as avoided crossing or anti-

crossing. At 𝛿 = 0, the distance in energy among the state with same 𝑚 is 

2𝑔√𝑚 + 1, leading to the so-called anharmonic Jaynes-Cummings ladder. Figure 

1.2a shows the energy eigenvalues as a function of the detuning in the bare (dashed 

curves) and dressed (red curve) state cases for 𝑚 = 0,1,2. The anticrossing at  𝛿 =

0 is visible in the center of the plot for the dressed states, whereas in the bare case 

the energies cross at the same detuning. 
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Figure 1.2: (a) Dressed (red curves) and bare (black dashed curves) state energies for n=1,2,3. In this 

calculation, 𝑔 = 0.01𝜔𝑐. (b) Occupation probability 𝑃𝑎(𝑡) for the strong (𝛾 = 0, 0.1 ∗ 𝑔) and weak (𝛾 =

10 ∗ 𝑔) coupling regimes. 

An equivalent time-domain description can be given in terms of the evolution of the 

populations, as shown in Figure 1.2b. The case 𝑚 = 0 is considered for simplicity, 

corresponding to the “single-photon” case, i.e. at 𝑡 = 0 the cavity is not populated 

by any photon, whereas the emitter is in its excited state. In absence of decoherence 

channels e.g. cavity losses or spontaneous emission into other modes, the 

probability 𝑃𝑎(𝑡) to find the emitter in the excited state varies periodically at the 

Rabi frequency 𝛺𝑅 = 2𝑔. In other words, the spontaneous emission (SpE) of the 

photon is a reversible process, as (ideally) infinite cycles of emission and absorption 

take place (Figure 1.2b-blue curve) and the QE periodically populates its excited 

state. 

However, in real systems the coupling between the electromagnetic field (or the 

emitter) and the continuum of modes of the “outside world” results in a 

decoherence channel that impacts these Rabi oscillations. More specifically, the 

energy contained in the cavity-emitter system leaks out due to the presence of 

these channels, and the occupation probability 𝑃𝑎(𝑡) exponentially decreases with 

time. In the following it is assumed that photon loss is the dominant loss channel, as 
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it is mostly the case in solid-state nanocavities3. As far as the cavity loss rate, 

indicated with 𝛾, satisfies 𝑔 > 𝛾, the Rabi oscillations are damped but still present 

(Figure 1.2b-red curve). This condition is referred as strong coupling regime. When 

the losses dominate the process (𝑔 < 𝛾) the system is overdamped and the 

occupation probability 𝑃𝑎(𝑡) exponentially decreases with a decay time given by 

1/𝜏 = 4𝑔2 𝛾⁄  [58] (Figure 1.2b-black curve). In this condition, called weak coupling 

regime, Rabi oscillations are absent and SpE is an irreversible process, as the 

generated photon escapes the cavity before a re-absorption can take place. The 

quantity 1/𝜏 = 4𝑔2 𝛾⁄  is the SpE rate, and leads to an enhanced generation of 

photons with respect to an emitter located in the free-space. This phenomenon is 

known as the Purcell effect. 

1.1.2 Fermi’s golden rule, Purcell effect and local density of states 

The previous section we discussed how an emitter prepared in its excited state 

evolves in time, and how the cavity properties determine the regime in which this 

evolution occurs, i.e. strong and weak coupling.  The system studied in this thesis, 

i.e. quantum dots in photonic crystal cavities, operates in the weak coupling regime, 

although strong coupling is also possible and has been observed in various 

experiments [59], [60]. Within this context, QDs usually present linewidths that are 

smaller than the cavity spectrum (𝛾 < 𝛥𝜔𝑒𝑚, see footnote 3), so that it is reasonable 

to consider a picture where the QE experiences the resonator mode as a quasi-

continuum of states. With this approach, based on a first order perturbation theory, 

it is possible to express the SpE rate in a form that accounts for the spectral shape 

of the optical cavity, which is typically Lorentzian, and allows to generalize it in the 

case of multiple and isolated resonances. The states of the quasi-continuum can be 

                                                 
3 In this discussion, the decoherence rate 𝛥𝜔𝑒𝑚  associated to the coupling between the emitter 
and other radiative channels is not considered. Although it represents an important parameter 
contributing to the system dynamics [62], the decoherence rate (𝛥𝜔𝑒𝑚 2𝜋⁄ ≈ 1 𝐺𝐻𝑧) in QDs at 
cryogenic temperatures is small compared to the loss rate of a typical photonic crystal cavity 
(𝛾 2𝜋⁄ ≈ 50 − 100 𝐺𝐻𝑧) [80], and is therefore neglected in this simplified picture. 
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indexed by the parameter 𝑘 and have variable spectral density, so that the transition 

per unit time can be evaluated with the Fermi’s golden rule as [61][62]: 

Г𝑆𝑝𝐸 =
2𝜋

ħ2
|⟨𝑎, 1𝑘|�̂�𝐼|𝑏, 0⟩|

2
𝜌(𝜔𝑒𝑚) 

(1.6) 

Where 𝑊𝑓𝑖 = ⟨𝑎, 1𝑘|�̂�𝐼|𝑏, 0⟩ = 𝐸0⟨𝑎|𝑑𝑖𝑓 ∙ �̂�|𝑏⟩ is the transition matrix element, 

whereas 𝜌(𝜔𝑒𝑚) is the density of optical states (DOS) 𝑑𝑁(𝜔) 𝑑𝜔⁄  available at the 

emitter’s frequency 𝜔𝑒𝑚. Due to the presence of modulus square of 𝑊𝑓𝑖, which in 

turns is proportional to the field and the dipole moment, the rate Г𝑆𝑝𝐸  varies with 

𝑔2.  

With Eq.(1.6) is possible to determine the SpE rate in the case of a dipole located in 

the free space continuum (Г𝑆𝑝𝐸
𝑓𝑟𝑒𝑒

) and in a cavity (Г𝑆𝑝𝐸
𝑐𝑎𝑣 ) by calculating the 

corresponding density of states  𝜌𝑓𝑟𝑒𝑒(𝜔𝑒𝑚) and 𝜌𝑐𝑎𝑣(𝜔𝑒𝑚). In the former case, the 

density of states is equal to: 

𝜌𝑓𝑟𝑒𝑒(𝜔𝑒𝑚) =
𝑛3𝜔𝑒𝑚

2

𝜋2𝑐3
𝑉 

(1.7) 

Where 𝑛 is the refractive index of the homogeneous medium and 𝑐 is the speed of 

light. On the other hand, the density of states 𝜌𝑐𝑎𝑣(𝜔𝑒𝑚) in the presence of an 

optical cavity characterized by a quality factor 𝑄 = 𝜔𝑐 𝛾⁄  is given by a normalized 

Lorentzian function as: 

𝜌𝑐𝑎𝑣(𝜔𝑒𝑚) =
2

𝜋𝛾

𝛾2

4(𝜔𝑒𝑚 − 𝜔𝑐)
2 − 𝛾2

 
(1.8) 

 

The ratio 𝐹𝑃 = Г𝑆𝑝𝐸
𝑐𝑎𝑣 /Г𝑆𝑝𝐸

𝑓𝑟𝑒𝑒
, the so-called Purcell factor, represents an important 

figure of merit, as it quantifies the maximum SpE rate enhancement allowed with a 

cavity with given quality factor and mode volume. This quantity is obtained by 

calculating the respective rates and lead to:  
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𝐹𝑃 =
Г𝑆𝑝𝐸
𝑐𝑎𝑣

Г𝑆𝑝𝐸
𝑓𝑟𝑒𝑒

=
3

4𝜋2
(
𝜆𝑐
𝑛
)
3 𝑄

𝑉
 

(1.9) 

Where 𝜆𝑐 = 𝑐 2⁄ 𝜋𝜔𝑐  is the cavity mode wavelength. Eq.(1.9) shows that to 

maximize the enhancement of the SpE rate, cavities with small mode volume and 

large Q-factor are required, and this condition made the observation of the Purcell 

effect in the solid-state challenging before its demonstration in 1998 [63]. 

Moreover, the enhancement quantified by 𝐹𝑃 is achieved when the dipole is 

spectrally resonant with the cavity, spatially located at the field antinode, and 

parallel to the polarization vector �̂� . We note that within these latter conditions, the 

SpE rate Г𝑆𝑝𝐸
𝑐𝑎𝑣  corresponds to the quantity 4𝑔2 𝛾⁄  obtained in the previous section.  

In a more general case, the homogeneous broadening of the emitter can be 

comparable or larger with respect the cavity mode lineshape (which corresponds to 

the relation 𝛾 < 𝛥𝜔𝑒𝑚), e.g. in the case of QDs at room temperature due to the 

presence of dephasing processes [64], or when pumped at high excitation rates [65] 

and electrically [66]. To account these features, which define the bad-emitter 

approximation, a more general formula can be derived [67], [68]. Here, in view of 

application to the case of nanolasers, the general expression derived in [67] for the 

total radiative rate (SpE+StE) for an homogenously broadened emitter will be 

useful: 

𝑅𝑒𝑚 =
2𝜋

ħ2
∫|⟨𝑓|�̂�𝐼|𝑖⟩|

2
𝐿(𝜔)𝜌𝑐𝑎𝑣(𝜔𝑒𝑚)𝑑𝜔 

(1.10) 

Where |𝑖⟩ and |𝑓⟩ generically represent the initial and final states of the transition, 

whereas 𝐿(𝜔) is the homogeneous broadening of the emitter, which is typically a 

Lorentzian function. Eq.(1.10) represents a general formula that corresponds to 

Eq.(1.6) when 𝛾 > 𝛥𝜔𝑒𝑚, as in this case 𝐿(𝜔) is approximated by a Dirac delta 

function centered at 𝜔𝑒𝑚  and therefore the integrand is non-zero only at 𝜔 = 𝜔𝑒𝑚  

. This equation does not only provide a quantitative tool to investigate SpE in 

presence of broadened emitters [69], but it has been used to derive the photon 
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emission rate included in the rate equations describing nanolasers [57], which is the 

basis of the theoretical framework explained in Chapter 2.  

The electric field inside nanocavities, as will be extensively shown with numerical 

simulations in this thesis, is strongly inhomogeneous in space, as it presents several 

nodes and antinodes. The integral of the DOS counts the number of states available 

in a given frequency range, and the specific field pattern is not explicitly considered 

by this quantity. An elegant way that accounts for this inhomogeneity, is to define 

the local density of states (LDOS), i.e. the density of states available to an emitter 

at a specific location and frequency. The LDOS, defined as the imaginary part of the 

trace of the Green’s tensor [70] (see Chapter 6), accounts the fact that not all 

positions are equivalent, as Drexhage demonstrated by placing a fluorescent 

molecule in front of a mirror in his seminal experiment [71]. In this case, the presence 

of the mirror alters the density of states, as the latter depends on the distance 

between the emitter and the reflection point, and the SpE varies accordingly. In 

particular, a variation of the Fermi’s golden rule that explicitly includes the LDOS 

can be expressed [70], [72] as follows: 

Г =
𝜋𝜔𝑒𝑚
ħ휀0

|𝑑𝑖𝑓|
2
𝐿𝐷𝑂𝑆(𝑟, 𝜔𝑒𝑚) 

(1.11) 

 

Eq.(1.11) shows that the SpE rate is determined by the dipole moment |𝑑𝑖𝑓|
2

, while 

the contribution due to the electromagnetic environment is completely included in 

the LDOS. For this reason, the LDOS is a fundamental quantity in nanophotonics, 

and several results have been achieved by spatially and spectrally tailoring it [73], 

[74]. In presence of few isolated resonances with limited losses, the LDOS is well 

described by a sum of Lorentzian functions centered at the harmonic mode 

frequencies of the cavity. However, as will be explained in the Chapter 6, deviations 

from this Lorentzian behavior arise, for instance, when two or more resonances 

overlap in frequency. 
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1.2 Quantum dots and photonic crystal cavities 

The topics discussed so far can be implemented in several platforms like 

superconducting circuits [75] and Rydberg atoms at microwave frequencies 

[76], as well as neutral atoms in high-finesse Fabry-Perot cavities in the near-

infrared [77]. As mentioned earlier, the platform used in this thesis work is 

composed by self-assembled quantum dots interacting with photonic 

crystal cavities, and in this section the main features of these two elements 

are briefly described. 

1.2.1 Quantum dots 

Semiconductor quantum dots, also known as artificial atoms or quantum boxes, are 

nanostructures with reduced dimensionality able to localize carriers via quantum 

confinement [78]. The small sizes of these nanostructures (≈ 10 𝑛𝑚) cause 

quantization effects to be relevant in all three dimensions, and therefore the 

allowed energies compose a discrete set. 

 

 

Figure 1.3: (a) Atomic force 

microscopy picture of a low-

density ensemble of QDs 

(picture taken from T. Xia). 

(b) Simplified energy 

structure of a quantum dot 

under non-resonant 

pumping (blue arrow). The 

black circles represent the 

electrons, whereas the white 

dots represent the holes.  

QDs are commonly produced the via the Stranski-Krastanov technique, with the 

strain-induced creation of islands when a semiconductor is grown on a substrate 

with mismatched lattice constant.  



15 

 

In the specific case of this thesis work, few layers of InAs are grown by molecular 

beam epitaxy on a substrate of GaAs, therefore forming a quantum well referred as 

wetting layer. Since the lattice constants of InAs and GaAs differ by nearly the 7%, 

the structural strain favors the formation of InAs island, which represent the QD. 

Since this island formation is a random process, the QD position and size, where the 

latter determines their emission wavelength, are not controlled (Figure 1.3a) and 

eventually result in a spectral inhomogeneous broadening of the QD ensemble. 

Then, the QDs are capped with a GaAs layer to preserve them from interacting with 

the surface and to avoid oxidation.   Due to the inter-diffusion of the Gallium from 

the substrate, and the QDs are typically composed by the ternary compound 

InGaAs. 

In this thesis work, the QDs are grown with a high nucleation density (≈

200 𝑄𝐷𝑠/𝜇𝑚2), and their emission is probed via micro-photoluminescence 

experiments under non-resonant optical pumping scheme. Consistently with this 

scheme (Figure 1.3b), laser radiation (𝜆 = 780 𝑛𝑚) promotes electrons to the 

conduction band of the wetting layer, leaving a hole in the valence band. These 

carriers diffuse throughout the semiconductor, and part of them are captured by the 

QDs within a time-scale that is typically on the order of 10 𝑝𝑠 [32]. The carriers then 

relax to the lower states composing the energy structure of the QDs, and eventually 

form a bound state known as neutral exciton4 [79]. The excitonic radiative 

recombination, which typically takes place at the ns timescale, produces a photon 

at a wavelength of ≈ 1300 𝑛𝑚 that constitutes the investigated 

photoluminescence [80]. To limit linewidth broadening and non-radiative 

recombination caused by phonon interactions, the QDs are typically probed at 

cryogenic temperatures (< 70 𝐾). 

                                                 
4 Multiexcitonic states (biexcitons, negative and positive trions) are also present since the QD 
can be populated by two electrons/holes. 



16 

 

1.2.2 Photonic crystal cavities 

Photonic crystals are dielectric5 structures that present a one-, two- or three-

dimensional periodicity in the relative dielectric constant 𝜖(𝑟). More specifically, the 

dielectric function is such that  𝜖(𝑟) = 𝜖(𝑟 + �⃗⃗�), where 𝑟 represents a position in 

space and the vector �⃗⃗� = 𝑛𝑥�̂�𝑥 + 𝑛𝑦�̂�𝑦 + 𝑛𝑧�̂�𝑧  defines the real lattice of the PhC in 

terms of the primitive vectors �̂�𝑖  (𝑛𝑖 are integer numbers) [3]. This periodicity in the 

dielectric, analogously to the electrostatic potential provided by a periodic 

arrangement of atomic nuclei, introduces a discrete translational symmetry in one 

or more dimensions that prevents the propagation of photons with specific 

wavelengths (photonic band gap)  [81], [82].  

The problem of propagation of light through media with periodic 𝜖(𝑟) is treated by 

considering the so-called master equation, which is directly derived from the 

Maxwell equations. For the case of isotropic, lossless, non-dispersive and non-

magnetic materials is given by [3]: 

∇⃗⃗⃗ × (
1

𝜖(𝑟)
∇⃗⃗⃗ × �⃗⃗⃗�(𝑟)) = (

𝜔

𝑐
)
2

�⃗⃗⃗�(𝑟) 
(1.12) 

Where �⃗⃗⃗�(𝑟) is the magnetic field at the position 𝑟 and 𝜔 is the corresponding 

frequency. In other words, Eq.(1.12) transforms the Maxwell equations into an 

eigenvalue problem of the form Ѳ̂�⃗⃗⃗�(𝑟) = (𝜔 𝑐⁄ )2�⃗⃗⃗�(𝑟), where the electric field �⃗⃗�(𝑟) 

can be retrieved via 

�⃗⃗�(𝑟) =
𝑖

𝜔휀0𝜖(𝑟)
∇⃗⃗⃗ × �⃗⃗⃗�(𝑟) 

(1.13) 

Eqs. (1.12)-(1.13) represent the theoretical framework that allows the evaluation of 

the fields and corresponding frequencies for a given dielectric structure. In the case 

of complicated dielectric arrangements, an analytical solution of  Eq.(1.12) cannot 

                                                 
5 Although metallic photonic crystals have been created for microwave [196] and infrared 
[197] wavelengths, here we focus on the dielectric counterpart. 
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be formulated, so that numerical methods are required to calculate the spatial 

distribution of the fields. 

Due to the periodicity of 𝜖(𝑟) and according to the Bloch’s theorem, the spatial 

distribution of the field (solution of the Maxwell’s equations) can be expanded as a 

superposition of the Bloch states given by: 

�⃗⃗⃗�𝑘(𝑟) = 𝑒
𝑖�⃗⃗�∙𝑟 �⃗⃗�𝑘(𝑟) (1.14) 

Where �⃗⃗⃗�(𝑟) is expressed as a sum of plane-waves modulated by the Bloch functions 

 �⃗⃗�𝑘(𝑟) =  �⃗⃗�𝑘(𝑟 + �⃗⃗�), which follow the same periodicity as 𝜖(𝑟). Once the dielectric 

structure of the crystal is defined, every wavevector �⃗⃗�, called crystal vector, is 

associated to a frequency 𝜔(�⃗⃗�). The relation between the frequencies 𝜔(�⃗⃗�) and the 

crystal vectors �⃗⃗� is called dispersion relation, and characterizes the optical 

properties of the crystal as it highlights the presence of a band-gap. Indeed, 

although for every wavevector �⃗⃗� there is an associated frequency 𝜔(�⃗⃗�), the 

opposite is not necessarily the case. Those waves whose frequencies are not 

associated to any �⃗⃗� with real components are not allowed to propagate inside the 

PhC, as they lie in the photonic band-gap. These waves can penetrate the PhC 

interface, but the corresponding field exponentially decays because the associated 

wavevector is complex [3], and for this reason they are called evanescent waves. 

Defects in the photonic crystal pattern create localized states in which 

electromagnetic fields with frequencies within the band-gap can be confined. In this 

case, the defect acts as a cavity, as the light confined cannot propagate throughout 

the crystal plane due to the presence of the bandgap in its surrounding. Photonic 

crystal cavities (PhCCs) display high quality factors and small modal volumes so that 

they are ideal structures where to observe CQED effects like Purcell enhancement 

of SpE [83] or strong light-matter interactions [59], [84]. Among the different 

geometries and dimensionalities, a good compromise between optical properties 

and manufacturing maturity is met by two-dimensional PhCCs (Figure 1.4a, left 
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panel). Indeed, three-dimensional PhCs, despite initially studied intensively due to 

their complete photonic band-gap  [81], [85], are challenging to fabricate with the 

present technology. On the other hand, two dimensional PhCCs can be obtained by 

etching air holes in a semiconductor slab with sub-micrometer thickness, so that the 

in-plane confinement plane is achieved by the photonic bandgap, whereas total 

internal reflection limits the losses in the vertical direction (Figure 1.4b). Moreover, 

self-assembled QDs can be embedded in the middle of the slab with Stranski-

Krastanov method (Figure 1.4a-right panel), so that by properly engineering the 

PhC via the lattice constant a and the air hole radii 𝑟, the PhCC mode can be 

spectrally positioned in the proximity of the QD emission frequency. This cavity-

emitter system, characterized by large free-spectral ranges due to the reduced 

dimension of the resonator [86], is at the basis of photonic-crystal based CQED 

schemes [79].  Additionally, this platform provides the high quality factors (>

1000), small mode volume (≈ (𝜆 𝑛⁄ )3), and large SpE coupling to the lasing mode 

(≈ 94%) which are prerequisites for high-efficient and low-threshold lasers [87].  

 

Figure 1.4: (a) Left panel: photonic crystal cavity defined by a line defect of three missing air holes in a 

triangular lattice. Right panel: atomic force microscope (AFM) picture of a high-density ensemble of 

quantum dots embedded in the middle of the semiconductor slab. The light blue square in the left panel 

represents the approximate area of the AFM picture. (b) Sketch of the cross-section of the PhCC. The red 
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arrows represent the light confinement achieved by total internal reflection (TIR) in the z-direction, 

whereas the yellow arrow represents the in-plane confinement provided by the bandgap. The parameters 

a and r indicate the lattice constant of the photonic crystal and the radii of the air holes. 

1.3 Coupled nanocavities 

The concept of coupled optical cavities has been already explored in the 1980’s to 

obtain single-mode semiconductor lasers with narrow linewidths at optical 

communication frequencies [88], and to achieve higher continuous-wave powers 

when a passive resonator is coupled to the active one [89]. With the progresses in 

fabrication technologies, novel applications of coupled cavities (CCs) arose, and 

nowadays the designs of these devices include a vast variety of platforms, spanning 

from microring resonators [90] and micropillars [91], to two-dimensional PhCCs 

[92] and whispering gallery modes [93]. The research interest provided by the use 

of CCs is very broad, and includes nonlinear frequency conversion for three and four-

wave mixing [94], mirror symmetry breaking in nanolasers [95], as well as the 

observation of phase transition at the exceptional point [96] and self-pulsing laser 

exploiting Fano resonances [97]. Moreover, passive devices showed several features 

already observed in atomic transitions, e.g. electromagnetically-induced 

transparency (EIT) in cavity-waveguide-cavity systems [98], Fano resonances [99], 

whereas a detailed study [100] clarified the difference between EIT and the Autler-

Townes spectrum characterizing the strong photonic coupling. Additionally, multi-

array systems named coupled resonators optical waveguides (CROW) have been 

proposed [101] and implemented [102]–[104] to guide light via multiple cavities 

weakly coupled to each other, providing a reduced group velocity and consequent 

slow-light propagation, and have been considered to obtain highly efficient 

transmission of light traveling through sharp bends [105].  

Another application of CCs is represented by their role in fabrications disorders, 

which can alter both frequency of the resonance [106] and tunneling rates [107]. This 

frequency shift can be detrimental in quantum simulation with correlated photons, 

as it introduces a randomness that prevents to engineer precisely the spectral 
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position of the resonances. However, this issue is circumvented when the tunneling 

rate among several CCs is larger than the disorder [108]. On the other hand, 

engineered disorder of PhCs can cause the presence of one or more localized states, 

which can be coupled and hybridized by finely altering the dielectric material  [109], 

[110]. Furthermore, the detuning-dependent loss rate associated to each 

supermode has been exploited to vary the quality factor within the picosecond time 

scale in cavity-waveguide PhC systems [111], whereas entangled photon pairs have 

been generated in coupled micro-pillars [112]. 

In this thesis work, the main focus is directed towards the control of the radiative 

processes, which relates to a narrow part of the already vast literature on the CC 

subject. This control, which is well-established at microwave frequencies [35], is 

challenging in single nanocavities, as the key parameters (loss and light-matter 

coupling rates) are static. Indeed, the main methods employed to achieve this 

control involved the variation of the cavity-emitter detuning, which allowed to vary 

the SpE rate within of a QD in single PhCCs within the carrier lifetime [37], and by 

varying the field properties in two-cavities [39]. Moreover, the dynamic control of 

Rabi oscillation have been realized by tuning the dot emission via Stark shift in two 

PhCCs [113], whereas a combination of mechanical control over the tunneling rate 

and QD tuning allowed a full tuneability of the exciton-cavity detuning [114]. 

However, the use of two CCs is generally associated to a phase shift (chirp) taking 

place at the anti-crossing of the inter-cavity interaction (as it will be seen in Figure 

1.6b below), which is detrimental in applications requiring long-distance 

propagation of light like optical communication [16], and provides a limited 

tuneability of the light-matter interaction (up to a factor 1 √2⁄ ) [39].  

Recently, a scheme based on three-coupled cavities (Figure 1.5) has been proposed 

to completely suppress radiative interactions in a target cavity by varying the inter-

cavity detuning from the other resonators [42], therefore enabling a non-local field 

variations without affecting the emitter’s population. This scheme exploits the 
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presence of a dispersion-free dark mode in the target cavity (see Chapter 2),  caused 

by the antisymmetric distribution of the electromagnetic field in three CCs, and 

have been observed in transmission measurements with passive microtoroid 

resonators [115] and in the near-field with PhCCs [116]. 

 

Figure 1.5: Concept of the three-cavity system considered in this thesis work. The emitter (or emitters) is 

located in a target cavity, which in turn is coupled with two side control resonators a tunneling rate η 

(defined in the next section). These two resonators are blue- and red-shifted by a detuning ∆ with respect 

the target cavity. 

When emitters are coupled to the dark mode, the interaction with the 

electromagnetic field that they experience can be tuned from a maximum value to, 

ideally, zero by varying the detuning ∆ among the resonators [43]. The realization 

of this scheme is the main focus of this thesis work. This method is included in the 

set of techniques referred as mode-filed coupling, which generally refers to the 

controlled variations of the electromagnetic field distribution in multiple cavities. 

The specific case of three-cavities, when implemented opto-mechanically, has been 

predicted to cause a phonon-photon-emitter tripartite interaction leading to 

generation of non-classical states of motion and mechanical ground-state cooling 

[117].   

1.3.1 Photonic crystal coupled cavities 

PhCCs can be easily coupled to similar structures to form a coupled-cavity system. 

As mentioned earlier, the field present in the defect cavity penetrates the photonic 

crystal as an evanescent wave. When two PhCCs are sufficiently close, their 

evanescent fields overlap and the photons can tunnel from one resonator to the 
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other, which results in a photonic coupling. The tunneling rate 𝜂 quantifies this 

coupling, and it is defined as an overlap integral as follows [116]: 

𝜂 =
∫∆𝜖(𝑟) �⃗⃗�0(𝑟) ∙ �⃗⃗�0(𝑟 + �⃗⃗⃗�)𝑑𝑟

∫ 𝜇0 |�⃗⃗⃗�0(𝑟)|
2
+ 𝜖(𝑟)|�⃗⃗�0(𝑟)|

2
𝑑𝑟

 
(1.15) 

 

Where �⃗⃗�0(𝑟) and �⃗⃗⃗�0(𝑟) are the electric and magnetic fields in the localized cavities 

with frequency 𝜔0,  ∆𝜖(𝑟) = 𝜖′ − 𝜖 is the difference of the relative dielectric 

constant at the position 𝑟 between the single cavity case (𝜖′) and the coupled case 

(𝜖), and �⃗⃗⃗� is the spatial separation between the cavities. 

 

Figure 1.6: Normalized electric field of two evanescently coupled PhCCs defined by two line defects of 

seven missing holes (L7). The simulation has been obtained with finite element method as described in 

Chapter 3. (b) Frequencies of the supermodes as a function of the adimensional detuning Δ.  

Figure 1.6a shows the simulated normalized field of coupled PhCCs (details on the 

simulation in Chapter 3) composed by two line defects of 7 missing holes (L7 

cavities), with angular frequencies 𝜔1 and  𝜔2, in condition of zero detuning (𝛥 =

𝜔1 − 𝜔2 = 0). As it can be seen, the evanescent fields overlap in the center of the 

picture, giving rise to a photonic coupling via Eq.(1.15). Additionally, this figure 

shows the typical electric field pattern inside PhCCs, which is characterized by a 

strong spatial dependence and presents various nodes and antinodes.  

Analogously to the cavity-emitter interaction, the cavity-cavity system presents an 

anti-crossing in the case of strong photonic coupling. This condition can be 
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expressed as 𝜂 > |𝛾1 − 𝛾2| 2⁄  [118], where 𝛾1 and 𝛾2 are the loss rates of the 

uncoupled resonators, and basically requires that the photon tunneling is the 

dominant process. Figure 1.6b shows the plot of the coupled modes (often referred 

as supermodes) as a function of the detuning 𝛥, obtained via coupled mode theory 

as described in Chapter 2.  The frequency mismatch among the supermodes is 

expressed as ∆𝜔′ = √𝛥2 + 4𝜂2 [119], which therefore implies that at 𝛥 = 0 the 

frequencies are non-degenerate, and are separated in energy by 2𝜂. 

1.4 Goals and outline of the thesis 

In this thesis, the primary goal is to experimentally investigate the mode-field 

coupling in a system of three coupled cavities. By controlling the detuning of control 

cavities, the inhibition of SpE and StE of QDs in a target resonator is studied via 

frequency- and time-resolved microphotoluminescence (μPL) techniques. The 

detuning method relies on the thermo-optic effect [120], where the resonances of a 

cavity are red-shifted by laser irradiation. To achieve this task, a standard confocal 

μPL setup has been upgraded to allow the presence of three beams at the sample 

position. The designs of the devices have been conceived by using finite elements 

methods, while the fabrication of the samples has been carried out by Frank W. van 

Otten (growth of the QDs) and dr.Francesco Pagliano (photonic crystal cavities) at 

the clean room facilities available at TU/e. A theoretical framework that describes 

variations of the SpE rate via mode-field tuning has been developed by means of 

coupled mode theory (CMT), whereas the control over the StE in a nanolaser has 

been modeled with a combination of CMT and semiconductor rate equations. 

Additionally, an experimental investigation has been conducted on the deviations 

of the Lorentzian lineshapes observed in a system of two-coupled PhCCs with 

overlapping resonances. In these structures, the emission spectra from each cavity 

is investigated, and the deviation from Lorentzian behavior is discussed. This part 

of the thesis is the result of a collaboration with the group of Prof. M. Gurioli 

(University of Florence) and with P. Lalanne and K. Vynck (University of Bordeaux). 
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The structure of this thesis is organized as follows: 

 Chapter 2 describes the theoretical framework used to model SpE and StE 

in coupled cavities. First, by means of CMT, we quantitatively formulate the 

variations of the field in each cavity as a function of the detuning as in Ref. 

[42]. Then, we integrate this model into a set of rate equations, where the 

total emission rate of the QDs is calculated from Eq.(1.10). 

 In Chapter 3 the experimental and simulation tools are introduced. In 

particular, an overview of the optical apparatus in terms of frequency- and 

time-resolved measurement is given, as well as an explanation of the setup 

upgrade to allow a multi-beam irradiation of the sample. Furthermore, the 

fabrication methods used to produce the device are briefly discussed. 

 In Chapter 4 the investigation of the control over the SpE is presented. 

First, the PhCCs involved are introduced, together with the modification of 

the designs required to optimize the inter-cavity tunneling rates, improve 

the Q factor of the target cavity and to engineer the spectral position of the 

control resonator resonances. Then, the study of the photoluminescence 

of the QDs in the frequency- and time-domain as a function of the inter-

cavity detuning is discussed. 

 Chapter 5 regards the control over the StE emission obtained with mode-

field coupling. An introductory part presents the cavities involved, and the 

laser operation is first studied in the uncoupled cavity limit, and then as a 

function of the detuning. The lasing signatures are investigated in the 

frequency domain via the linewidth variation and the input-output 

characteristics, whereas in the time-domain the StE emission rates are 

measured and discussed. The modulation of lasing action through mode-

field coupling is demonstrated experimentally and compared to the 

predictions of the model. We also theoretically show that a combination of 

mode-field tuning and ultrafast detuning techniques lead to the generation 

of short pulses, in a manner similar to Q-switching devices. 
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 In Chapter 6 the peculiar lineshape of the emission spectra in presence of 

overlapping resonances is addressed in a two-cavity system. First, an 

overview from a theoretical perspective is briefly outlined, in terms of 

LDOS and quasi-normal mode description of open systems. Then, the 

experimental results and a discussion on the deviations from the 

Lorentzian behavior are discussed in the case of overlapping supermodes 

in symmetric and asymmetric loss conditions. 

 Finally, in Chapter 7 an overall discussion on the results and an overview of 

the perspectives, conclude this thesis work. 
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Chapter 2 | Theory 

This chapter explains the theoretical framework involved in the control of 

SpE and StE with mode-field tuning. Firstly, the equations describing the strong 

interaction among three optical modes are formulated within a coupled-mode 

theory (CMT) approach. These equations describe the coupled modes (supermodes) 

via an eigenvalue problem, and provide the parameters that quantify the variations 

in the electromagnetic field in each cavity and supermode frequency.  

Then, a set of laser rate equations (RE), whose radiative rates are derived from 

Fermi’s golden rule, are combined with  the CMT ones to model the stimulated 

emission from quantum dots in presence of a tuneable EM field. These equations 

represent a tool able to describe the light in-light out (LL) curves and the carrier 

dynamics (measured by time-correlated single-photon counting experiments) 

under pulsed excitation. We address the CMT and RE individually in the following 

sections. 

2.1 – Coupled-mode theory and mode-field tuning 

Coupled-mode theory is a generic mathematical tool employed for the analysis of 

coupled linear systems in terms of their uncoupled frequency and loss rates [121]. 

Initially formulated in the 1950’s within the context of microwave propagation in 

waveguides [122], CMT has been first revised and then applied to optical 

frequencies in the 1970’s [123]. Since then, CMT has been succesfully applied to 

several platforms, including coupled photonic crystal cavities and waveguides [4, 5]. 

The specific case under study, i.e. the coupling of three optical modes with variable 

detuning, is described in detail in ref.[42]. Here, we briefly summarize the main 

features that are needed to understand the implementation of this approach to the 

control of spontaneous and stimulated emission. 
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Figure 2.1 – (a) Sketch of the three-cavity system: A target cavity (with mode frequency 𝜈𝑡) is side coupled 

with two other resonators (control left and control right) at a photon tunneling rate η. These control 

cavities are blue- and red-shifted by the same detuning Δ with respect to the target one. The loss rates of 

the uncoupled resonators are indicated by 𝛾𝑙 , 𝛾𝑡  and 𝛾𝑟. One or more quantum emitters (here represented 

by a two-level system) interact with the target cavity mode. (b) Supermodes (red lines) and uncoupled 

mode (black dotted lines) frequencies as a function of the adimensional detuning 𝛥 𝜂⁄ . The reported 

supermode frequencies correspond to the real part of the corresponding eigenfrequencies. The parameter 

used are η=1, 𝜈𝑡 = 0, 𝛾𝑙 = 𝛾𝑟 = 𝛾𝑡 = 0.1𝜂. 

Figure 2.1a displays a sketch of the system. Three cavities - named control left, 

control right and target – are symmetrically coupled with a photon tunneling rate 𝜂, 

whereas it is assumed that the side resonators do not directly interact. Furthermore, 

the frequencies of the control cavities are red-shifted and blue-shifted by an amount 

Δ with respect the target one (indicated by 𝜈𝑡). The loss rates of the three cavities 

are indicated by 𝛾𝑙 , 𝛾𝑟 and 𝛾𝑡, and quantify the photon loss rate per unit time from 

each resonator. This coupled system is described by the following matrix [42]: 

 
𝐴 = |

(𝜈𝑡 − Δ) + 𝑖𝛾𝑙 𝜂 0
𝜂 𝜈𝑡 + 𝑖𝛾𝑡 𝜂
0 𝜂 (𝜈𝑡 + Δ) + 𝑖𝛾𝑟

| 
(2.1) 

 

Eq.(2.1) therefore describes the coupling in terms of the complex frequencies of the 

left, right and target cavities as 𝜈𝑙 = (𝜈𝑡 − Δ) + 𝑖𝛾𝑙, 𝜈𝑟 = (𝜈𝑡 + Δ) + 𝑖𝛾𝑟  and 𝜈𝑡 =

𝜈𝑡 + 𝑖𝛾𝑡  respectively. The presence of the null off-diagonal matrix elements 

indicates the absence of mutual coupling among the control cavities. 

The frequencies of the emerging supermodes are derived by diagonalization of 𝐴, 

which yields three eigenvalues 𝜈1(Δ) + 𝑖𝛾1(Δ), 𝜈2(Δ) + 𝑖𝛾2(Δ) and 𝜈3(Δ) + 𝑖𝛾3(Δ). 
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The real (imaginary) part of these eigenvalues describe the frequency (loss rates) of 

each supermode, which are labelled with the subscripts 1,2 and 3.   

Figure 2.1b shows the uncoupled mode (black dot lines) and the resulting 

supermode (red lines) frequencies as a function of  detuning. At large detunings 

(| 𝛥 𝜂| » 1⁄ ), the cavities are decoupled due to large spectral mismatch, and 

therefore the supermode and uncoupled mode frequencies overlap. As the detuning 

decreases, the cavities couple and the supermode frequencies deviate from the 

uncoupled case. Eventually, at 𝛥 = 0, an anti-crossing emerges due to the strong 

photonic interaction, as we are here assuming 𝛾𝑙 = 𝛾𝑟 = 𝛾𝑡 = 0.1𝜂. It is worth to 

note that the central supermode frequency 𝜈2(Δ) does not depend on the detuning, 

therefore meaning that the transition from uncoupled to coupled does not impact 

the resonant frequency. This feature implies that the light produced by emitters 

coupled to this supermode is not affected by frequency chirping when the detuning 

is varied in time, which is beneficial in long-distance optical communication [16] and 

quantum information processing [40].  

The normalized eigenvector associated to each supermode, indicated by 𝑘 =

1, 2, 3, can be written in the basis of the uncoupled modes as: 

�⃗�𝑘(Δ) = |

𝛼𝑘
(𝑙)(Δ)

𝛼𝑘
(𝑡)(Δ)

𝛼𝑘
(𝑟)(Δ)

| ,   𝑤𝑖𝑡ℎ |𝛼𝑘
(𝑙)
(Δ)|

2
+ |𝛼𝑘

(𝑡)
(Δ)|

2
+ |𝛼𝑘

(𝑟)
(Δ)|

2
= 1 

 

  (2.2) 

 

The physical meaning of the eigenvector components 𝛼𝑘
(𝑙,𝑡,𝑟)(Δ) can be understood 

as follows: an emitter placed at 𝑟𝑒𝑚 interacting with the 𝑘-th supermode, 

experiences an EM field amplitude 𝐸𝑘(𝑟𝑒𝑚 , 𝛥) that depends on the detuning and can 

be expressed in terms of the uncoupled cavity modes of the left, target and right 

resonators (namely 𝐸(𝑙)(𝑟𝑒𝑚), 𝐸
(𝑡)(𝑟𝑒𝑚), 𝐸

(𝑟)(𝑟𝑒𝑚)) as: 
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𝐸𝑘(𝑟𝑒𝑚 , 𝛥) = 𝛼𝑘
(𝑙)(Δ)𝐸(𝑙)(𝑟𝑒𝑚) +  𝛼𝑘

(𝑡)(Δ)𝐸(𝑡)(𝑟𝑒𝑚) + 𝛼𝑘
(𝑟)(Δ)𝐸(𝑟)(𝑟𝑒𝑚) (2.3) 

  

Therefore, these components quantify the fraction of the electromagnetic field at 

the 𝑘-th supermode frequency that is present inside the left, target and right cavity. 

Since in the experiments involved in this thesis only the target cavity is probed, 

𝐸(𝑙)(𝑟𝑒𝑚) = 𝐸
(𝑟)(𝑟𝑒𝑚)  = 0, and therefore we have that the field can be expressed 

as 𝐸𝑘(𝑟𝑒𝑚 , 𝛥) = 𝛼𝑘
(𝑡)(Δ)𝐸(𝑡)(𝑟𝑒𝑚). 

Figure 2.2a shows the evolution of the corresponding eigenvector component  

𝛼2
(𝑡)(Δ), i.e. the fraction of the EM field at the central supermode frequency present 

in the target cavity. At large detuning (|∆| 𝜂⁄ »1), the parameter 𝛼2
(𝑡)(Δ) = ±1, 

which means that the corresponding field 𝐸2(𝑟𝑒𝑚, 𝛥) is localized inside the target 

cavity with opposite signs, as in Figure 2.2b (top and bottom sketches). As the 

detuning decreases, the effect of the coupling varies 𝐸2(𝑟𝑒𝑚 , 𝛥), as the latter 

redistributes throughout the three cavities with the net effect of decreasing its 

amplitude in the target one via 𝛼2
(𝑡)(Δ). At zero detuning, the field is delocalized in 

the control cavities, effectively leaving the target cavity without field. Under this 

condition, the central supermode is dark. 

 

Figure 2.2 – (a) Evolution of the parameter 𝛼2
(𝑡)(𝛥) as a function of the detuning, showing that it varies 

from -1 to 1. (b) Sketch of the EM field in the three limiting cases of large detuning (|∆| 𝜂⁄ »1) and zero 
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detuning (∆= 0). In the first cases the field is localized in the target cavity, while in the latter it is 

completely delocalized in the control ones. 

The central supermode therefore displays two interesting features: the first is its 

dispersion-free frequency shown in Figure 2.1b, whereas the second is its detuning-

dependent field that allows to turn it from bright to dark. Due to the combination 

these two features, the focus of this thesis is mainly directed to the light-matter 

interaction between emitters and the central supermode (whose corresponding 

subscript is 2). 

The simulation shown in this section assumed that the uncoupled modes of the 

three resonator have the same loss rates. Under this condition, the effect of the 

photonic coupling affects solely the EM field distribution, therefore implying a pure 

mode-field modulation [42]. However, in real experiments this assumption is not 

necessarily correct, since fabrication imperfections can introduce asymmetric 

losses, or the loss rates are designed to be different. In Appendix A2.1. 

2.1.1 Mode-field tuning and inhibition of spontaneous and stimulated emission 

The strength of the resonant light-matter interaction of an emitter, interacting with 

the target cavity mode at the central supermode frequency, is quantified by the rate 

𝑔, defined in Chapter 1 and equal to:  

𝑔(𝛥) =
𝑑𝑖𝑓 ∙ �⃗⃗�2(𝑟𝑒𝑚 , 𝛥)

ħ
= 𝛼2

(𝑡)(Δ)
𝑑𝑖𝑓 ∙ �⃗⃗�

(𝑡)(𝑟𝑒𝑚)

ħ
 

(2.4) 

 

Where 𝑑𝑖𝑓  represents the dipole moment of the emitter associated with the 

transition, and ħ = ℎ 2𝜋⁄  is the Planck’s constant. Eq.(2.4) shows that the 

interaction strength 𝑔  depends on the detuning, due to the intercavity coupling. As 

introduced in Chapter 1, the parameter 𝑔 is an important quantity, as every radiative 

process depends on it. For instance, the spontaneous emission Г of an emitter 

weakly interacting with a cavity mode follows Г = 4𝑔2 𝛾⁄  (where 𝛾 is the loss rate) 
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[62], while the Rabi oscillations characterizing the strong coupling regime has a 

timescale of 𝜏𝑅𝑎𝑏𝑖 = 𝑔
−1. Additionally, the modal gain depends on the square this 

parameter, as it is determined by the matrix element |⟨𝑓|𝐻|𝑖⟩|2 ∝ |⟨𝑓|𝑑𝑖𝑓 ∙

�⃗⃗�2(𝑟𝑒𝑚)|𝑖⟩|
2

 describing the transition among the initial and final states |𝑖⟩  and |𝑓⟩, 

with 𝐻 representing the atom-field interaction Hamiltonian [57]. In other words, 

mode-field tuning enables a deterministic control of all radiative processes with the 

only experimental requirement of coupled systems with variable resonances. 

2.2 – Rate equations and mode-field tuning of lasers 

As discussed above, the StE emission of lasers can be inhibited by inducing 

variations in the modal gain via mode-field tuning. In this section, the rate equations 

employed to model this tuning are derived from the theoretical work described in 

[57], which provides the calculation of the radiative rate of the emitters from the 

Fermi’s golden rule. These REs provide a description of the time variation of the 

number of carriers in the wetting layer and in the QDs, and of the photon number of 

the three supermodes. Additionally, the REs are here formulated to specifically 

address QD lasers in the presence of a tuneable EM field, but can be easily adapted 

for other types of gain media like quantum wells. The aim of the model is not to 

accurately describe the complex physics of the QDs, as it neglects some of their 

aspects like the multi-level energy structure and specific processes as relaxation and 

recombination. Additionally, only the gain/absorption processes in the target cavity 

are described, assuming that the other cavities are passive. Nonetheless, this model 

provides a basis used to interpret the experimental results. 

2.2.1 – Rate equation for the photon number 

The theoretical framework built to model the mode-field tuning of nanolasers, is 

based on a combination of coupled mode theory and semiconductor rate equations 

[125]. Rate equations represent a powerful tool describing the basic physics behind 

laser emission, and considers the variation in time of the photon and the carrier 
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numbers. To quantitatively express the variations of the photon number, the 

formula in Eq.(1.10) is used in the bad emitter approximation limit (𝛥𝜔𝑒𝑚 > 𝛥𝜔𝑐𝑎𝑣 , 

where 𝛥𝜔𝑐𝑎𝑣  is the cavity linewidth) as described in [57]. Indeed, the high pumping 

rates involved in laser investigation experiments broadens the QD linewidth at a 

point that the calculation of the photon emission rate via Eq.(1.6) is not correct even 

at cryogenic temperatures. Additionally, the QDs present phonon-mediated 

channels able to funnel photons even if the cavity-emitter detuning is larger than 

several cavity linewidths, which leads to relevant non-resonant contribution to the 

gain even if the spectral mismatch is on the order of 10 𝑛𝑚 [126]. 

To derive the total photon emission rate from Eq.(1.10), the homogeneous 

broadening term 𝐿(𝜔) is assumed to be a Lorentzian function centered at the 

angular frequency 𝜔𝑐  (corresponding to 𝐿(𝜔) = 2/𝜋𝛥𝜔𝑒𝑚), whereas the cavity 

lineshape is described by a Dirac delta function. Under this assumptions, the integral 

vanishes and Eq.(1.10) becomes: 

𝑅𝑒𝑚 ≈
2𝜋

ħ휀0휀𝑟𝑉
𝑑𝑖𝑓
2

𝜔𝑐
𝛥𝜔𝑒𝑚

(𝑁𝑝 + 1) 
(2.5) 

 

Where 𝑁𝑝 represents the number of photons. Eq.(2.5) shows that the total emission 

rate (SpE+StE) depends on the mode volume but it does not contain the quality 

factor 𝑄. The SpE rate is retrieved by setting 𝑁𝑝 = 0, whereas in presence of StE 

(𝑁𝑝 > 1), the emission rate increases linearly with the photon number.  

In order to describe the ensemble of emitters composing the gain medium, we 

consider the total rate of increase of photon number as 𝑅𝑡𝑜𝑡 = 𝑅𝑒𝑚𝑁2, where 𝑁2 

quantifies the atoms in the excited state. Since the absorption is similar to the 
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stimulated emission rate, we can consider the net variation of the photon number 

𝑃(𝑡) as6: 

�̇�(𝑡) =
2

ℎ휀0휀𝑟
𝑑𝑖𝑓
2

𝜈𝑐𝑎𝑣
𝑉𝑝𝛥𝜈𝑒𝑚

[𝑁2(𝑡) − 𝑁1(𝑡)]𝑃(𝑡)

+
2

ℎ휀0휀𝑟
𝑑𝑖𝑓
2

𝜈𝑐𝑎𝑣
𝑉𝑝𝛥𝜈𝑒𝑚

𝑁2(𝑡) −
𝑃(𝑡)

𝜏𝑝
 

(2.6) 

  

Where 𝜈𝑐𝑎𝑣  is the cavity frequency, 𝛥𝜈𝑒𝑚  is the emitter’s bandwidth, 𝑑𝑖𝑓  is the dipole 

moment of the considered transition, 𝑉𝑝 is the modal volume, 𝑁1 represent the 

number of emitters in the ground state, ℎ휀0휀𝑟  is the product of Planck constant, 

vacuum permittivity and relative dielectric constant of the cavity medium, and 𝜏𝑝 is 

the photon lifetime. We note that a negative rate term 𝑃(𝑡) 𝜏𝑝⁄  is included into 

Eq.(2.6) to account the cavity losses. Eq.(2.6) has a general validity, as it takes into 

account the number of emitters in the excited and ground states. To address the 

specific problem of QD laser, the following substitutions are made: 

{
𝑁(𝑡) = 𝑁2(𝑡)

2𝑛𝑑 = 𝑁1(𝑡) + 𝑁2(𝑡)
 

(2.7) 

Where 𝑁(𝑡) therefore represents the number of carriers in the excited state of the 

QDs, and 𝑛𝑑 is the total number of QDs present in the cavity. The factor 2𝑛𝑑  

considers the double degeneracy of the QD ground state.  

By substituting Eq.(2.7) into Eq.(2.6), and after rearranging some terms, we obtain: 

�̇�(𝑡) = 𝑘
𝜈𝑐𝑎𝑣
𝑉𝑝𝛥𝜈𝑒𝑚

[2𝑃(𝑡)(𝑁(𝑡) − 𝑛𝑑) + 𝑁(𝑡)] −
𝑃(𝑡)

𝜏𝑝
 

(2.8) 

 

Where the factor 𝑘 is defined as 2𝑑𝑖𝑓
2 ℎ휀0휀𝑟⁄ .  

                                                 
6 From now, frequencies 𝜈 = 𝜔 2𝜋⁄  are considered instead of angular frequencies. 
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Eq.(2.8) describes the variation of the photon number into an optical mode, and can 

be applied to address lasing in single cavities with fixed resonance and loss rate. In 

our case, the photonic coupling of three cavities results in the formulation of three 

different equations for the photon number, namely 𝑃1(𝑡), 𝑃2(𝑡) and 𝑃3(𝑡), whose 

subscripts correspond to the three supermodes 1,2 and 3. The detuning-dependent 

quantities introduced by the photonic coupling enter the model by means of the 

eigenvector components 𝛼𝑘
(𝑙,𝑡,𝑟)(Δ), the supermode frequencies 𝜈𝑘(Δ)  and the loss 

rates 𝛾𝑘, which are related to the corresponding photon lifetimes as 𝜏𝑝,𝑘(𝛥) =

1 4𝜋𝛾𝑘⁄  .  

Therefore, the three rate equations describing the photon number 𝑃𝑘(𝑡) at each 

supermode frequency can be formulated as: 

�̇�𝑘(𝑡) = 𝑘|𝛼𝑘
(𝑡)(𝛥)|

2 𝜈𝑙(𝛥)

∆𝜈𝑒𝑚𝑉𝑝
[2𝑃(𝑡)(𝑁(𝑡) − 𝑛𝑑) + 𝑁(𝑡)] −

𝑃𝑘(𝑡)

𝜏𝑝,𝑘(𝛥)
 

(2.9) 

 

With 𝑘 = 1,2,3. Eq.(2.9) therefore shows that the eigenvector components 

𝛼𝑘
(𝑙,𝑡,𝑟)(Δ) directly impacts the modal gain. We note that the variation of the mode 

field at the emitter’s position can be incorporated within an effective modal volume 

𝑉𝑝
′ = 𝑉𝑝/𝛼𝑘

(𝑡)(𝛥), but we prefer to keep the dependence on 𝛼𝑘
(𝑡)(𝛥) explicit. 

2.2.2 – Rate equation for the wetting layer population 

Within the non-resonant pump scheme employed in the experiments, the useful 

carriers are captured by the QDs from the wetting layer states before to recombine 

into the lasing mode. Therefore, to properly address non-resonant pumping, one 

rate equation describing the carrier number 𝑁𝑤  in the wetting layer is formulated. 

Four main mechanisms that cause variations of 𝑁𝑤  are considered: 

 Pump injection: Carriers are produced in the wetting layer via optical or 

electrical injection. In the following we consider optical pumping at a 

frequency 𝜈𝑖𝑛, and the absorbed power is then indicated by 𝑃𝑎𝑏𝑠. The 
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corresponding carrier production rate is given by 𝑃𝑎𝑏𝑠 ℎ𝜈𝑖𝑛⁄ . We assume 

that the number of states in the wetting layer is large enough that Fermi-

blocking of the pumping is negligible. 

 QD capture: Carriers are captured by QDs at a rate 1/𝜏𝑐, where 𝜏𝑐  is the 

capture time and it is typically on the order of 10 ps [127]. This process 

provides the carriers that participate to the laser emission via radiative 

recombination in the QDs. Since the number of captured carriers cannot 

exceed their maximum allowed number 2𝑛𝑑, a Fermi-blocking term, given 

by (1 − 𝑁(𝑡) 2𝑛𝑑⁄ ), is included. 

 Recombination in the wetting layer: Carriers can recombine radiatively or 

non-radiatively in the wetting layer at a rate 1/𝜏𝑤 . Such processes are not 

useful to the laser operation, as they reduce the amount of carriers in the 

wetting layer, preventing them from being captured by the QDs. 

 Thermal excitation: Carriers can be promoted to the wetting layer states 

from QD excited states due to thermal excitation at a rate 1/𝜏𝑇𝐻. This 

process is here neglected, as it rate is small at low temperatures. 

The rate equation describing the carriers in the wetting layer is therefore 

expressed as: 

 

�̇�𝑤(𝑡) =
𝑃𝑎𝑏𝑠
ℎ𝜈𝑖𝑛

−
𝑁𝑤  (𝑡)

𝜏𝑐
(1 −

𝑁(𝑡)

2𝑛𝑑
) −

𝑁𝑤(𝑡)

𝜏𝑤
 

(2.10) 

2.2.3 - Rate equation for the quantum dot population 

The variation of the carrier number 𝑁(𝑡) in the QDs present in the target cavity is 

mainly caused by the following factors: 

 QD capture: Unlike its role of decreasing the wetting layer population, the 

QD capture represent the principal process that funnel carriers in the QDs. 

The characteristic rate, as in Eq.(2.10), is equal to  1/𝜏𝑐. 
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 Radiative recombination: These processes cause a decrease (increase) of the 

carriers 𝑁(𝑡), as a photon is emitted into (absorbed from) the lasing mode. 

 Other decay channels: Carriers can decrease their number without funneling 

useful photons into the lasing mode, mainly due to non-radiative processes 

and emission into other optical modes. In this model, we regard these loss 

mechanisms as a single rate 1 𝜏𝑙⁄ , where 𝜏𝑙  is the corresponding decay time. 

Considering the term described above, and summing the radiative recombination 

contributions involved in all three supermodes, the rate equation for 𝑁(𝑡) can be 

formulated as:  

�̇�(𝑡) =
𝑁𝑤  (𝑡)

𝜏𝑐
(1 −

𝑁(𝑡)

2𝑛𝑑
)

−∑ {𝑘|𝛼𝑘
(𝑡)(𝛥)|

2 𝜈𝑖
∆𝜈𝑒𝑚𝑉𝑝

[2𝑃𝑘(𝑡)(𝑁(𝑡) − 𝑛𝑑)
𝑘=1,2,3

+  𝑁(𝑡)]} −
𝑁(𝑡)

𝜏𝑙
 

 

  (2.11) 

  

The five rate equations are therefore determined by Eqs.(2.9),(2.10) and (2.11) as: 

�̇�𝑤(𝑡) =
𝑃𝑎𝑏𝑠
ℎ𝜈𝑖𝑛

−
𝑁𝑤  (𝑡)

𝜏𝑐
(1 −

𝑁(𝑡)

2𝑛𝑑
) −

𝑁𝑤(𝑡)

𝜏𝑤
 

�̇�(𝑡) =
𝑁𝑤  (𝑡)

𝜏𝑐
(1 −

𝑁(𝑡)

2𝑛𝑑
)

−∑ {𝑘|𝛼𝑘
(𝑡)(𝛥)|

2 𝜈𝑖
∆𝜈𝑒𝑚𝑉𝑝

[2𝑃𝑘(𝑡)(𝑁(𝑡) − 𝑛𝑑)
𝑘=1,2,3

+  𝑁(𝑡)]} −
𝑁(𝑡)

𝜏𝑙
 

�̇�𝑘(𝑡) = 𝑘|𝛼𝑘
(𝑡)(𝛥)|

2 𝜈𝑙(𝛥)

∆𝜈𝑒𝑚𝑉𝑝
[2𝑃(𝑡)(𝑁(𝑡) − 𝑛𝑑) + 𝑁(𝑡)] −

𝑃𝑘(𝑡)

𝜏𝑝,𝑘(𝛥)
 

 

  

 

(2.12) 
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2.2.4 – Input-output characteristics and time-resolved spectra 

In this section, the predictions of the derived model are discussed in terms of the LL 

curve, experimentally addressable via spectroscopic measurements, and of the 

carrier decay times, which can be probed via time-correlated single-photon 

methods. 

The LL curve describes the dependence of the emitted photons on the excitation 

pump, which is here assumed to be pumped. From an experimental point of view, 

the emitted photons can be measured by probing the spectral-resolved 

photoluminescence (PL) of the QDs at various excitation powers. The integral of the 

peak resonance over frequency is proportional to the number of photons emitted 

by the QDs into the mode and leaked from the cavity. Additionally, time-resolved 

experiments investigate the carrier dynamics, as they reconstruct the QD decay by 

measuring the arrival time of the emitter photons.  

The photon number 𝑃𝑘(𝑡), solutions of the differential equations composing the 

REs,  contain the information needed to model these two experimental scenarios. 

For instance, the behavior of the LL curve can be inferred by integrating 𝑃𝑘(𝑡) over 

time, as this operation provides a number of photons proportional to those emitted 

into the 𝑘-th supermode. Moreover, the assumption of a pulsed pumping term 𝑃𝑎𝑏𝑠  

implies that 𝑃𝑘(𝑡) decays over time because the carriers produced by the optical 

pulses eventually recombine. This decay is measured in a time-resolved 

measurement of the PL at the supermode frequency. In this section, the LL and 

time-resolved curves extracted from the REs are discussed, by considering typical 

parameters that characterize photonic crystal cavity-quantum dot lasers. 
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Figure 2.3 – (a) Sketch of the simulated system in the uncoupled case. The red pulse represent the 

optical pump, while the yellow box inside the target cavity represents the gain medium (in our case 

QDs). The field is entirely contained within the target cavity. (b) The fabricated sample (details in the 

next chapter), composed of an L7 (target) and two L50 (control) cavities. The red circle represents the 

excitation spot. 

The starting point of the discussion is the photon number solution 𝑃2(𝑡) that 

represents the photon number into the central supermode, which represents the 

main focus of this thesis, when the inter-cavity detuning Δ is large. Under this 

condition, as explained in the Sect.2.1, the three cavities do not interact, and 

therefore the target resonator can be regarded as uncoupled.  

Figure 2.3a shows the sketch of the system. Inside the target cavity, the gain 

medium experiences the maximum field achievable, whereas a non-resonant 

optical pulse produces carriers, which in turn generate photons via recombination 

after capture from the wetting layer. To simulate the behavior of lasing devices by 

means of the REs, a set of parameters consistent with PhC cavities is employed, and 

a typical design of the latter (discussed in detail in the next chapters) is shown in 

Figure 2.3b. A defect of seven missing holes in the photonic crystal (L7) defines the 

target cavity, while two L50 defects (50 missing holes) compose the control ones. In 

the sample, the QDs are present throughout the whole device, and only those 

positioned within the red spot in Figure 2.3b are excited by the optical pulse. As 
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mentioned above, the  absorption of the QDs in the control cavities, and its possible 

saturation, are not included in the model. 

 

Figure 2.4 – (a) Light in-light out (red line) and light in-carrier (blue line) curves. The red and blue arrows 

indicate the corresponding axes. The carrier clamping and the non-linearity in the photon number show 

a threshold at an excitation pulse energy of about 3 ∙ 10−2 fJ (grey area). (b) Solution 𝑃2(𝑡) of the REs at 

different excitation energies. Around the threshold (i.e. when the photon number equals unity, black 

dashed line), a fast decay feature can be observed. The parameters used can be found in Table 1. 

The LL curve is shown as a red line in Figure 2.4a (the parameter used for these 

simulations are listed in Table 1). This curve is obtained by calculating the total 

number of emitted photons as 𝑃2𝑡𝑜𝑡 = ∫ 𝑃2(𝑡) 𝜏𝑝 𝑑𝑡⁄
∞

0
 at various excitation 

energies7, and therefore represents the photon number inside the optical cavity per 

pulse.  Around the excitation energy of 3 ∙ 10−2 fJ, a slight non-linearity indicates 

the presence of a threshold. This non-linearity, unlike macro-sized lasers, appear to 

be modest due to the presence of few optical modes spectrally overlapping with the 

emitter. Moreover, the threshold is also highlighted in the plot of the light in-carrier 

curve (Figure 2.4a, blue line), which represents the peak carrier number 𝑁𝑚𝑎𝑥 , as is 

it calculated by extracting the maximum of 𝑁(𝑡). At low pump energies, 𝑁𝑚𝑎𝑥  

increases due to QD capture from the wetting layer states. As the pumping process 

supplies a sufficient number of carriers for the non-radiative recombination and SE 

                                                 
7 The energy  𝐸𝑝𝑢𝑙𝑠𝑒  is calculated as  𝐸𝑝𝑢𝑙𝑠𝑒 = 𝑃𝑎𝑣𝑔 𝑅⁄ , where 𝑃𝑎𝑣𝑔 is the average power and 

𝑅 = 76 𝑀𝐻𝑧 the repetition rate. 
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into non-lasing modes, the laser transition takes place. This transition is therefore 

accompanied by the clamping of the carriers, as in Figure 2.4b (grey area) [125]. 

The model developed is able to give intriguing insight over the laser transition when 

the dynamics of the emitters are considered. These dynamics, experimentally 

probed by TCSPC measurements, provide an additional proof of laser transition that 

has been poorly considered in the literature: the appearance of a fast mechanism 

that adds to the SpE decay. To clarify this point, several 𝑃2(𝑡) curves at various 

excitation energies are plotted in Figure 2.4b. Below the threshold (between 

1 ∙ 10−2 and 3 ∙ 10−2 fJ), the decay of the photon number is mono-exponential and 

nearly independent from the pump energy. Above 3 ∙ 10−2 fJ, the photon number 

exceeds one (black dashed line), which is considered as a threshold definition in 

microcavities since it marks the point where stimulated emission becomes 

dominant [128]. Under this condition, a fast decay component appears, and 

becomes more prominent as the pump energy is increased. Experimental signatures 

of this feature can be found in literature in nanowire-based nanolasers [15, 16], and 

has been associated to lasing, whereas the slower decay has been attributed to 

photon recycling processes [131]. In the presented model, the fast decay can be 

interpreted as a feature that accompanies the onset of lasing, as it appears in the 

same range of the excitation power corresponding to the LL non-linearity and when 

the intracavity photon number equals unity, whereas the slow decay is due to the 

residual SpE. 

To show the effect of the mode-field tuning, the detuning is decreased to allow the 

three cavities to interact. The effects on the LL curve and on the QD radiative 

dynamics are shown in Figure 2.5. More specifically, Figure 2.5a shows the evolution 

of the LL curves at various detuning 𝛥. At large detuning (𝛥 = 4𝜂, 2𝜂), the non-

linearity slightly moves toward higher excitation energies and eventually becomes 

less clear. This feature is consistent with the picture of a detuning-dependent modal 

gain that decreases as the photonic coupling increases. When the detuning is 
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smaller than the photon tunneling rate 𝜂, the SpE becomes the dominant radiative 

emission, and the non-linearity characterizing the threshold is absent. At these 

detunings, the saturation of the SpE rate results in a plateau in the LL curve above 

an excitation energy of 10−2 fJ. Figure 2.5a suggests that if the emitters are pumped 

with a constant pumping energy (e.g. black dashed line in Figure 2.5a), variations of 

the detuning are expected to inhibit StE for the central supermode at sufficiently 

small values of 𝛥 (when the mode is dark). 

Table 1 – Parameters used in the laser simulation. 

Parameter Description Value 

휀𝑟  Relative dielectric constant 12.9  

Q Target cavity Q-factor 6090 

𝑉𝑝 Target cavity mode volume 0.31 𝜇𝑚3 

𝑛𝑑 Quantum dot number 280 

𝜏𝑙  SpE into non-radiative/other modes 2.0 𝑛𝑠 

𝑑𝑖𝑓  Dipole moment8  3.89 ∙ 10−28 𝐶 ∙ 𝑚 

𝜈𝑖𝑛  Pump frequency 3.85 ∙ 1014 𝐻𝑧 (𝜆

= 780 𝑛𝑚) 

∆𝜈𝑒𝑚  QD spectral broadening 1.97 ∙ 1015 𝐻𝑧 (𝛥𝜆 =

10 𝑛𝑚) 

𝜏𝑐  QD capture time 10 𝑝𝑠 

𝜏𝑤  Wetting layer carrier decay time 1 𝑛𝑠 

 

Figure 2.5b shows a set of 𝑃2(𝑡) solutions calculated at different values of the 

detuning 𝛥, by considering a constant pumping energy equal to 0.3 fJ as indicated 

by the dashed line in Figure 2.5a. Also in this case, at large detuning the laser 

                                                 
8 The value of the dipole moment is calculated from the spontaneous emission rate Г𝑆𝑝𝐸  of the 

QDs in the bulk by inverting Eq.6.119 in ref.[50], and by considering that in homogeneous media 
Г𝑆𝑝𝐸 = 휀𝑟

2Г𝑣𝑎𝑐, where Г𝑣𝑎𝑐 is the corresponding rate in vacuum [198] . 
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operation from the central supermode is guaranteed due to a field amplitude value 

that ensures a sufficiently high modal gain. For 𝛥 < 𝜂, the decrease in the field  in 

the target cavity causes the suppression of laser operation due to insufficient modal 

gain. In this condition, the main contribution in the decay curve is given by the SpE, 

effectively confirming a suppressed StE. 

 

Figure 2.5 – (a) LL curves at various detunings. As the detuning decreases to ∆= 𝜂, the threshold 

displaces to higher excitation energies. At smaller detuning, the threshold disappears, and the LL curve 

displays a typical behavior of saturated SpE. (b) Different 𝑃2(𝑡) solutions at the same detuning values as 

in (a). The excitation energy is fixed, and set to 0.03 fJ (corresponding to the black dashed curve in (a). At 

large detuning (∆= 4𝜂, 2𝜂), the fast decay attributed to lasing is visible around 3 ns, whereas at small 

detuning, the photon number goes below unity and therefore lasing operation is turned off. 
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Appendix 2A.1 – Effect of asymmetric loss and tunneling rates  

In real devices, the loss and tunneling rates of the uncoupled cavities may differ due 

to design or due to fabrication imperfections. For variations regarding the loss rate, 

the effect of the photonic coupling does not only affect the EM field at each 

supermode frequency (eigenvector components), but also impacts the loss rates of 

each supermode (imaginary part of the supermode complex frequency). As a 

consequence, the control over the radiative processes takes place as a combination 

of mode-field tuning (pure 𝑔 modulation) and loss tuning. However, the control of 

SpE and StE emission obtained via the former is expected to have a larger impact 

with respect the latter, as the relative changes of the EM field are larger than loss 

changes. On the other hand, asymmetries on the tunneling rate introduce a chirp of 

the central supermode frequency but do not impact the condition of zero field. 

To clarify these points, two different system are considered here: a system with 

unbalanced loss rates, where the control cavities are assumed to have uncoupled 

loss rate that are the double with respect the target resonator. In this case, the 

condition γl,r = γt/2 = 0.1η on the target cavity loss rate still prevents the device 

to enter in a regime where non-Lorentzian effects have to be taken into account 

(see Chapter 6). The second system displays asymmetric tunneling rates ηl = 1.5 ηr  

and balanced loss rates (γl,r = γt = 0.1η). 

Figure 2.6a shows the behavior of the supermode loss rates γ1, γ2 and γ3 as a 

function of the detuning 𝛥 in the unbalanced loss case. At large detunings, the 

supermode loss rates coincide with the uncoupled cavity ones, as expected in a 

condition of no coupling due to the absence of spectral overlap. For values of 𝛥 ≈ 𝜂, 

the photonic interaction results in a redistribution of the losses with the net effect 

of decreasing the corresponding rates of the supermodes 1 and 3, at the expenses 

of the supermode 2. As can be seen from Figure 2.6, the loss rate of the central 

supermode increases by a factor of 2, which coincides with the assumed loss 

mismatch in the uncoupled case. We note that in a practical case, the difference in 
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loss rates among the cavities, and therefore the loss modulation associated to 

mode-field coupling, is expected to be smaller. Moreover, the relative change in 

modal gain is always larger than the loss modulation, as the gain decreases to zero 

at zero detuning. Nevertheless, the loss modulation still has to be taken into 

account when, for instance, lasing is involved. Indeed, when the detuning is varied 

in time, the resulting laser modulation can be determined by a combination of Q-

switch and mode-field tuning.  

 

Figure 2.6 – (a) Imaginary part of the supermode complex frequencies, representing the loss rates. At 

large detuning, the loss rates of the supermodes coincides with the uncoupled case limit. The parameters 

are equal to 𝛾𝑡 = 0.1𝜂 and  𝛾𝑙 = 𝛾𝑟 = 2𝛾𝑡. When the coupling shows its effects, a redistribution of the 

losses increases the corresponding rate in the central supermode (𝛾2), and decreases the ones of the other 

two supermodes (𝛾1, 𝛾3). Please note that the loss rates 𝛾𝑙 and 𝛾𝑟 are the same for every Δ. 

Figure 2.6b shows the results of the simulations of the second system, i.e. 

asymmetric tunneling rates 𝜂. The upper panel displays the calculated supermode 

frequencies as a function of the detuning. As it can be seen around zero detuning, 

the central supermode presents a variation of the frequency, which is not present in 

the ideal case of symmetric tunneling rates (Figure 2.1b). However, Figure 2.6b-

bottom panel shows the modulus square of the eigenvector component |𝛼2
(𝑡)
(Δ)|

2
, 

which represents the intensity of the detuning-dependent field at the central 

supermode frequency. As it can be seen, |𝛼2
(𝑡)
(Δ)|

2
= 0 at zero detuning, which 
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therefore ensure that the central supermode can be turned to dark even in case of a 

strong asymmetry of the tunneling rates (difference of 50% in the considered case). 

The variation in frequency shown in Figure 2.6b-top panel introduces a frequency 

chirp when fast variation of detuning is applied [42], but the implementation of 

post-fabrication control of the tunneling rate offers a way to overcome this issue 

[119]. 

Appendix 2A.2 – LL curve with continuous wave excitation 

In this chapter, the results from the model are obtained by considering a pulsed 

excitation. The convenience of this approach relies in the immediate comparison 

with the experimental LL and time-resolved data, as they have been measured with 

a pulsed pump. 

However, it is also worth showing what the model predicts when the gain medium 

is pumped with continuous wave (CW) excitation. To display the main features 

under this pumping condition, the LL and NL are shown in Figure 2.7. 

Figure 2.7a shows the LL curves, calculated at different detunings. Their 

dependence with Δ is, as expected, similar to the pulsed excitation case. Indeed, the 

threshold moves at higher excitation power as the detuning decreases, until the 

modal gain is not sufficiently high to compensate the system losses, and therefore 

the device operates in the SpE regime.  

Figure 2.7b shows the NL curves obtained at the same conditions as in Figure 2.7a, 

where the y axis represents the carriers normalized by the number of QDs 𝑛𝑑, so 

that 𝑁 𝑛𝑑⁄ = 1 means transparency, and 𝑁 𝑛𝑑⁄ = 2 indicates full occupation of the 

QDs states. When the detuning decreases, the carrier number clamps at a higher 

value. This behavior can be understood in terms of the reduced field at the central 

supermode frequency, which causes the radiative rate into the mode to decrease. 

Therefore, if the CW excitation power is kept constant, less carriers recombine 

radiatively. In other words, the carriers store energy in a similar manner as they do 
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in Q-switch lasers, with the difference that in this case the modulation affects the 

field rather than the cavity losses. For detuning smaller than the rate η, the carriers 

number decreases again (Figure 2.7b). This behavior is attributed to the availability 

of two radiative channels provided by the other two supermodes, that can lase since 

the EM field at those frequencies is sufficient to achieve StE. 

 

Figure 2.7 – (a) LL curve at various detunings. In the uncoupled case (∆= 10𝜂, 4𝜂) the threshold power 

slightly moves towards higher power as observed in the pulsed excitation case. At lower detuning, as 

expected, the LL curve shows that the device is operating in the SpE regime. (b) NL curves at different 

detunings. At large detuning, the clamping value of the carriers is around 300, whereas it decreases with 

decreasing detuning reaching a maximum of about 350. At even shorter detuning(∆= 0.5𝜂, 0.25𝜂), the 

carriers decrease in number due to stimulated emission into the other supermodes. (c) LL curves at various 

detuning for the other two supermodes. Lasing occurs from these modes at detuning comparable to (and 

smaller than) the tunneling rate η. 

Indeed, Figure 2.7c shows the LL curve obtained with the solutions 

𝑃2 and 𝑃3 corresponding to the photon number in the lateral supermodes as a 

function of the detuning. Given a value of the detuning, the solutions  𝑃2 and 𝑃3 are 

equal due to the symmetry of the cavity system. As can be seen, at large detuning 

(from 10𝜂 to 2𝜂) the modal gain is not sufficient to sustain lasing from these 

supermode, as the photon number saturates below the threshold value of one. 

When the detuning is equal to (smaller than) the tunneling rate (magenta curve), 

the photon number exceeds one, and therefore the lateral supermodes lase, so that 

an efficient recombination channel is available to the carrier, which clamps at a 

lower value as discussed above. 
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However, by designing the control cavities with sufficiently high modal losses, 

lasing operation from the supermodes 1 and 3 can be prevented. This means that 

the energy stored by the carriers at small detuning can be released under the form 

of a pulse when ∆(𝑡) is varied in time from zero to the uncoupled limit. Such 

technique would therefore combine Q-switch (as the supermode loss rates depend 

on ∆), and mode-field tuning (as the EM field depends on ∆).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 

 

Chapter 3 | Methods 

This chapter reports the relevant information regarding the experimental, 

numerical and fabrication methods used throughout this work. The discussion starts 

with the experimental apparatus used to probe the QD photoluminescence (PL) in 

the time- and frequency-domain. The description of the setup is conceptually 

divided into parts to better explain the instruments and techniques involved, 

including the upgrade of the apparatus that has been implemented to allow the 

presence of two additional laser spots at the sample position for the thermal tuning. 

Each part of the setup description is accompanied by a related measurement with 

the dual purpose of displaying an example of experimental output and of showing 

the properties of the QDs used, as well as the thermal tuning of the resonances. 

Then, the design and simulation method used to study the electromagnetic and 

heat transport properties of the devices is introduced, i.e. the finite elements 

method (FEM) with COMSOL software. 

Finally, a brief description of the steps required to fabricate the photonic crystal 

cavities is included, although this part has been carried out by Frank W. van Otten 

and dr. Francesco Pagliano and a detailed description is out of the scope of this 

thesis.  

3.1 Experimental methods 

Microphotoluminescence (μPL) spectroscopy represents one of the main 

experimental techniques to study optically active nanostructures, e.g. nanowires, 

quantum wells and quantum dots. In its basic scheme, the radiation provided by a 

light source excites the electrons of the active material within a micrometer-sized 

area, and the PL produced after the de-excitation is collected and studied in the 

frequency or in the time domain.  
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The specific experimental apparatus used in this thesis work is primarily represented 

by a standard confocal μPL spectroscopy setup with non-resonant pumping 

scheme, i.e. the PL is collected by the same objective that focuses the excitation 

beam, which has a frequency that is largely mismatched with respect to the studied 

optical transition. Unlike the aforementioned basic scheme, two additional laser 

spots have been introduced in the setup to allow a multi-beam irradiation at the 

sample position as needed to thermally tune the control cavity resonances. 

The complete picture of the experimental setup is shown in Figure 3.1, and it is 

conceptually divided into four parts (red text): μPL, time-resolved (TR), detuning 

(DET) and acquisition (ACQ). The μPL part includes the main axis of the setup 

defined by the non-resonant excitation beam, together with the detection of the PL 

spectra in the frequency-domain provided by the combination of the spectrometer 

(Horiba IHR1000) and an array of solid-state InGaAs detectors (IGA3000). The time-

resolved portion of the apparatus includes the instrumentation required to probe 

the dynamics of the QDs via time-correlated single-photon counting (TCSPC) 

technique, i.e. a superconducting single-photon detector (SSPD), the correlation 

card and all the electronics involved. The detuning part of the apparatus includes 

the additional beams required to thermally tune the resonances, along with the 

optical elements that allow to combine all the laser beams in a common path. 

Finally, the acquisition part consists of the software used to control the instruments 

and to collect all the data. 

To better explain the experimental techniques/tools involved in this thesis work, the 

three main parts composing the whole apparatus (μPL,TR and DET) will be 

described individually in the following sections. 
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Figure 3.1: Experimental setup for frequency- and time-resolved analysis of the PL. The setup is 

conceptually divided into four parts (text in red): μPL (microphotoluminescence, green area), TR (time-

resolved, red area), DET (detuning, orange area) and ACQ (acquisition, grey area). The red beams 

represent the pumping laser path, whereas the green and blue one are related to the detuning beams and 

the produced PL respectively. The white light used to illuminate the sample for imaging is indicated by 

the yellow beam. The following abbreviations are used in this figure: M (mirror), BS1/2(beam-splitter), 

PBS (polarizing beam-splitter), SMF (single-mode fiber), FC (fiber collimator), DM1/2 (dichroic mirror), 

OBJ (objective), CRYOS (cryostat), SL (lamp), CCD (charge-coupled device), DETEC (InGaAs array), POW 

(power meter), AX (axial exit of the spectrometer), LAT (lateral exit of the spectrometer), HWP (half-wave 
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plate), SPEC (spectrometer), VC (voltage controller), DL1/2 (detuning laser 1/2), CC (correlation card), 

SSPD (superconducting single-photon detector), L (lens), HE (helium). USB (universal serial bus) and 

GPIB (general purpose interface bus) represent the connection to the PC used for the data acquisition. 

3.1.1 Microphotoluminescence (Frequency-domain) 

The principal axis of the μPL area (Figure 3.2a) is defined by the excitation laser 

beam. Based on the experimental requirements, three sources have been employed 

throughout this thesis: a CW diode laser (Thorlabs, λ=780 𝑛𝑚), a pulsed diode laser 

(PicoQuant, Repetition rate 4 − 40 𝑀𝐻𝑧, pulse width 50 𝑝𝑠 at λ = 753 𝑛𝑚), and a 

Ti:Sapphire mode-locked laser (Repetition rate 78 𝑀𝐻𝑧, pulse width 3 𝑝𝑠 at  λ =

780 𝑛𝑚). The pulsed sources are employed for the time-resolved measurements, as 

they provide a clock for the time-correlation with the PL photons, while the CW laser 

has been employed for device characterization purposes. An objective 

(magnification 100x, numerical aperture 0.5) focuses the excitation beam in the 

sample into a region of diameter ≈ 2𝜇𝑚. The pressure inside the cryostat hosting 

the sample is kept to 10−7𝑚𝑏𝑎𝑟  when the temperature is 77 𝐾. This temperature 

setting, used for the majority of the experiments to limit the QD homogeneous 

broadening and non-radiative decay, is achieved by flowing liquid Nitrogen inside 

the cryostat chamber, which is in thermal contact with the GaAs membrane via a 

cold finger.  

 

Figure 3.2: (a) Closeup of the μPL part of the setup that includes the relevant components. (b) Spectrum 

(black line) of the QDs used in this thesis, obtained by pumping the GaAs bulk with Ti:Sapphire laser 

pulses (energy 𝐸𝑝𝑢𝑙𝑠𝑒 = 0.55 𝑝𝐽, temperature=77 𝐾). The ground state emission of the QD ensemble in 

this condition is centered at 247 𝑇𝐻𝑧 (estimated with a Voigt fit of the inhomogeneous broadening). A 

higher energy transition is visible at 265 𝑇𝐻𝑧. L3 nanocavity spectrum (red curve) obtained by pumping 
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the nanostructure with CW radiation (power=241 𝜇𝑊, measured at POW). The peak visible close to 

250 𝑇𝐻𝑧 is the fundamental mode of the nanocavity. 

 

The produced PL (blue beam in Figure 3.2a) is collected by the same excitation 

objective, and it is separated from residual reflections of the laser by a dichroic 

mirror (DM2) with cutoff wavelength at 1000 𝑛𝑚 (≈ 300 𝑇𝐻𝑧). The PL is then 

focused by a lens (focal length 𝑓 = 2.54 𝑚𝑚) onto the spectrometer entrance slit, 

and a grating spatially separates the spectral components. Two gratings are 

available inside the spectrometer: a “low-resolution” (groove density 300 𝑚𝑚−1, 

resolution 0.08 𝑛𝑚) and an  “high density” (groove density 950 𝑚𝑚−1,  resolution 

0.02 𝑛𝑚). The PL spectral components are then analyzed in the frequency domain 

by an array of InGaAs detectors (DETEC in Figure 3.2a), which is placed at the axial 

exit of the spectrometer (AX). A white light lamp with broad emission (Ocean 

Optics, emission from 1000 𝑛𝑚 to 1500 𝑛𝑚) provides the illumination (see splitter 

BS1) at the sample position, and a CCD camera (at the BS2) visualizes the image. 

The sample can be moved by means of two motors present inside the cryostat (x- 

and y-directions) to select the region to probe, while a fine tuning of the objective 

focus (z-direction) is provided by piezoelectric actuation. 

Two examples of PL measurements are shown in Figure 3.2b. The black curve 

represents the bulk emission of the QDs, which is probed via the Ti:Sapphire pulses 

with energy 𝐸𝑝𝑢𝑙𝑠𝑒 = 0.55 𝑝𝐽. This energy is calculated via 𝐸𝑝𝑢𝑙𝑠𝑒 = 𝑃𝑎𝑣𝑔 𝑅𝑟𝑎𝑡𝑒⁄ , 

where 𝑃𝑎𝑣𝑔  is the average power measured with a power meter (POW in Figure 3.2b) 

and 𝑅𝑟𝑎𝑡𝑒 = 76 𝑀𝐻𝑧 is the repetition rate of the laser. The QD ensemble presents 

a ground state emission with central frequency of 247 𝑇𝐻𝑧 at 77 𝐾, as well as higher 

energy transition around 265 𝑇𝐻𝑧 [79]. The red curve of Figure 3.2 represents a 

spectrum of an L3 cavity obtained by pumping the QDs with the CW diode laser. The 

power of the pump laser reported in the experimental chapters is measured at the 

position POW as in Figure 3.2, whereas we estimate that at the sample location, it 

reduces by a factor of ≈ 9.3. 
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3.1.2 Time-resolved microphotoluminescence 

In this thesis, the QD emission dynamics is studied via a well-established technique 

called time-correlated single-photon counting (TCSPC) [132].  The working principle 

of this technique relies on the measurement of the time interval occurring between 

a reference signal (start) and the detection of a PL photon (stop), and collecting 

many of these intervals into a histogram.  By repeating this procedure a large 

number of times (typically > 106), the obtained histogram approximates the 

photon absorption probability 𝑃𝑠(𝑡), which is proportional to the population of the 

QD states, and therefore all the relevant parameters involved in the process, e.g. 

the decay time of the QD states, can be extracted via fitting.  

The part of the experimental setup involved in this measurement is shown in Figure 

3.3a. The pulsed sources (Ti:Sapphire and pulsed laser diode) provide the excitation 

of the QDs, and every generated pulse is accompanied by an electrical signal that is 

sent to the correlation card (CC in Figure 3.3a), which records it as a start signal. The 

PL produced by the QDs after the pulsed excitation is collected into the 

spectrometer, and its components are spatially separated by the grating. Unlike the 

frequency-resolved measurement, a chosen wavelength is sent to the lateral exit 

(LAT) of the spectrometer rather than the InGaAs array detector. In this way, the 

spectrometer acts as a narrow band-pass filter (width 0.02 𝑛𝑚), therefore allowing 

us to probe the time dynamics at selected frequencies. This signal is then focused 

onto a single-mode fiber, which is connected to a channel of a superconducting 

single-photon detector (Scontel [133]). This detector, characterized by low dark 

counts (< 10 𝑐𝑝𝑠) and 20% quantum efficiency (at the bias current 𝐼𝑏𝑖𝑎𝑠 = −26 𝜇𝐴 

at 𝜆 = 1300 𝑛𝑚), is placed at the bottom of a dipstick and immersed in liquid 

Helium at 2 𝐾 to ensure superconductivity below the critical temperature. When a 

photon impinges the sensitive area of the detector, a resistive hotspot is formed 

[134], which leads to a voltage pulse that is transmitted to the correlation card and 

is recorded as a stop signal. The time interval among the start and stop events is 

then registered into the i-th bin of the histogram (Figure 3.3b-left). After several 



55 

 

repetitions, the cumulative results provide a histogram describing the arrival time 

photon statistics (Figure 3.3b-right). In the ideal case of infinitely narrow laser 

excitation and electronic response, the curve obtained accurately approximates the 

photon arrival statitics. In real experiments, the finite width of the pulse pump and 

the electronic response impacts the measured curve, as the latter is rather 

represented by a convolution between the function 𝑃𝑠(𝑡) and the instrumental 

response function (IRF) as ∫𝑃𝑠(𝑡)𝐼𝑅𝐹(𝑡 − 𝜏)𝑑𝜏. The width of the IRF function 

therefore quantifies the time resolution, and is experimentally probed by measuring 

the attenuated laser pulses with the SSPD.  

Additionally, to avoid the unwanted effect of photon pile-up [135], i.e. missed 

events due to a combination of high photon counts and instrument dead time, the 

start-stop rate has to be below the 1 − 2% of the laser repetition rate [136]. In the 

experiment described in this thesis, this condition is always satisfied even in the case 

of the enhanced emission rate of the nanolaser, as we observed that the maximum 

value of events (≈0.1 𝑀𝐻𝑧) is about two order of magnitude lower than the laser 

repetition rate (76 𝑀𝐻𝑧). 

Figure 3.3c shows the exponential decay of the exciton population for the QDs used 

in this thesis (and whose spectra is in Figure 3.2b) obtained with TCSPC (black 

curve), together with the fit (red dashed curve), and after filtering the PL at 

246 𝑇𝐻𝑧.  The grey dashed curve in the plot represents the IRF, whose width (60 𝑝𝑠) 

is limited by the intrinsic jitter timing of the SSPD (50 𝑝𝑠). 
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Figure 3.3: (a) Time-resolved part of the experimental setup. For these measurements, one of 

the two pulsed lasers is used (Ti:Sapphire or pulsed diode laser). An electrical trigger from the 

laser is sent to the correlation card (CC) at a time 𝑡𝑠𝑡𝑎𝑟𝑡. The PL signal enters the spectrometer 

(SPEC), and the grating separates the frequency components into different paths. The 

frequency under study is then sent out from the spectrometer via the lateral exit (LAT), where 

it is focused and coupled into a single-mode fiber. The photons are then detected by the SSPD 

placed inside a liquid Helium vessel (𝑇 = 2 𝐾), and an electrical pulse is produced. This pulse 

is acquired by the correlation card at a time 𝑡𝑠𝑡𝑜𝑝. The latter instrument correlates the two 

events (start and stop) and evaluates the elapsed time among them. (b) Schematic 

representation of the decay dynamics reconstruction. The probability distribution of the 

photon arrival time is reconstructed by repeating the acquisition of the time interval among 

start and stop signal several times. Every start-stop event (left) is recorded in a histogram, 

and after a large number of repetitions, the produced picture (right) approximates the photon 

detection probability. (c) Example of an actual measurement (log-scale). In this case, the 

GaAs bulk has been pumped with the Ti:Sapphire pulses, and the consequent QD  exponential 

decay  is characterized by a mono-exponential behavior with decay time 𝜏𝑑𝑒𝑐 = 880 𝑝𝑠 (red 

dashed line). The QDs probed are the same as in Figure 3.2, at a frequency of 246 𝑇𝐻𝑧. The 

grey dashed line represents the instrument response function, which has a full-width half 

maximum of 55 𝑝𝑠. 

 



57 

 

3.1.3 Detuning lasers for the thermal tuning 

As mentioned in the previous chapters, the resonances of the two control cavities 

are deterministically controlled by means of thermal tuning. This implies that two 

additional laser spots are required at the sample position to provide the irradiation 

needed to tune the control cavity modes. Therefore, the μPL setup has been 

updated accordingly, by including the part shown in Figure 3.4a. 

Two fiber-coupled CW laser diodes (Thorlabs, 𝜆 = 640 𝑛𝑚) provide the optical 

power needed to heat the GaAs slab, and the output intensity of these sources is 

determined by a voltage controller. The laser radiation is coupled to free space by 

means of a collimator, and its polarization, initially aligned horizontally with respect 

the optical table surface, is controlled by two half-wave plates. The polarizations, 

set as horizontal and vertical respectively via the plates, are combined into a 

common path via a polarizing beam-splitter (PBS in Figure 3.4a). This PBS, 

combined with the plates, act as a beam-splitter with variable splitting ratio, as it 

transmits (reflects) the horizontal (vertical) polarization. The dichroic mirror in the 

main axis of the μPL setup (DM1 in Figure 3.1) then joins these two detuning beams 

with the excitation one. The control of the detuning spots on the sample is obtained 

by properly aligning the mirrors on the detuning laser paths. 

As an example, Figure 3.4b shows a typical image of the three-coupled cavity device 

when the excitation and one detuning spot are used. A measurement obtained with 

this arrangement is displayed in Figure 3.4c. The colormap represents a collection 

of spectra obtained at various detuning laser power, which defines the y-axis. As can 

be seen, several modes of the detuned cavity interact with the optical modes 

belonging to the other two resonators, and the tuning range within the considered 

power interval is about 1.5 THz (equal to 8 𝑛𝑚). Above a laser power of ≈ 10 𝑚𝑊, 

we observed permanent damaging of the GaAs slabs, as the Q factor of the detuned 

cavity dramatically decreases and a black spot appears at the spot position. We note 

the total tuning range achievable in an experiment primarily depends on the 
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position of the laser spot in the sample, as it determines the point of highest 

temperature, and therefore it varies from measurement to measurement.  

 

 

Figure 3.4: (a) Part of the experimental setup designed to include the detuning spots. Two CW laser beams 

(DL1, DL2), whose power is driven by voltage controller (VC), are focused and collimated. The polarization 

of these beams is varied with two half-wave plates (HWP) so that they are horizontally and vertically 

polarized (with respect the optical table). A polarizing beam splitter (PBS) combines the two beams, 

which access the main axis of the μPL setup via the dichroic mirror DM1 (See Figure 3.1). (b) 

Representation of the position of the excitation spot (red circle) and one of the two detuning spots (green 

circle) in a three cavity device used for the measurement shown in (c). The latter represents a colormap 

obtained with several PL spectra at different detuning laser power. The colormap shows the three-cavity 

interaction when the modes of only one cavity are tuned. As it can be seen, the tuning range is broad (≈

1.5 𝑇𝐻𝑧) if high detuning laser power is used.  

 

3.2 Simulation and design methods 

Determining the electromagnetic properties of extended devices with complicated 

geometries has generally no trivial solutions. Numerical methods are required to 

obtain solutions that approximate the system under study at a reasonable level. The 

finite elements method (FEM) represents, among others, a numerical approach for 

many problems in physics and engineering that bases its working principle on the 
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discretization of a continuous region of space into several sub-regions connected by 

two or more nodes [137].  

The electromagnetic properties of the PhCC, i.e. field distribution, mode 

frequencies and quality factors, are examples of quantities that can be determined 

numerically by means of FEM-based software. In our case, the radiofrequency 

package of COMSOL allows discretizing the photonic structure into tetrahedral 

meshes able to follow detailed topologies like the circular air holes composing the 

PhC pattern, as the mesh becomes smaller in proximity of geometry variations. The 

design and the numerical characterization of the devices described in this thesis are 

conducted via FEM simulations, as it allows the evaluation of relevant quantities 

with reasonably low computational power. For instance, the LDOS experienced by 

an emitter at its position is computed by calculating the power radiated by a point-

like dipole source, as the latter is proportional to the former [79], while the 

electromagnetic field distribution inside the PhCC in the x-y plane can be calculated 

via the eigenvalue study with two-dimensional geometry. 

Figure 3.5 shows examples of the numerical output provided by FEM. In particular, 

Figure 3.5a shows the design of a single L7 nanocavity, similar to the one described 

in Chapter 5. A line of seven missing holes defines the cavity, whereas a point-like 

dipole (indicated by a red dot) radiates optical power. The normalized electric field 

of the fundamental mode is shown in Figure 3.5b, as calculated via FEM simulation 

in a two-dimensional model. The maximum amplitude of the field is localized at the 

position of the dipole emitter, which therefore experiences the largest available 

LDOS. Figure 3.5c shows the normalized LDOS at the emitter’s position obtained 

by computing the radiated power, from which the resonant frequency and the 

theoretical quality factor can be extracted. In this case, the resonance has a quality 

factor Q = ν Δν⁄ ≈ 207′750, where ν and Δν are the central frequency and the 

linewidth. 
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Figure 3.5: Example of FEM numerical simulation of the nanocavity electromagnetic properties. (a) 

Design of an L7 cavity similar to the one described in Chapter 5. The red dot in the center represents the 

position of the point-like dipole emitter. Parameters of the PhCC: lattice constant a=320 nm, air hole 

radius=0.28a. (b) Normalized field modulus distribution of the L7 fundamental mode obtained via the 

eigenvector study in a two-dimensional model. (c) Normalized LDOS obtained by calculating the power 

radiated by the dipole (red point in (a)) in a three-dimensional model. The Lorentzian fit yields a central 

frequency ν of 226.455 THz and a full-width half maximum Δν of 0.001 THz, which leads to a 𝑄 =

𝜈 𝛥𝜈⁄ ≈ 207′750. 

Finally, the heat diffusion involved in the thermal tuning of the control cavity 

resonance has been studied via the heat transfer module of COMSOL, with the aim 

of engineering air trenches around the control cavities to minimize thermal 

diffusion and concentrate the high temperature produced by the detuning lasers. 

For these simulations, the temperature profiles are calculated by using a steady 

state heat diffusion model, assuming a source with constant power, and by 

considering negligible thermal dissipation through convection channels. The latter 

condition is well satisfied within the experimental setting, as the sample is kept at a 

pressure of 10−6 𝑚𝑏𝑎𝑟 at room temperature. The relevant parameters used in the 

simulation are listed in Table 3.1. 
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Table 3.1 – List of parameters used in the heat transfer simulation. 

Parameter Description Value 

𝜅(𝑇) Thermal conductivity 250 𝑊 𝐾 ∙ 𝑚⁄                      

[138] 

𝐶𝑝 Heat capacity at constant 

pressure (80 K) 

160 𝑚𝐽 𝑔 ∙ 𝐾⁄                     

[139] 

𝜌 Density 5.32 𝑔 ∙ 𝑐𝑚3                        

[140] 

𝜖 Surface emissivity 0.06                                       

[141]                                         

𝑇0 Membrane temperature 77 𝐾 

𝑃0 Membrane pressure 10−6 𝑚𝑏𝑎𝑟 

3.3 Fabrication methods 

3.3.1 GaAs membrane and InAs quantum dots 

The building block of the studied devices is a GaAs/AlGaAs heterostructure grown 

by molecular beam epitaxy [142]. The substrate for the growth is a 2-inches (100) 

GaAs wafer (Figure 3.6-left). A 1.5-µm-thick layer of Al0.7Ga0.3As is grown on top 

of the latter and serves as sacrificial layer, i.e. it separates the substrate and the 

optically active region. Then, a slab of GaAs is grown on top of the sacrificial layer, 

and its nominal thickness of 220 𝑛𝑚 ensures a single optical mode in the vertical 

direction. 

A layer of high-density self-assembled QDs is grown in the middle of the GaAs 

membrane (yellow dotted line) to maximize the overlap with the optical mode 

sustained by the slab in the vertical direction (see Figure 3.6-right). The QDs 

ensemble, characterized by a nucleation density of 200 dots/𝜇𝑚2, has been capped 

with a InGaAs layer to obtain a ground state emission close to 245 THz (𝜆 =
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1220 𝑛𝑚) at a temperature of 77 𝐾 [143]. The wafer has been grown in the 

Nanolab@TU/e cleanroom facilities by F.W.M van Otten. 

 

 

Figure 3.6: Scheme of the cross-section of the wafer. Left: Layer composing the wafer, where the yellow 

dashed line represent the wetting layer and QD position. Right: Close-up of the QD area. The red line 

schematically represents the amplitude of the single-mode transverse field in the GaAs slab, which has 

a maximum at the QD position. 

3.3.2 Fabrication of the photonic crystal cavities 

The photonic crystal devices used in this work have been realized by dr. Francesco 

Pagliano (NanoPHAB, [144]), and therefore the fabrication process, together with 

its optimization, are out of the scope of this thesis. However, here it is briefly 

described the fabrication procedure. The process consists in three main process 

phases:  (1) electron beam patterning of the PhC layout, (2) vertical transfer of this 

pattern via dry-etching and (3) removal of the sacrificial layer via wet-etching.  

Firstly a 400 nm thick SiN hard mask is deposited via plasma-enhanced chemical 

vapor deposition (PECVD). Then,  a ~ 400 𝑛𝑚-thick ZEP 520A e-beam resist in spun 

on top of the layer stack (Figure 3.7a) and patterned via a 100 𝐾𝑉 electron beam 

lithography (EBPG 5150). The electronic dose  and the current used during the 

patterning has been carefully optimized to obtain the desired nominal radii and 

lattice constants of the structure, in order to obtain an overlap between the 

resonance of the cavity with the QD ground state. After development, the layout of 

the photonic crystal structure is vertically transferred to the silicon nitride (SiN) 

mask via reactive ion etching (RIE) with a recipe a based on CHF3/O2 (Figure 3.7b). 
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Then the resist is removed in a O2 plasma stripper. The layout is then transfer from 

the SiN to the GaAs membrane and partially to the bottom AlGaAs via a second  

reactive etching (ICP-RIE) (Figure 3.7c). The AlGaAs sacrificial layer is removed via 

wet etching using a HCl/H2O (1:1) and the SiN mask is removed via plasma process 

based on a CF4 chemistry.  

Figure 3.7d shows the sketch of the heterostructure layers after the sacrificial layer 

removal and the air hole etching, whereas Figure 3.7e is the side view of the PhC 

obtained by scanning electron microscope (SEM). 

 

Figure 3.7: (a)-(c) Sketch of the heterostructure during the fabrication processes. (d) Layers of the 

heterostructure after removal of the sacrificial layer and etching of the air holes composing the PhC. (b) 

Side view of the scanning electron microscope image of the GaAs slab with the photonic crystal. 

To reduce non-radiative recombination of the QDs caused by surface states, the 

devices used in Chapter 5 underwent an additional passivation step as in [145]. This 

step consists of a chemical passivation obtained by deepening the sample into a 

diluted ammonia sulphide solution, followed by a PECVD step resulting in a 

conformal thin layer of SiO2 covering all the surface of the device including the air 

hole walls. 
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Chapter 4 | Control of the         

spontaneous emission 

This Chapter experimentally addresses the control over the SpE of 

quantum emitters discussed in Chapter 2. The presence of the dark mode (discussed 

in Chapter 2) is investigated via detuning-dependent variations of the PL intensity 

(frequency-domain) and of the decay times (time-domain) of the QDs. These 

measurements relate the variation on the PL to changes in the fundamental 

quantity present in all radiative processes, i.e. the coupling rate 𝑔.  

The first part of the chapter introduces the platform used to prove the SpE control, 

i.e. L3 and L100 PhC cavities. In particular, these resonators are engineered in terms 

of Q-factors, tunneling rates and spectral position of the optical modes. Then, 

modifications to the device design to maximize the thermal tuning are introduced 

and supported by heat diffusion simulations conducted via FEM. Finally, the last 

part of the chapter describes the experiment and the results of the SpE control. 

4.1 Single L3 cavity and optimization of the quality factor 

Due to its small mode volume (≈ 𝜆3 𝑛3⁄ ) and high Q-factor [86], the L3 cavity has 

been extensively used in several experiments concerning strong QD-PhCC coupling 

[146], SpE enhancement [147] and nanolasing with QD, quantum well and nanowire 

gain media [5-7].  

Figure 4.1a shows the basic design of a single L3 cavity, which is more specifically 

defined by a three-air hole defect in an hexagonal dielectric lattice. The 

fundamental mode, indicated by Y1 due to its polarization direction, has a 

normalized electric field that is shown in Figure 4.1b and presents a theoretical 𝑄 

factor equal to 𝑄𝑠𝑖𝑚 = 5′200. The distribution of the normalized field concentrates 

in the center of the cavity, which leads to enhanced light-matter interactions for 



66 

 

emitters located at that region, and well overlaps the excitation spot that maximizes 

the PL collection. The experimental spectrum obtained is shown in Figure 4.1c, 

where five optical modes indicated by Y1, X1, X2, Y2 and X3 are present [86]. Figure 

4.1d  displays a close-up of the fundamental mode (corresponding to the red dashed 

box in Figure 4.1c).  

 

Figure 4.1: (a) Design of an L3 cavity. (b) Normalized modulus of the electric field of the cavity, with a 

maximum located in the center, obtained via FEM simulations by considering the following parameters: 

lattice constant 𝑎 = 280 𝑛𝑚 and hole radii 𝑟 = 0.28𝑎. (c) Experimental spectrum of an L3 cavity 

obtained via a CW pumping with power of 0.3 μW. Five resonances are visible in this spectral region, and 

the fundamental mode (red dashed square) represents the studied one. (d) Close-up of the fundamental 

mode obtained by using the high-resolution grating.  

The 𝑄-factor of the optical mode is a crucial parameter when the photonic coupling 

with other resonators comes into play. Indeed, this parameter is related to the 

modal loss rate 𝛾 of the cavity as 𝛾 = 2𝜋𝜈 𝑄⁄ , which has to be compared to the 

inter-cavity photon tunneling rate 𝜂 to determine in what regime the photonic 

coupling is operating. As mentioned in Chapter 2, the interacting cavities have to 

operate in the strong coupling regime to display the dark mode feature, i.e. 𝜂 >

|𝛾1 − 𝛾2|/2, where the subscripts 1, 2 individuate the interacting modes. Therefore, 

proper engineering of the cavity losses and the tunneling rate at the design stage 
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must ensure the required strong coupling. While a discussion on the tunneling rate 

is presented in the next section, here we address the minimization of the cavity 

losses. 

 

 

Figure 4.2: (a) L3 cavity at the design stage. The red circles represent the modified air holes. The close-up 

(black dashed box) shows the considered variations, i.e. a symmetrical displacement of the holes 

(indicated by s) and the reduction factor of the radii (indicated by 𝑟 ,). (b) Simulation of the variation in Q 

factor in the [𝑠, 𝑟’] parameter space. The white dashed line represents the pair of  [𝑠, 𝑟’] that maximize 

the Q factor for each [𝑠, 𝑟’] pair. The white dot indicate the chosen values, i.e. [𝑠, 𝑟’ ]= [0.18a, 0.8]. 

To decrease the modal loss of the L3 fundamental mode, a strategy inspired by ref. 

[149] has been implemented. Within this scheme, the Q-factor of a two-

dimensional PhCC increases by optimizing the vertical confinement (due to total 

internal reflection), which lead to a reduced emission into the light cone. This 

optimization is achieved by slightly varying the positions and radii of the holes 

indicated by red circles in Figure 4.2a, and these variations are quantified by the 

outward displacement 𝑠 and reduced radius 𝑟’ respectively. The variation of the Q-

factor as a function of these two parameters is investigated numerically by 

evaluating the losses of the 3D photonic designs via FEM simulations and leads to 

the colormap of Figure 4.2b. The white dashed line individuates the pairs [𝑠, 𝑟’] that 

maximize the Q-factor, which therefore provides multiple solutions. The choice 

[𝑠, 𝑟’] = [0.18𝑎, 0.8] represents a good compromise between high 𝑄-factor and 
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fabrication requirements, as the etching of excessively small radii lead to non-

circular patterns. 

Figure 4.3 compares the lineshapes that characterize the unmodified and modified 

designs, obtained by PL measurements. In particular,  Figure 4.3a reports the 

spectra of the L3 fundamental mode (obtained in a fabricated device with photonic 

crystal lattice constant of 340 nm and air hole radii of 0.28a), in the two cases. As it 

can be seen, the modified cavity displays an optical mode with red-shifted 

resonance and narrower linewidth compared to the unmodified case. The red-shift 

of the resonance, quantified as 2.27 𝑇𝐻𝑧 (Δλ=11.5 𝑛𝑚) can be attributed to the 

increased refractive index within the cavity volume due the displacement and size 

reduction of the air holes. Indeed, the relative frequency shift ∆𝜈 𝜈⁄  can be related 

to the relative refractive index change ∆𝑛 𝑛⁄  within the small perturbation 

approximation as ∆𝜈 𝜈⁄ ≈ −(∆𝑛 𝑛⁄ ) ∫ 휀|𝐸2|, where ∫ 휀|𝐸2| represents the fraction 

of the field inside the perturbed regions [3]. Finally, the narrower linewidth visible in 

Figure 4.3a reflects the engineering of the light cone emission that decreases the 

intra-cavity losses.  Figure 4.3b better highlights this aspect, as it compares the 

normalized peaks as a function of their central frequency 𝜈𝑐. The modified design 

displays an experimental Q-factor (13′494) that is lower compared to the simulated 

one (≈55′000), due to the presence of the loss channel introduced by  QD 

absorption [150] and possibly scattering due to fabrication imperfections. However, 

this Q-factor is larger with respect to the unmodified case (3′158) by a factor of ≈

4. 
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Figure 4.3: (a) Spectra of the L3 fundamental mode in the unmodified (black curve) and modified (red 

curve) cases, at a sample temperature of 77 K. Compared to the unmodified design, the L3 mode presents 

a narrower linewidth and a red-shift of the resonance. This red-shift is attributed to the larger quantity 

of dielectric material present inside the cavity. (b) Comparison of the normalized spectra of (a) as a 

function of the frequency 𝜈 − 𝜈𝑐, where 𝜈𝑐  is the central frequency of each mode. The Q factors 

characterizing the fundamental mode in the unmodified and modified case are respectively equal to 

𝑄𝑢𝑛𝑚𝑜𝑑 = 3′158 and 𝑄𝑚𝑜𝑑 = 13′494. Unlike the spectra reported in Figure 4.1(c-d), the design is 

characterized by the parameters [a,r]= [340 nm, 0.28a]. 

4.2 Control cavities  

The possibility to independently tune the control cavity resonances is a prerequisite 

to non-locally control the radiative properties of the QDs without acting on the 

target resonator. The detuning method involved, as mentioned in the introductory 

chapter, is the thermal tuning [151], i.e. the laser irradiation varies the temperature-

dependent refractive index and causes a red-shift of the optical modes. The heat 

introduced by this method should ideally solely impacts the considered control 

cavity resonance, as the target mode should not vary its frequency, and therefore a 

proper choice of the resonators is needed.  

Longer defect cavities provide a sufficiently large mode volume, which would allow 

a local refractive index perturbation distant from the L3, and display a Fabry-Perot-

like spectrum. Figure 4.4 shows the spectrum of a cavity composed of a line defect 

of 100 missing holes (L100). As can be seen, the spectral window includes the band 
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edge (left side) and several modes with variable frequency distance, which is caused 

by the strong dispersion characterizing PhC long resonators [152]. In particular, the 

modes have larger free-spectral range (FSR) away from the band edge, (Figure 4.4 

around 242 𝑇𝐻𝑧) where the frequency separation is between 0.55 and 0.62 𝑇𝐻𝑧.  

 

 

 

Figure 4.4: Spectrum of a L100 

resonator. The cavity is 

characterized by several modes with 

free spectral range that shortens as 

the band edge approaches. The 

considered spectral window includes 

the band edge (low energy part, 

black arrow) and the modified L3 

fundamental mode frequency (red 

dashed line). Around this frequency, 

the free spectral range is between 

0.55 THz and 0.62 THz. 

The presence of many resonances potentially displays the drawback of multi-modal 

interaction, i.e. the L3 mode interacts with multiple L100 resonances. Therefore, the 

L100 FSR around the L3 mode must exceed the tunneling rate 𝜂. For this reason we 

considered a strategy to move the band edge at lower frequencies. In particular, this 

shift is obtained by displacing two rows of air holes by a quantity 𝑤 [153]. Figure 4.5a 

(red areas) shows the modified holes, whereas Figure 4.5b displays the shift in 

frequency of three modes obtained by simulating the LDOS of the L100 for various 

values of 𝑤. Besides the advantage of locating the L3 mode in a large FSR region, 

this shift also prevents localization due to the proximity to the band edge, which 

may occur due to the combination of disorder and reduced group velocity [154]. 
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Figure 4.5: (a) SEM of part of the L100 cavity. The holes in the red line are displaced outwards by a 

quantity w. This displacement involves all the holes of the cavity, including the ones not shown in the 

picture. (b) Shift of the resonance of some of the cavity modes as a function of the displacement w*a, as 

calculated with FEM simulations. The shift is negative, i.e. positive displacements decrease the cavity 

resonances, and linear, where the slope corresponds to 68 THz/w*a. 

4.3 Photonic coupling 

The photonic coupling L3 and L100 cavities, described in the previous sections, is 

now considered in terms of the various tunneling rates 𝜂 resulting from different 

geometries. More specifically, the relative position among the resonator directly 

impacts 𝜂, as the latter is determined by an overlap integral of the evanescent cavity 

fields [155].  The optimal design of 𝜂 would display a sufficiently high value to 

overcome the losses (strong-coupling condition) but still small enough to avoid 

unwanted multi-modal interactions. 

Figure 4.6a-h report the designs initially considered for the two-cavity case. These 

designs satisfy an additional requirement, i.e. the inter-cavity distance should be 

larger than the excitation spot size (red circle), to limit the collection of PL from the 

control cavities. The considered designs consist of two in-line couplings (Figure 



72 

 

4.6a-b) with two and three air hole barriers, and various parallel couplings with three 

and four air hole barriers.  

 

Figure 4.6: (a-h) Various coupling designs (COMSOL) of the L3-L100 coupling. Numbers from 1 to 8 

identify each case. The  following name convention is used: (a) In-line, two holes barrier, (b) In-line, 3 

holes barrier, (c) Parallel, 4 holes barrier, zero lateral displacement (0x), (d) Parallel, 3 holes barrier, 0x, 

(e) Parallel, 4 holes barrier, lateral displacement of one hole (1x), (f) Parallel, 3 holes barrier 1x, (g) 

Parallel, 4 holes barrier, lateral displacement of two holes (2x), (i) Parallel, 3 holes barrier 2x.  
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Figure 4.7: A typical experimental output for the calculation of the tunneling rate characterizing a specific 

design. (a) Collection of PL spectra at various CW power, where the red dashed line indicates the shift in 

frequency of the supermodes. (b) Frequency splitting vs. the laser power (black dots) and fit (red curve). 

The minimum of the fitting curve is equal to 2𝜂. The data show in this figure refers to  coupling 8. 

The tunneling rates 𝜂 have been experimentally determined for each design via a 

two-mode anticrossing experiment. More specifically, the resonance of the L3 

cavity is varied via thermal tuning with the excitation spot, i.e. this spot acts as 

excitation, collection and detuning. In this way, several spectra at different 

excitation power are acquired (Figure 4.7a), and the supermode frequencies are 

extracted by Lorentzian fitting. The frequency splitting  ∆𝜈 among the supermodes 

as a function of the detuning among the uncoupled modes ∆ and tunneling rate 𝜂  is 

given by  

∆𝜈 = √∆2 + 4𝜂2  (4.1) 

 

Therefore, at ∆= 0 the frequency splitting ∆𝜈 = 2 𝜂,  and it represents a direct 

measurement of the tunneling rate. As an example, the various values of ∆𝜈 

collected for the coupling 8 are shown in Figure 4.7b (black points), where the 

excitation (and detuning) laser power represents the x-axis. The theoretical curve 

(red line) is obtained by considering a variation of Eq.4.1 that assumes that the 

detuning is proportional to the power 𝑃 as ∆= 𝛼𝑃: 
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𝑦 = √𝛼𝑃2 + 𝑅  (4.2) 

 

By comparing Eq.(4.1) and Eq.(4.2) we have that the experimental tunneling rate 

𝜂𝑒𝑥𝑝 = √𝑅/2. 

Table 4.1: Values of the experimental coupling rates obtained by two-mode anticrossing as described in the 

text. The description of the various couplings are the same as in Figure 4.6 

Type of coupling 

(see Figure 4.6 ) 

Description Experimental 

tunneling rate (THz) 

1 In-line, 2 holes barrier 0.025 ± 0.002 

2 In-line, 3 holes barrier 0.009 ± 0.002 

3 Parallel, 4 holes barrier, 0x 0.006 ± 0.002 

4 Parallel, 3 holes barrier, 0x 0.070 ± 0.001 

5 Parallel,4 holes barrier, 1x 0.005 ± 0.002 

6 Parallel,3 holes barrier, 1x 0.037 ± 0.001 

7 Parallel,4 holes barrier, 2x 0.045 ± 0.002 

8 Parallel, 3 holes barrier, 2x 0.056 ± 0.002 

 

The results of the experimental investigation are shown in Table 4.1. As expected, 

the coupling decreases with the number of holes in the barrier, whereas the parallel 

coupling shows an overall improvement of the tunneling rate with respect to the in-

line case, as already shown in a L3-L3 system in Ref.[156]. From these results, we 

conclude that the highest coupling rate achieved is given by the parallel coupling 

with 3 holes barrier and zero lateral displacement (0x). The field overlaps 

characterizing the other coupling are either lower (couplings 1, 6, 7, 8) or insufficient 

(coupling 2, 3 and 5). Therefore, the considered design for the three-cavity 

experiment is design 4.  
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4.4 Thermal tuning 

The temperature-dependent refractive index that characterizes GaAs offers a way 

to optically tune the control cavity resonances by means of the red lasers described 

in Chapter 2. These lasers locally heat the cavity area, and the absorbed power 

increases the temperature of the slab, and as a consequence the optical modes 

displace due to the changes in the refractive index. These changes, characterized by 

a temporal response on the order of the microsecond, are quantified by the 

temperature dependent thermo-optic coefficient 𝜕𝑛 𝜕𝑇⁄  [157], which cause a 

resonance shift that can be expressed as  ∆𝜈 𝜈 =⁄ 𝜕𝑛 𝜕𝑇⁄ ∙ ∆𝑇𝑒𝑓𝑓 〈𝑛〉⁄ , where ∆𝑇𝑒𝑓𝑓  

and 〈𝑛〉 respectively represent the temperature averaged over the mode profile and 

the average refractive index in the material [158].  

In a first attempt conducted to shift the resonances of the control cavities, the 

tuning of the modes resulted to be insufficient when the temperature of the GaAs 

was set to 77 K. This fact, unlike in other platforms like InGaAs membranes [39], 

reflects the relatively high thermal conductivity of GaAs [138], which causes a fast 

diffusion of the produced heat throughout the membrane. Therefore, to prevent the 

heat to diffuse away from the cavity area and to maximize ∆𝑇𝑒𝑓𝑓,  the engineering 

of air trenches around the irradiation point has been considered at the design stage. 

Figure 4.8a shows the SEM of the whole structure, composed by the modified L3 

(center) and the L100 control cavities (left and right), overlapped with the 

temperature profile caused by one detuning spot (green circle), obtained with the 

thermal diffusion packet of COMSOL. This simulation considers the stationary 

study of the heat diffusion due to the presence of a thermal source with power equal 

to 6 mW. The simulation also considers other heat transfer channels, i.e. black-body 

radiation and natural convection, where the latter is negligible since the pressure at 

the device position is equal to 10−7 𝑚𝑏𝑎𝑟. The temperature profile of Figure 4.8a 

shows that the heat produced by the source at the position of the green circle is 

constrained  in   the  left  part  of  the   control  cavity  area  (red  region),  where   the  
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Figure 4.8: (a) SEM of the three-cavity system overlapped with the thermal profile calculated via FEM. 

The green spot represents the heat source, while the red and blue areas correspond to the warmer and 

cooler regions, respectively. (b) Region corresponding to the red dashed box in (a). The additional air 

trenches limit the diffusion of the heat to the target cavity area. The curves represent the isothermal 

areas, while the white arrows indicates the heat flow direction. (c) Thermal tuning without trenches. 

Color-map composed by a collection of spectra, obtained by setting the detuning lasers to 5 mW, and at 

various angles of the half-wave plate (see Fig. 2.1) to decrease the intensity at the sample. (d) Same as 

in (c), but obtained in a design with trenches analogous to the one in (a). 

temperature reaches 130 K. At the target cavity region, this temperature decreases 

to the unperturbed value of ≈ 85 𝐾, due to the presence of smaller air trenches as 

highlighted  in the red dashed box and in Figure 4.8b. In particular, Figure 4.8b 

shows the isothermal curves around these trenches, which in one hand maximize 

the temperature rise in the control cavities, while preventing heat transfer to the L3 

area. Figure 4.8c-d compares the thermal tuning experimentally achieved in 

structures without (Figure 4.8c) and with trenching (Figure 4.8c). These two color-

maps are composed by several spectra obtained at different angles of the half-
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waveplates in the detuning laser path (see Figure 3.1). The variation of these angles, 

combined with the polarizing beam splitter, varies the splitting ratio of the latter 

and therefore changes the optical power (and the detuning) at the sample position. 

Indeed, in Figure 4.8c-d the control cavity resonances follow a 𝑠𝑖𝑛2 behaviour due 

to the polarization-dependent technique used, while the L3 mode is the bright peak 

in the center of the plot. 

Figure 4.8c shows a limited detuning range achievable (0.32 𝑇𝐻𝑧) as estimated by 

the difference between maxima and minima of the 𝑠𝑖𝑛2 profile, whereas in the 

trenched case Figure 4.8d the same quantity considerably increases to 0.8 𝑇𝐻𝑧 

without impacting the L3 frequency mode. Furthermore, the Q factors of the control 

cavity modes do not show degradation, although the proximity of the air trenches 

to the cavity can alter the dieletric pattern and therefore introduce additional losses. 

4.5 Control of the spontaneous emission 

The L3 and L100 cavity previously discussed are now coupled to experimentally 

demonstrate the SpE control. 

Electromagnetic simulations of the field distributions in the three cavities are first 

presented in order to confirm the predictions of the coupled-mode theory of 

Chapter 2. Figure 4.9a shows the SEM image of the L3 area, which evanescently 

couples the L100 control resonator via the design 4 previously discussed. Figure 4.9b 

displays the normalized in-plane electric field profile distributed along the cavities 

at the frequency of the central supermode, and in the uncoupled limit (∆ 𝜂⁄ = 3.08). 

This condition has been obtained by symmetrically increasing/decreasing the 

refractive index of a small portion of the control cavities, so that the resulting 

variation in frequency decouples the three resonator. This simulation, obtained via 

the eigenvalue solver of the two-dimensional FEM, shows that most of the field is 

localized inside the L3 cavity, while the smaller field amplitude present in the L100 

is due to the finite detuning. At zero detuning (Figure 4.9c), the electric field is 

equally shared among the control cavities, and is suppressed in the target one.  The 
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residual amount of field present in the target cavity at zero detuning is due to 

evanescent fields of the L100 modes penetrating into the L3 resonator. At the center 

of the latter cavity, the residual field is 2.5 ∙ 10−4 times smaller than the field at large 

detuning (Figure 4.9b) evaluated at the same position. This ratio could be further 

optimized by engineering the intercavity distance in a way that the coupling still 

remains sufficiently large to overcome the losses. 

 

Figure 4.9: (a) SEM image of the target cavity area. (b) Simulated norm. electric field modulus for the 

central supermode in the uncoupled cavity limit (∆= 3.06𝜂). The field is mainly confined in the L3 

cavity, only a small part is present in the L100 due to finite detuning. (c) Normalized electric field in the 

zero detuning case. The control cavities equally share the field, which is suppressed in the L3. A residual 

field is however present within the target cavity volume, due to the evanescent fields of the L100 modes 

penetrating that region.   

In the first part of the experiment, the light emission spectra from QDs are analysed 

in the frequency-domain by means of the confocal micro-photoluminescence setup, 

which has been modified to allow the presence of the detuning spots (λ=640 nm, 

maximum power 𝑃𝑚𝑎𝑥 =6 mW) on the sample (see Chapter 3). The tuning range 

achievable with these spots is approximatively 0.3 THz/mW. The QDs are non-

resonantly excited by a CW laser (λ= 780 nm, spot diameter ≈2 𝜇𝑚) through a 

microscope objective and the resulting photoluminescence (PL) is analysed with a 

spectrometer (focal length 1 m) combined with an InGaAs detector array.  All 

measurements are performed at 77 K to limit the impact of the QD homogeneous 

broadening, which reduces the emission into the cavity mode due to poor cavity-

emitter spectral overlap [159].  
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Figure 4.10: (a) SEM of the whole structure. The green spots indicates the position of the 

detuning spots (with powers 𝑃𝐿 and 𝑃𝑅), while the two red spots represent the 

excitation/collection spot positions of the two experiments shown in (b) and (c). (b) Colormap 

composed by various spectra obtained by varying linearly the detuning power lasers, when 

the L3 cavity is probed (Exc.1 in (a)). The numbers 1,2 and 3 identify the three supermodes. 

The black dashed curve represents the prediction of the CMT. (c) Colormap analogous to the 

one in (b), obtained by probing one of the L100 resonators (Exc.2 in (a)). As it can be seen, the 

central supermode is dark only in the target cavity. 

Figure 4.10a shows the SEM picture of the whole structure, where the green spots 

indicate the detuning laser position, while the red circles indicate the excitation 

spots that are used to probe either the target or the control cavities. In the 

experiment, the powers of the detuning lasers were initially set to bias values �̅�𝐿  and 

�̅�𝑅 chosen in order to tune the L100 resonances at two frequencies, 𝜈𝑙  and 𝜈𝑟, close 

to the situation of opposite detuning with respect to the L3 one. In this nearly 

uncoupled condition, the measured linewidths provide the loss rates of the 

uncoupled cavities: κl = (0.047 ± 0.005) THz, κr = (0.053 ± 0.005) THz and 

𝜅𝑡 = (0.047 ± 0.003) 𝑇𝐻𝑧. Then, for the n-th acquired spectra, 𝑃𝐿  and 𝑃𝑅  were 
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increased (decreased) by the same amount 𝛥𝑃 from their respective bias point, so 

that 𝑃𝐿 = �̅�𝐿 + 𝑛𝛥𝑃 and 𝑃𝑅 = �̅�𝑅 − 𝑛𝛥𝑃.  

Figure 4.10b shows a PL color-map composed by several spectra at different powers 

𝑃𝐿  and 𝑃𝑅, where 𝑃𝐿  is shown on the left axis. The three central peaks (labelled with 

1, 2, and 3) are interpreted as the supermodes of the coupled L100-L3-L100 system, 

since they anti-cross at zero detuning as expected. At the anti-crossing point, the 

peculiar feature of the three-cavity system, the dark mode, is observed as a 

disappearance of the central PL peak (supermode 2). As expected, the frequency of 

the central supermode is nearly unaffected through the entire tuning range. The 

small dispersive behaviour around the anticrossing point is explained by slight 

asymmetries in the intercavity coupling due to fabrication imperfections. In 

particular, the experimental coupling rates 𝜂𝑙 and 𝜂𝑟  that characterize the L3-L100 

interactions, obtained from two-mode anticrossing measurements when the mode 

of the other L100 cavity is detuned away from the interaction, are equal to 𝜂𝑙 =

(0.046 ± 0.001) THz and 𝜂𝑟 = (0.053 ± 0.001) THz.  

The dark mode feature characterizes only the target cavity, as it is not present when 

the control ones are probed (Figure 4.10c). The latter picture displays the same 

supermodes as in Figure 4.10b, and presents the same good match with the CMT 

predictions (see black dashed lines). The CMT predictions in Figure 4.10b-c are 

obtained by using the same  uncoupled frequencies, loss and tunneling rates 

calculated from the experimental data.  

In the L100 cavity, the central supermode remains bright at zero detuning, as Figure 

4.11 better highlights. Indeed, this plot shows the maximum intensities of the 

central supermode peaks of Figure 4.10b-c, and displays a noticeable variation of 

the PL intensity from the target cavity (black squares), which reduces up to a factor 

of ≈ 42. On the other hand, the PL intensity collected from the L100 cavity is nearly 

constant with the detuning 𝛥, therefore showing that the mode of interest is dark 

only in the target resonator. 
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Figure 4.11: PL intensity of the 

central supermode peak as a 

function of the detuning when 

observed from the L3 (black 

squares) and the L100 (red dots). 

As it can be seen, the inhibition of 

the emission is visible in the L3 

case, and reaches the minimum at 

zero detuning. In L100 case the 

emission is nearly constant and 

shows no relevant variations. 

Although the PL data in Figure 4.10-11 clearly shows the suppression of SpE in the 

dark mode, it is not trivial to relate the changes in the PL intensity to the rate 𝑔(∆). 

Indeed, the measured PL intensity is not only related to 𝑔(∆), but also depends on 

the collection efficiency, which changes with the detuning due to field variations. 

Therefore, extracting the SpE rate from the QD decay rates is required to quantify 

the changes in 𝑔(∆).  

The decay dynamics of the QDs are measured via a time-correlated single-photon 

counting (TCSPC) experiment by using the pulsed diode laser (𝜆 = 785 𝑛𝑚, 

repetition rate 80 𝑀𝐻𝑧, pulse width 70 𝑝𝑠, and average power of 1 𝜇𝑊) as 

excitation and a superconducting single-photon detector ([133]). The PL signal is 

filtered at the central supermode frequency by using the grating of the 

spectrometer as a filter (full-width half-maximum of 0.02 𝑛𝑚).  

Figure 4.12a shows a comparison of the relevant decay curves. Away from photonic 

structures, the QDs are characterized by a radiative decay 𝜏𝑏𝑢𝑙𝑘 = (0.89 ±

0.02) 𝑛𝑠, similar to previously reported values of InAs QDs emitting at 1300 nm 

[160]. The emission into the leaky modes of the photonic crystal (black curve), 

measured away from the cavity, has a decay time 𝜏𝑙𝑒𝑎𝑘𝑦 = (2.45 ± 0.10) 𝑛𝑠. The 

decay time 𝜏−0.28𝑇𝐻𝑧 = (0.61 ± 0.02) 𝑛𝑠 of the QDs in the target cavity for large 
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detunings (green curve) shows an increase in the photon emission rate that 

indicates a Purcell-enhanced emission. As the detuning is reduced, the SE rate 

decreases as expected. The data corresponding to ∆= −0.08 𝑇𝐻𝑧 (blue curve) 

displays a decay time 𝜏−0.08𝑇𝐻𝑧 = (1.14 ± 0.03) 𝑛𝑠 that is longer than 𝜏𝑏𝑢𝑙𝑘, which 

indicates inhibition of light-matter interaction. Around zero detuning, the reduced 

PL intensity shown in Figure 4.10-11, together with the residual PL collected from 

the lateral cavities, makes the measurement of the SpE emission rate into the 

central supermode impossible. Indeed, the PL collected from the lateral cavities 

becomes dominant compared to the reduced PL intensity produced by the QDs 

inside the L3 resonator around ∆= 0.  

 

Figure 4.12: (a) Comparison among exponential decays in various situations. Leaky mode emission (black 

curve), bulk decay (red curve), uncoupled cavity limit (∆= −0.28 𝑇𝐻𝑧, green curve) and close to zero 

detuning (∆= 0.08 𝑇𝐻𝑧, blue curve). The grey curve represents the IRF. (b) Extracted SpE emission rates 

(black dots), with fitted curve (magenta curve) obtained with the CMT model.  

To confirm that the observed change in radiative lifetime is related to mode-field 

tuning, several curves are measured at different detunings, and the SE rates in the 

cavity mode are derived from the decay times 𝜏∆ as Г(𝛥) = 1 𝜏∆⁄ − 1 𝜏𝑙𝑒𝑎𝑘𝑦⁄ . The 

obtained values (shown in Figure 4.12b) are fitted with the relation Г(𝛥) =

4𝑔2(∆) 𝜅(∆)⁄ . Here, we set 𝑔(∆) = 𝑔𝑡 ∙ 𝛼𝑡(∆) and calculate the 𝛼𝑡(∆)  and 𝜅(∆) 

values via the CMT model with the experimental loss, coupling, and detuning rates 

obtained from the spectra in Figure 4.10b, so that 𝑔𝑡  represents the only free 

parameter. The good agreement between the data and the fit in Figure 4.12b 

indicates that the emitter-cavity interaction rate can be tuned between the 

uncoupled cavity limit, 𝑔𝑡 = 3.65 𝐺𝐻𝑧, and a minimum value close to zero. The 
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interaction rate at resonance can only be due to the residual field at zero detuning 

(which produces a coupling estimated as≈ 2.5 ∙ 10−4𝑔𝑡), and to the imperfect 

experimental control of the detuning. From the calculated 𝛼𝑡(∆) dependence, we 

estimate that a control of the detuning within ∆𝑚𝑎𝑥= 0.001 𝑇𝐻𝑧 is for example 

needed to keep 𝑔 <  10−2𝑔𝑡. The detuning can be monitored by fitting the PL 

peaks from the lateral cavities and its control is ultimately limited by the signal-to-

noise of this measurement and the stability of the pump laser. 

4.6 Conclusions 

In conclusion, we demonstrated a mode field modulation in a three-cavity system 

that allows complete control of the light-matter interaction inside the target 

resonator. Spectral- and temporal-resolved analysis of the PL showed controllable 

tuning of the emitter-photon coupling rate 𝑔, while the dispersion-free nature of 

the dark mode prevents frequency variations of the emitted photons. Combined 

with ultrafast tuning techniques [20, 21], these features may open the way to the 

control of Rabi oscillations in real-time and to the shaping of the temporal waveform 

of single photons in the ≈ 100 𝑝𝑠 timescale. An additional exciting perspective is 

the control of the cavity-emitter dynamics around the exceptional point [163]. 
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Chapter 5 | Control of the 

stimulated emission 
5.1 Introduction  

In this chapter, the experimental results of the mode-field tuning of a nanolaser via 

gain modulation are discussed. The laser signatures are investigated in the spectral- 

and time-domains, i.e. input-output characteristics, linewidth narrowing and QD 

decay curves, so that the theory based on CMT and REs (Chapter 2) is tested with 

experimental data. 

The discussion starts with the description of the lasing resonator, i.e. an L7 cavity, 

in terms of simulated electric field distribution of the modes and quality factor. 

Then, the StE from the fundamental mode of the L7 is investigated in the three-

coupled resonator system in the uncoupled cavity limit (∆≫ 𝜂), in order to show that 

the device can access the lasing state. The control of the StE is finally proved by 

reducing the detuning among the cavities, showing that the modal gain changes 

accordingly, and eventually it become sufficiently small to prevent the device to 

lase. 

Finally, the perspective of employing mode-field tuning in the generation of short 

pulses is discussed. It is shown with numerical simulations that a short laser pulse 

can be generated when fast detuning techniques are implemented to turn the mode 

from dark to bright.  

5.2 Single L7 cavity 

L7 cavities represent defects on the photonic crystal pattern composed by seven 

missing holes along the ΓK direction of the triangular lattice. Unlike other Ln–type 

cavities, the L7 presents a good compromise between high Q factor and vertical 
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collection efficiency [164], so that it has been widely used for enhancement of the 

SpE rate [165] and for single cavity nanolasers with quantum well [3,4] and quantum 

dot [148] gain media. 

 Figure 5.1a shows the layout of the L7 nanocavity, as modeled with finite element 

method (FEM) simulation. The photonic pattern considered is characterized by a 

lattice constant a = 340 𝑛𝑚, and by air holes with radii 𝑟 = 0.28a. The holes in blue 

(Figure 5.1a) have reduced radii equal to 0.8𝑟, and are shifted outwards by an 

amount 0.18a to reduce the emission into the light cone and therefore increase the 

Q factor [1, 6]. The red spot in Figure 5.1a represents the position of the 

excitation/collection spot in the experiments. 

Figure 5.1b displays the experimental PL of the L7 cavity under non-resonant CW 

excitation (𝜆 = 780 nm, Power=115 μW) within a frequency window that includes 

the three lowest energy modes, which are classified as e1, e2 and e3 due to their 

even symmetry of the electric field [167]. The spectrum is dominated by the 

fundamental mode e1, which is characterized by an experimental Q factor 𝑄𝑢𝑛𝑐 =

12′900. This value substantially differs from the simulated one (𝑄𝑠𝑖𝑚 = 207′750), 

primarily because the presence of the QDs introduces absorption losses that limits 

the maximum achievable quality factors to few tens of thousands [150], and 

additionally by the scattering caused by surface roughness of the dielectric slab and 

of the air holes. The second mode e2, has a resonant frequency that is distant 

1.09 𝑇𝐻𝑧 from e1, which therefore ensures a sufficiently large free spectral range 

for the fundamental mode to potentially exhibit thresholdless lasing at low 

temperature, as shown in devices with InAs QDs as gain medium [148]. The third 

mode e3 is detuned away from the zone of interest (5 𝑇𝐻𝑧), and displays a reduced 

PL with respect e1 and e2 due to the smaller overlap between the excitation spot 

position (Figure 5.1a, red spot) and the electric field distribution.  

The normalized electric field distributions of these three modes, obtained with FEM 

simulation, are shown in Figure 5.1c-e. The mode e1 (Figure 5.1c) presents a 
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concentration of electric field in the central part of the cavity, which enhances the 

light-matter interaction with the QDs and better overlaps the excitation spot placed 

in that area. On the other hand, the fields of the other modes (e2 and e3) are more 

localized at the side of the cavity, therefore explaining the reduced PL collected at 

the excitation spot position (as in Figure 5.1b). 

 

Figure 5.1: (a) Model of the L7 cavity simulated by FEM method. The photonic crystal pattern is characterized 

by a lattice constant of a=340 nm and by air holes with radii r=0.28a. The holes highlighted by the blue spots 

have radii reduced by a factor 0.8 and are displaced outwards by 0.18a as shown in the picture. The red spot 

indicates the position of the excitation/collection spot of the experiments (b) PL spectrum of the L7 cavity 

measured with a CW excitation (power 115 μW). The three lower-energy modes are indicated by e1, e2 and 

e3. (c),(d),(e) Simulated normalized electric field (modulus) of the three modes e1, e2 and e3.  

The fundamental mode of the modified L7 cavity (Figure 5.1a) is therefore 

characterized by a large  Q factor, which enhances the light-matter interaction, and 

by a field distribution that, unlike the other modes, better overlaps the excitation 

spot. For these reasons it represents the matter of study in the next sections, where 

StE emission from this mode is investigated. 
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5.3  Three-coupled cavity system and stimulated emission 

5.3.1 Characterization of the photonic coupling 

In this section, we consider the evanescent coupling between the L7 cavity and two 

longer defects with 50 missing air holes (L50).  

The SEM image of the device is shown in Figure 5.2a. The left picture shows the top 

view of the whole device, which is composed by the two L50 control cavities, and 

the L7 target resonator (within the red box). The detuning of the two L50 is obtained 

by heating the cavity areas with the laser spots positioned at the green areas, which 

are indicated by the letters L and R, namely left and right. The PhC is fabricated on 

a GaAs slab with a thickness of 220 𝑛𝑚 and is characterized by the same 

characteristics of the simulated device (lattice constant 𝑎 = 340 𝑛𝑚, air holes radii 

𝑟 = 0.28𝑎). The close-up of the target cavity (Figure 5.2a-right) includes the 

position of the excitation/collection spot (red circle as in Figure 5.1a), whereas the 

holes indicated by the yellow arrow are modified as mentioned in the previous 

section. The air trenches present around the cavities maximize the thermal tuning 

of the resonance as they reduce the diffusion of the heat generated by the detuning 

spots. 

The L7 PL spectrum measured under pulsed excitation (𝜆 = 780 𝑛𝑚, pulse 

energy=0.2 𝑝𝐽, Repetition rate= 76 𝑀𝐻𝑧), and without using the detuning lasers, is 

shown in Figure 5.2b. As it can be seen, the spectrum is dominated by the L7 

fundamental mode, which displays a Q factor 𝑄𝐿7=12′310 (corresponding to a 

linewidth ∆𝜈 = 0.02 𝑇𝐻𝑧). The closest modes within the considered spectral 

window (black arrows), which are associated to the control cavities, are detuned 

away by  𝛥 = 0.53 and 0.56 THz respectively from the L7 fundamental mode. These 

detuning values have to be compared to the tunneling rates 𝜂𝑙 , 𝜂𝑟  to confirm that 

with this initial condition the device operates in the limit of uncoupled cavity case 

(i.e. 𝛥 > 𝜂𝑙 , 𝜂𝑟). 
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Figure 5.2: (a) SEM pictures of the fabricated device. Left: View of the three cavities from above. The green 

areas represent the positions of the detuning spots, where the letters L and R identify them as  “left” and 

“right”. The red square indicates the target cavity area. The air trenches that maximize the thermal effects 

are present around the L50 cavities. Top right: Close-up of the L7 cavity, where the red circle indicates the 

collection/excitation spot. The yellow arrows indicate the holes that have been reduced in radii and displaced 

outwards to increase the quality factor. (b) PL spectrum from the L7 fundamental mode obtained by exciting 

the QDs with pulses (energy = 0.2 𝑝𝐽), and without using the detuning lasers. The linewidth of the mode in 

this condition is equal to ∆𝜈 = 0.02 THz. The modes that are the closest to the L7 resonance are detuned by 

0.53 and 0.56 THz (black arrows). 

As mentioned in Chapter 4, the tunneling rate 𝜂𝑙 (𝜂𝑟) quantifies the interaction 

among the control left (right) and the target cavities, and is estimated by two-

modes interaction measurements, i.e. by using only one of the detuning spots 

shown in Figure 5.2a. Figure 5.3a shows a stack plot with several spectra obtained 

by turning on and varying the power of the left detuning laser with constant power 

steps 𝛥𝑃. The labels 𝜈1
′  and 𝜈2

′  indicate the supermode frequencies of this two-mode 

coupling. As the laser power increases, the photonic coupling results in an 

anticrossing around 1.625 𝑚𝑊, which is a consequence of the strong photonic 

coupling. The frequency splitting 𝜈1
′ − 𝜈2

′ , obtained by estimating the peak position 

of each resonance, is plotted in Figure 5.3b (blue points), whereas the red curve 
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represents the fitted curve (as in Chapter 4). This splitting is equal to 2𝜂𝑙  at the 

anticrossing, and in particular has a value 𝜂𝑙 = 0.06 𝑇𝐻𝑧. Analogously, Figure 5.3c-

d show the case in which only the right detuning laser is used. In this case, the 

supermode frequencies are indicated by 𝜈1
′′ and 𝜈2

′′ (Figure 5.3c), and their difference 

is plotted in Figure 5.3d (blue squares), together with the corresponding fitted curve 

(red line).  By following the same procedure as in Figure 5.3a-b, the right tunneling 

rate 𝜂𝑟  is estimated to be 𝜂𝑟 = 0.04 𝑇𝐻𝑧.  

 

Figure 5.3 – Two-mode anticrossing measurements for estimation of the left/right tunneling rates 𝜂𝑙/𝑟. (a) 

Collection of spectra obtained by varying only the left detuning spot. The dashed lines follow the behavior of 

the two supermodes (indicated by 𝜈1
, and 𝜈2

, ) as a function of the used detuning laser power. (b) Plot of the 

frequency difference 𝜈1
, − 𝜈2

,  as a function of the detuning laser power. The blue symbols represent the 

experimental data, and the red curve represents the fit. The black line corresponds to the minimum of the 

fitted curve, which is a direct estimation of 2𝜂𝑙. (c) Collection of spectra obtained by varying only the right 

detuning laser. Analogously to (a), the two supermodes are indicated with 𝜈1
,,, 𝜈2

,,  . (d) Calculated supermode 

frequency difference 𝜈1
,, − 𝜈2

,,  (black squares) and corresponding fit (red curve). 
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By comparing the extracted coupling rates 𝜂𝑙,𝑟 to the initial detuning 𝛥 =

0.53, 0.56 THz shown in Figure 5.2b, we conclude that the device widely operates in 

the uncoupled cavity limit when the detuning lasers are turned off (∆ 𝜂𝑙,𝑟⁄ ≫ 1). 

The loss rates of the uncoupled modes 𝛾𝑙, 𝛾𝑟 , 𝛾𝑡, which are parameters of the CMT 

equations, can be inferred by the linewidths 𝛥ν observed in the spectra as  𝛾𝑖 =

𝛥𝜈𝑖 2⁄ , where the subscript 𝑖 = 𝑙, 𝑟, 𝑡 refers to the corresponding cavity, and lead to 

[𝛾𝑙 , 𝛾𝑟 , 𝛾𝑡]  = [0.138, 0.176, 0.100] 𝑇𝐻𝑧. Therefore, both two-mode couplings 

satisfy the relations 𝜂𝑙 = 0.06 𝑇𝐻𝑧 > |𝛾𝑙 − 𝛾𝑡| 2⁄  and 

𝜂𝑟 = 0.04 𝑇𝐻𝑧 > |𝛾𝑟 − 𝛾𝑡| 2⁄ , which confirms the strong nature of the inter-cavity 

interaction. 

5.3.2 Stimulated emission in the uncoupled cavity limit 

The emission from the target cavity in the uncoupled limit is studied in detail in this 

section. Since the PL spectra shows that the device operates in the uncoupled cavity 

limit (Figure 5.2b), the detuning lasers are not involved at this stage. 

The first part of the experiment regards the study of the input-output characteristics 

of the device. In particular, the emission spectra of the QDs are measured at various 

excitation rates, and analyzed in the spectral domain with the spectrometer. The 

QD pumping is provided by the pulses produced by the Ti:Sapphire laser, and to 

quantify the excitation level their pulse energy 𝐸𝑝𝑢𝑙𝑠𝑒  is calculated as 𝐸𝑝𝑢𝑙𝑠𝑒 =

𝑃𝑎𝑣𝑔 𝑅𝑟𝑒𝑝⁄ , where 𝑃𝑎𝑣𝑔  is the average power and  𝑅𝑟𝑒𝑝 is the repetition rate.   

Figure 5.4a shows the LL curve (black squares) and corresponding linewidths 

(magenta circles), where the points composing the former are calculated as the 

integral of the PL peak over the frequency. The LL curve shows a close-to-linear 

behavior due to the high spontaneous emission coupling factor into the lasing 

mode, producing the well-known “threshold-less” characteristics of nanolasers . 

The red curve of Figure 5.4a represents the theoretical prediction that is obtained, 

as better described in Appendix 5.6, by adjusting some of the RE parameters in 



92 

 

order to simultaneously overlap the spectral and time-resolved measurements. 

Since no clear threshold is displayed, further evidence is required to prove transition 

to the StE regime. The first proof is provided by a strong increase of the first-order 

coherence, as measured from the pump-dependent linewidth behavior (Figure 5.4a, 

magenta squares). At low excitation pulse energies (around 0.01 𝑝𝐽), the mode 

linewidth slightly decreases due to the reduced absorption losses induced by QD 

saturation in the SpE regime. At higher excitation energies (0.1 𝑝𝐽), a pronounced 

decrease of the linewidth suggests the presence of a threshold, since the observed 

narrowing (more than a factor of 2) is not expected in SpE. Additionally, the 

linewidth narrowing is accompanied by a plateau between 0.12 and 0.20 pJ (black 

dashed box of Figure 5.4a), which is associated to StE transition in nanolasers due 

to a non-linear interplay between carrier and photon density [168].   

 

Figure 5.4: (a) LL curve (black dots) with corresponding theoretical curve (in red), and mode linewidth 

(magenta squares). The LL curve displays a close-to-linear behavior, typical of nanolaser with high emission 

efficiency into the lasing mode. The linewidth behavior is characterized by a monotonous reduction. Around 

0.15 pJ, this reduction is accompanied by the presence of a plateau (black dashed square), which is associated 

to the onset of lasing. A close-up of this plateau is displayed in the bottom-left plot indicated by the black 

arrow (grey area). The LL curve is obtained by integrating the emission peak over the frequency. (b) 

Normalized spectra acquired at the lowest (0.008 𝑝𝐽) and at the highest (0.610 𝑝𝐽) pulse energies, 

highlighting the difference in linewidth among the two cases. The central frequency of the mode at 0.610 𝑝𝐽 

shifts with respect the other curve due to increased carrier density. 
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The plateau is shown in the close-up of Figure 5.4a (bottom-right, indicated by the 

black arrow), and the area of interest is highlighted in the shaded area. Figure 5.4b 

shows two normalized emission spectra obtained at the lowest (0.008 𝑝𝐽) and 

highest (0.610 𝑝𝐽) excitation energies. These spectra highlight two features, i.e. the 

substantial difference in linewidth among the below- and above-threshold regime, 

and a blue-shift of the mode emission frequency that is attributed to the increase of 

the carrier population with the pumped energy [169]. The measurements of Figure 

5.4 provide the first signature of lasing, represented by the increased first-order 

coherence (linewidth narrowing). 

 

Figure 5.5: Collection of decay data (blue dots) and theoretical curves (red lines) at different pump pulse 

energies. At low excitation (left panel), the behavior of the data is mainly bi-exponential, where the fast 

decay is associated to SpE into the mode, and the slow decay to other processes as described in the text. 

At higher pulse energies (right panel), the fast decay associated to lasing emerges. The theoretical curves 

agrees with the data, except for the slow decay at low pump energies, as the processes involved are not 

taken into account in the model. 

The recombination dynamics probed by time-resolved measurements provides 

additional elements confirming the StE of the QDs. As discussed in Chapter 2, the 

time-dependent behavior of the photon number presents a fast decay component 

that arises around the threshold. To probe the QD emission dynamics, the PL signal 

at the frequency of the mode of interest is filtered by the spectrometer and coupled 

into a single-mode fiber connected to the SSPD as described in Chapter 4.  
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Figure 5.5 shows the evolution of the exponential decay (blue points) as a function 

of the pulse energy with corresponding theoretical curves. At low energies (0.01 −

0.03 𝑝𝐽), the decay is characterized by a double-exponential, where the fast 

component in interpreted as the spontaneous decay of the QDs, while the longer 

component is associated to emission from QDs spatially decoupled from the mode, 

which decay through emission into the leaky modes (at these powers, we measured 

a slow decay time 𝜏𝑠𝑙𝑜𝑤 ≈ 2 𝑛𝑠 with slight pulse energy dependence). As the pulse 

energy is increased, the fast decay feature arises around 0.1 𝑝𝐽, i.e. at the same 

pumping level of the linewidth plateau. The appearance of this fast dynamics, 

already observed in nanowire-based nanolasers [10, 11], further confirms the onset 

of lasing. The red curves represent the theoretical predictions of the model (see 

Appendix 5a). 

Figure 5.6 shows the fast decay times extracted from the decay curves in Figure 5.5. 

The decay time does not show relevant reduction when the QDs are weakly pumped 

(around 0.01 𝑝𝐽), while it substantially decreases at pulse energies corresponding to 

the linewidth narrowing (Figure 5.4a) and to the arising of the fast decay process 

(Figure 5.5). The monotonous reduction of the decay time (up to a factor of 3), 

combined with the aforementioned arguments, proves that the studied device 

enters the StE regime. 

 

 

Figure 5.6: Decay times as a 

function of the pump pulse energy. 

These times represent the fast 

component of the bi-exponential 

decay characterizing the data. 

Therefore, up to about 0.06 𝑝𝐽 they 

correspond to the SpE decay time, 

whereas at higher pump rates they 

correspond to the fast decay 

associated to StE.  
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In the next section, the laser emission is studied as a function of the detuning 𝛥 to 

show the suppression of the StE due to mode-field tuning.  

5.3.3 Mode-field tuning of the stimulated emission 

In the previous section, the signatures of StE from the L7 have been investigated in 

the limit of uncoupled cavities. The effect of the photonic coupling of the laser 

operation is now studied by varying the detuning 𝛥. 

At this stage, both the detuning spots are used to vary the resonances of the left 

and right control cavities. The corresponding optical powers, indicated by 𝑃𝐿  and 𝑃𝑅, 

are initially set to initial bias values �̅�𝐿  and �̅�𝑅  in order to tune the control cavity 

resonances at frequencies corresponding to 𝛥 = 0.2 𝑇𝐻𝑧. Analogously to the 

method employed in Chapter 4, for the n-th acquired spectra these powers are 

varied by 𝛥𝑃𝐿  and 𝛥𝑃𝑅, so that 𝑃𝐿 = �̅�𝐿 + 𝑛𝛥𝑃𝐿  and 𝑃𝑅 = �̅�𝑅 − 𝑛𝛥𝑃𝑅 . 

Figure 5.7a shows a stack plot composed by several spectra obtained at various 

couples of [𝑃𝐿 , 𝑃𝑅], by exciting the QDs with a CW laser with fixed power (𝜆𝐶𝑊 =

780𝑛𝑚, power=174 μW). For this power level, lasing is obtained at large detunings, 

as confirmed by the fact that at the largest detunings (downmost and uppermost 

curves), the linewidth of the central supermode is equal to 0.22 THz, which 

corresponds to an above-threshold value (as shown in Figure 5.4a). The central 

mode frequency shows a red-shift of about 0.55 THz with respect the uncoupled 

case of Figure 5.4b, which is caused by heating due to the detuning spots. The 

expected behavior of the supermode frequencies (Figure 5.7a, blue dashed curves), 

calculated via CMT, shows good agreement with the peak positions. As the 

detuning decreases, the central supermode intensity is increasingly quenched, 

reaching its smallest amplitude at the anticrossing, as shown in Figure 5.7b. Around 

zero detuning, the residual counts are caused by the finite size of the 

excitation/collection spot, which partially overlaps with the control cavities, and the 

PL produced by the detuning lasers is therefore partially collected. The observed 
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quenching of the emission into the central supermode is consistent with the gain 

suppression associated to the evolution of the field distribution (mode-field tuning). 

 

 

 

Figure 5.7: (a) Stack plot of several 

spectra at various detuning laser 

powers [𝑃𝐿, 𝑃𝑅]. The blue dashed 

curves represent the theoretical curves 

calculated with the CMT model by 

using the parameter extracted in 

section 5.3.1. The left y-axis represents 

the power of the left detuning laser 𝑃𝐿, 

whereas the right axis represents the 

detuning axes of the theoretical curves. 

The red arrow below the x-axis 

indicates the supermode of interest. 

The L7 mode turns from bright 

(downmost and uppermost spectra) to 

nearly dark (central spectra). (b) PL 

counts corresponding to the central 

supermode peak as a function of the 

detuning, showing a minimum at at ∆=

0. 

In order to prove that the tuning can turn the cavity from the lasing the non-lasing 

state, the QDs are excited by pulses with a fixed energy (0.99 𝑝𝐽), which 

corresponds to well above-threshold pumping as in Figure 5.4-Figure 5.5, and the 

detuning 𝛥 is varied. Figure 5.8a shows the linewidth and decay time variations as 𝛥 

decreases (blue circles and magenta squares respectively). The linewidth decreases 

from 0.025 THz at large detuning (above threshold value) to 0.032 THz (below 

threshold) at small detuning, while the decay time increases from 220 ps to 480 ps. 

The blue (magenta) dashed line indicates the linewidth (decay time) value before 

the plateau in Figure 5.4a, which is here considered as the threshold. The linewidth 

broadening, together with the decay time increase, clearly shows that the reduced 
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gain close to 𝛥 = 0 prevents laser oscillation, and the increased phase noise due to 

SpE impairs the coherence of the radiation and eventually dominates [13].  

 

Figure 5.8: (a) Experimental linewidths (magenta squares) and decay times (blue circles) at different 

detuning, by keeping the pump pulse energy to 0.99 𝑝𝐽. The dashed lines represent the corresponding 

value of the two quantities considered as threshold. As can be seen, the values of the linewidths and 

decay times vary from an above threshold value at large detuning, to below threshold. (b) Decay curves 

at value of detuning ∆= −0.15,−0.09 and+0.09 𝑇𝐻𝑧 (red squares, blue down triangles and black up 

triangles respectively). The colored curves are the theoretical predictions at the corresponding detuning. 

At ∆= −0.15,+0.09THz, the curves shows the fast decay feature indicating lasing. Close at ∆= −0.15 

the decay this feature is not present, indicating that the L7 cavity is now in the non-lasing regime 

Additionally, Figure 5.8b shows three examples of decay curves obtained at the 

same pumping conditions (0.99 𝑝𝐽), and at different 𝛥. At large detunings (black 

and red symbols) the QD decay is characterized by the fast dynamics associated to 

StE (below 250 ps), while the blue points (𝛥 ≈ 0.02 𝑇𝐻𝑧) display a longer decay 

time (≈ 480 ps) similar to the below-threshold value in Figure 5.6, which further 

confirms that the device is operating in the SpE regime. The solid curves represent 

the theoretical predictions obtained via our model, by using the same parameters 

as the uncoupled case  of Figure 5.4, except for the decay time 𝜏𝑙  associated to 

emission into the other channels (radiative and non-radiative), which best fits the 

data when reduced from 2 to 0.9 ns. This reduction is expected, since temperature 

variations increase the non-radiative contribution that is not explicitly considered in 

the model. The curves show good agreement, where the small mismatch at 𝛥 =



98 

 

0.02 THz can be primarily attributed to a saturation effect of the QDs that delays 

the decay process. 

Based on the experimental data shown in this section, we conclude that the lasing 

operation of the L7 cavity is controlled, and eventually inhibited, because of the field 

variations induced by the photonic coupling. An intriguing consequence of mode-

field coupling regards the possibility to switch the StE with fast time-variations of 

the detuning 𝛥. Indeed, as shown in Chapter 2, the effect of the mode-field impacts 

the QD carrier population, i.e. it increases above the clamping value. Therefore, 

when a constant pumping produces carriers in the QDs while the central supermode 

is dark, the energy injected into the gain medium is accumulated, as the radiative 

recombination is prevented. Therefore, in a similar fashion as the Q-switching 

mechanism, this accumulated energy can be released as a short pulse when the 

modal gain is restored to an above-threshold value, e.g. by varying in time the 

detuning 𝛥. In the next section, this perspective is introduced and described, and a 

scheme to implement the this idea is proposed. 

5.4 Production of short pulses with mode-field tuning 

After having demonstrated the switching of laser operation by mode-field 

tuning, we move on to consider the potential applications to ultrafast 

modulation of lasers. As mentioned above, a consequence of mode-field 

coupling regards the possibility to produce short pulses when fast detuning 

variation are applied in the control cavities. 

Figure 5.9 clarifies the mode-field switch mechanism. The three cavities (Figure 5.9-

top) are initially assumed to have equal frequencies (𝛥 = 0), and the gain medium 

in the target resonator is therefore coupled with the dark mode. A CW injection 

provides an above-threshold pumping of the carriers, and since they cannot de-

excite into the dark mode, the pumped energy is stored as population inversion. A 

fast and antisymmetric time-dependent detuning  𝛥(𝑡), achievable e.g. by varying 



99 

 

the intra-cavity refractive index via the electro-optic effect , is applied to the control 

cavities at a time 𝑡 = 𝑡0, and triggers the redistribution of the EM field (Figure 5.9-

bottom). Assuming that the shift of the resonances is sufficiently large to decouple 

the cavities (𝛥(𝑡0) > 𝜂), the mode-field inside the target resonator is restored to its 

maximum value 𝐸(𝑡)(𝑟𝑒𝑚), and the energy accumulated by the carriers is suddenly 

released under the form of an optical pulse. 

 

 

 

Figure 5.9: Top: A CW pumping (red arrow) 

creates carriers in the gain medium (box in 

the target cavity) in condition of ∆= 0. 

Since the carriers cannot radiatively 

recombine due to zero field, the energy 

provided by the pumping is accumulated. 

Bottom: A fast detuning scheme, here 

depicted as a fast variation of the refractive 

index via the electro-optic effect, restores 

the field in the target cavity. In this 

condition, the accumulated energy is 

released under the form of an optical pulse. 

Figure 5.10 shows the simulated optical pulse (red filled curve) obtained after the 

time-dependent detuning (blue curve) is applied – with opposite signs – to the 

control cavities, and is characterized by a full width half maximum of 18 ps. These 

simulations are obtained by considering typical mode volumes of microring 

resonators, by using the same adjustable parameters previously extracted for the 

QD laser, and by considering an ideal and symmetric photon tunneling rate 𝜂 =

0.06 THz. Moreover, the simulated detuning is represented by a square pulse with 

rise time of 1 𝑝𝑠 and a duration of 20 𝑝𝑠, Please note that to store energy in the 

carrier population, the other two supermodes should not provide an efficient decay 

channel, i.e. they should not lase at 𝛥 = 0. Therefore, in this case the uncoupled loss 

rates 𝛾𝑙  and 𝛾𝑙 of the control cavities are chosen such that in this condition the 

intracavity photon number at their frequencies is below unity (in particular, 𝛾𝑙 , 𝛾𝑟 =

2𝛾𝑡, where 𝛾𝑡 = 0.02 𝑇𝐻𝑧 is the target cavity loss rate). In these conditions, the 
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modulation of the mode field produces changes in both gain and loss, and is 

equivalent to a combination of gain- and Q-switching.  

 

Figure 5.10: The simulated optical 

pulse (red area), produced after the 

time-dependent detuning ∆(𝑡) (blue 

dashed curve). The full width half 

maximum is equal to 16 𝑝𝑠. This 

simulation has been obtained by 

considered a microring resonator, 

and by assuming a carrier injection 

mechanism of 2 ps of rise time, and 

50 ps of decay time. These values 

are consistent with carrier dynamics 

in GaAs [161]. 

The switching mechanism hereby discussed overcomes the difficulties posed by 

gain-switching mechanisms that, when implemented electrically, require the 

injection of short current pulses into the nanolaser gain medium, which typically has 

sub-micrometer dimensions. This small dimension is coupled to a large series 

resistance and a parallel capacitance, leading to a RC time constant limiting the 

achievable modulation bandwidth well below the intrinsic one. On the contrary, the 

mode-field tuning scheme does not require the injection of current in the lasing 

cavity. Additionally, the proposed design in principle enables modulation without 

chirp, as it involves a dispersion-free optical mode, and the generality of the 

proposed scheme gives room for its implementation in many platforms, including 

different cavity geometries and active gain media (e.g. quantum wells and bulk), 

which may provide a higher number of states and thereby faster relaxation 

dynamics. 

5.5  Conclusions 

In conclusion, in this chapter we demonstrated the switching of laser operation via 

mode-field tuning in a three-cavity system. By means of spectral- and time-resolved 
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experiments, we showed suppression of StE from the target cavity at the central 

supermode frequency. The model combining CMT and semiconductor REs provided 

a theoretical framework that well describes lasing in these structures, also 

highlighting the role of the fast decay component arising around the laser threshold.  

Furthermore, we showed that the model implies the production of short optical 

pulses when mode-field switching is combined with ultrafast tuning of cavity 

resonances. Furthermore, we showed that the model implies the production of 

short optical pulses when mode-field switching is combined with ultrafast tuning of 

cavity resonances. This method therefore provides a novel technique to modulate 

the laser output in every platform displaying tuneable resonances, with the 

advantage of the implementation in solid-state nanodevices, potentially impacting 

fields like photonic integration, light-based sensing and optical interconnects. 
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5.6  Appendix 5A – Data-theory comparison 

The red curves shown in Figure 5.4a and in Figure 5.5 represent the 

theoretical prediction obtained with  the RE model. To clarify the procedure 

that led to these curves, the used REs are reported as follows: 

{
 
 
 
 

 
 
 
 �̇�𝑤(𝑡) =

𝜂𝑖𝑛𝑗𝑃𝑖𝑛𝑗

ℎ 𝜈𝑖𝑛
−   

𝑁𝑤 (𝑡)

𝜏𝑐
(1 −

𝑁(𝑡)

2𝑛𝑑
) −  

𝑁𝑤 (𝑡)

𝜏𝑤

�̇�(𝑡) =
𝑁𝑤 (𝑡)

𝜏𝑐
(1 −

𝑁(𝑡)

2𝑛𝑑
) − 𝐺𝑓𝑖𝑡∑ {𝑘|𝛼𝑖

(𝑡)(𝛥)|
2 𝜈𝑖
∆𝜈𝑒𝑚𝑉𝑝

[2𝑃𝑖(𝑡)(𝑁(𝑡) − 𝑛𝑑) + 𝑁(𝑡)]} +
𝑖=𝑙,𝑟,𝑐

−   
𝑁(𝑡)

𝜏𝑙

�̇�𝑖(𝑡) = 𝐺𝑓𝑖𝑡𝑘|𝛼𝑖
(𝑡)(𝛥)|

2 𝜈𝑖(𝛥)

∆𝜈𝑒𝑚𝑉𝑝
[2𝑃𝑖(𝑡)(𝑁(𝑡) − 𝑛𝑑) + 𝑁(𝑡)]  −   

𝑃𝑖(𝑡)

𝜏𝑝𝑖

 

 

 

(5A.1) 

 

Eq.(5A.1) differs from the REs in Chapter 2 by two terms, i.e. the absorbed power is 

now defined as 𝑃𝑎𝑏𝑠 = 𝜂𝑖𝑛𝑗𝑃𝑖𝑛𝑗  and a correction factor 𝐺𝑓𝑖𝑡  multiplying the gain 

term. The term 𝜂𝑖𝑛𝑗𝑃𝑖𝑛𝑗  describes the pumping mechanism in terms of the injected 

power 𝑃𝑖𝑛𝑗 , which is experimentally measured before the out-coupling of the pump 

laser (see Chapter 2), and the adjustable parameter injection efficiency 𝜂𝑖𝑛𝑗, which 

takes into account the losses in the setup, limited absorption and carrier losses. The 

parameter 𝐺𝑓𝑖𝑡  is introduced since the spatial and spectral coupling of QDs to the 

mode cannot be trivially determined. In fact, the mode sees an average of many 

QDs with different spectral detunings and at different positions in the cavity. The 

adjustable parameters used to compare the LL curve and the QD decay are 𝜂𝑖𝑛𝑗, 

𝐺𝑓𝑖𝑡, 𝑛𝑑 and 𝜏𝑙. The spontaneous emission into other decay channel, quantified by 

the rate 1 𝜏𝑙⁄ , and the QD number 𝑛𝑑 are considered as adjustable as the former 

includes SpE into other modes and non-radiative processes, which depend on the 

temperature, and the latter quantifies the number of dots participating to the 

emission into the lasing mode. 

To compare experimental data with the model, the RE are solved numerically and, 

as in the case of the LL curve, the obtained solution 𝑃2(𝑡) is integrated over time. 
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This means that an automatic procedure that simultaneously fit the LL curve and 

the decay dynamics is numerically challenging, as it requires non-trivial operation 

within a free parameter space composed by 4 quantities. Therefore, the theoretical 

curves are determined by manually choosing the value of the 4 adjustable 

parameters that simultaneously match the whole set of experimental data. 

The theoretical curves shown in Figure 5.4a and in Figure 5.5 are obtained by 

calculating the parameters 𝛼𝑖
(𝑡)(𝛥 = 10𝜂), which therefore implies that the 

contributes of the supermodes 1 and 3 are negligible. The parameters used in the 

REs, are the same that can be found in Table 1 of Chapter 2, whereas the adjustable 

parameters are equal to [𝜂𝑖𝑛𝑗 , 𝐺𝑓𝑖𝑡 , 𝑛𝑑 , 𝜏𝑙]=[1.2 ∙ 10−4, 0.85, 49, 2.0 𝑛𝑠]. The 

parameter 𝐺𝑓𝑖𝑡 = 0.85 can be explained by spectral and spatial averaging over the 

QDs. Considering the areal density of the QDs (200 𝜇𝑚−2), the number of QDs 

participating to the lasing, 𝑛𝑑 = 49 indicates that only about 17% of the QDs in the 

target cavity are optically active and contribute to the lasing emission.  
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Chapter 6 | Non-Lorentzian 

spectra in coupled cavities 
 

This chapter presents the experimental data that are part of the work 

described in [171], which is fruit of a collaboration with the group of Prof. M. Gurioli 

(University of Florence). In particular, this work represents a first systematic study 

that experimentally investigates the deviation from Lorentzian lineshapes in 

photoluminescence spectra, as theoretically predicted in [45] and observed in [172]. 

In particular, the presented measurements address the prediction that the emission 

spectra of multimode systems cannot be understood as a sum of Lorentzian 

lineshapes each corresponding to a mode. 

This chapter firstly provides a brief theoretical overview that motivates the 

discussion conducted here, where the concept of SpE rate in open system is 

introduced. Then, far-field spectra of coupled cavities that displayed deviation from 

a Lorentzian behavior in the first place are shown, whereas the discussion continues 

with the data acquired in the spectral- and time-domain on an engineered system 

of L20 resonators. 

6.1  Overview of the theory 

As introduced in Chapter 1, the weak interaction between an emitter and a single 

cavity mode leads to a SpE rate whose spectral dependence is expressed in terms of 

a Lorentzian function if the emitter's linewidth is broader than the mode [62]. In the 

more generic case, m modes can be present around the emitter’s frequency 𝜔𝑒𝑚, 

where the associated mode fields are usually characterized by an inhomogeneous 

distribution in space. For instance, as shown with FEM simulations in the previous 
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chapters, the electric field in nanocavities is strongly position-dependent and 

presents several nodes and anti-nodes, and consequently the SpE rate of the 

emitter depends on its location 𝑟. To account for multiple modes and 

inhomogeneous field distributions, the SpE rate Г of an emitter with frequency 𝜔𝑒𝑚  

and dipole moment 𝑑 = 𝑑𝑖𝑓�̂� inside a resonator is expressed as [45]: 

Г =
𝜋𝜔𝑒𝑚
ħ휀0

|𝑑𝑖𝑓|
2
𝐿𝐷𝑂𝑆(𝑟, 𝜔𝑒𝑚) 

 (6.1) 

 

Where the quantity 𝐿𝐷𝑂𝑆(𝑟, 𝜔𝑒𝑚) is known as projected local density of states 

(LDOS) along the dipole orientation �̂�, and in literature is often defined as the 

imaginary part of the trace of the Green’s tensor 𝐺(𝑟, 𝑟, 𝜔𝑒𝑚) as9 [70]:   

𝐿𝐷𝑂𝑆(𝑟, 𝜔𝑒𝑚) =
6𝜔

𝜋𝑐2
[�̂� ∙ 𝐼𝑚[𝐺(𝑟, 𝑟, 𝜔𝑒𝑚)] ∙ �̂�] 

(6.2) 

 

The definition of Eq.(6.2) has a general form, and the LDOS can be evaluated by 

directly solving Maxwell equations, for any photonic structure. In presence of few 

non-overlapping modes, the LDOS corresponds to a sum of Lorentzian functions 

weighted by the electromagnetic energy term 휀0|�⃗⃗�𝑚(𝑟) ∙ �̂�|
2

at the emitter’s 

position as [46]: 

𝐿𝐷𝑂𝑆(𝑟, 𝜔𝑒𝑚) =
2

𝜋
∑

𝛾𝑚 2⁄

(𝜔𝑒𝑚 −𝜔𝑐,𝑚)
2
+ (𝛾𝑚 2⁄ )2

휀0|�⃗⃗�𝑚(𝑟) ∙ �̂�|
2

𝑚

 
(6.3) 

Where 𝛾𝑚 is the loss rate and �⃗⃗�𝑚(𝑟) is the electric field associated to the m-th mode, 

normalized as is Chapter 1. In the case of a single resonance (with frequency and loss 

                                                 
9 The Green’s tensor is defined by the electric field �⃗⃗�(𝑟′) at a location 𝑟′ generated by a dipole 

positioned at 𝑟′′, which from a mathematical point of view lead to �⃗⃗�(𝑟′) =

𝜔2𝜇0𝜇𝐺(𝑟′, 𝑟′′, 𝜔𝑒𝑚)𝑑(𝑟′′), where 𝜇0 and 𝜇 are the vacuum and material magnetic 
permeability respectively [70]. The LDOS corresponds to the field produced by the dipole at its 
position (𝑟′ = 𝑟′′ = 𝑟). 
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rate indicated by 𝜔𝑐  and 𝛾 respectively), and under the condition 𝜔𝑒𝑚 = 𝜔𝑐, 

Eq.(1.11) reduces to the formula Г = 4𝑔2 𝛾⁄  used in Chapter 1 and Chapter 4.  

 

Figure 6.1: Schematic representation of the LDOS in three cases. (a) Ideal lossless cavity. The LDOS is 

centered at each normal mode frequency (as an example three modes with m=1, 2, 3 are sketched), and 

it is infinitely narrow. (b) More realistic case of system with small losses, where the resonances are 

Lorentzian functions. (c) Case of resonances with loss rates sufficiently large to cause a spectral overlap 

among the modes (blue area). 

To better understand where Eq.(6.3) comes from, we first address the ideal case of 

lossless systems. In the ideal case of no losses, the harmonic (or normal) modes of 

the cavity are determined by the electric and magnetic fields (�⃗⃗�𝑚, �⃗⃗⃗�𝑚), which are 

solution of the Maxwell equations without source terms [46]. Due to the absence of 

loss processes, the system is conservative and the time-evolution operator of the 

fields is Hermitian, which ensures that the eigenfrequencies 𝜔𝑐,𝑚 are real quantities. 

In this case, the LDOS is represented by infinitely narrow resonances centered at 

the frequencies 𝜔𝑐,𝑚, with amplitudes determined by the electromagnetic energy 

term 휀0|�⃗⃗�𝑚(𝑟) ∙ �̂�|
2

 (Figure 6.1a). When the losses are introduced to resemble a 

more realistic case, the solution of the Maxwell equations decay in time and the 

time-evolution operator is no longer Hermitian. The corresponding 

eigenfrequencies are then complex numbers given by 𝜔𝑐,𝑚 − 𝑖𝛾𝑚, where the 

imaginary part accounts for the energy leakage or absorption processes. However, 

as long as the losses are small (high Q-factor limit, or low absorption), they can be 

introduced as a perturbation of the ideal system, and the power radiated by the 

dipole, proportional to the LDOS, is composed by a sum of Lorentzian functions as 
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in Figure 6.1b [173]. In this case, the maximum enhancement of SpE that the emitter 

experiences when in resonance with the m-th mode, is given by the Purcell factor 

𝐹𝑃,𝑚 = 3𝜆𝑐,𝑚
2 𝑄𝑚 4𝜋2𝑛3𝑉𝑚⁄  as expressed in Chapter 1, where 𝜆𝑐,𝑚, 𝑄𝑚  and 𝑉𝑚  are 

the corresponding wavelength, quality factor and mode volume. 

The introduction of plasmonic structures posed some questions regarding the 

validity of the Lorentzian nature of the LDOS, with direct consequences on the 

Purcell factor 𝐹𝑃. For instance, plasmonic nanostructures are characterized by Q-

factors on the order of  ≈ 1 − 10, so that frequencies and loss rates are comparable 

and a perturbative approach results to be inaccurate. In particular, it has been 

argued that the Purcell factor 𝐹𝑃 fails in describing the SpE characteristics of these 

resonances, as it underestimates the rigorously calculated total decay rate in the 

textbook example of metal spheres [174]. Additionally, in presence of multiple 

resonances that overlap in frequency (Figure 6.1c, blue area)  the dipole can emit 

photons into multiple radiative channels, and the total emission is a result of a 

coherent superposition of the modes [46]. Therefore, due to the presence of 

constructive and destructive interference at the overlapping frequencies, the 

spectrum of the LDOS can be non-Lorentzian and presents non-trivial lineshapes, 

as already observed in numerical simulations [175], [176]. 

A rigorous framework for the description of lossy systems must account for the non-

Hermiticity of the time-evolution operators, which reflects the intrinsic open nature 

of photonics. This framework is provided by describing the resonances with quasi-

normal modes (QNMs) with complex frequencies 𝜔𝑐,𝑚 − 𝑖𝛾𝑚, in contrast to the 

normal modes characterizing closed and conservative systems. QNMs characterize 

open and dissipative systems, and have been extensively considered in the context 

of gravitational waves produced by black holes and stars [177]. In a theoretical paper 

[45], the light interaction in plasmonic and photonic nanostructures has been 

rigorously formulated by solely assuming that the cavity field can be decomposed 

in few QNMs [178]. The main finding of the mentioned theoretical work is the 



109 

 

generalization of the Purcell formula, where the normalized SpE rate Г/Г0 (with Г0 

representing the SpE rate in the free space) is given by the following expression [45]: 

Г

Г0
=∑𝐹𝑃,𝑚

′

𝑚

𝜔𝑐,𝑚
2

𝜔𝑒𝑚
2

𝜔𝑐,𝑚
2

4𝑄𝑚
2 (𝜔𝑒𝑚 − 𝜔𝑐,𝑚)

2
+𝜔𝑐,𝑚

2
[1

+ 2𝑄𝑚
𝜔𝑒𝑚 − 𝜔𝑐,𝑚

𝜔𝑒𝑚

𝐼𝑚(𝑉𝑚
′ )

𝑅𝑒(𝑉𝑚
′ )
] 

 

          (6.4) 

Where 𝐹𝑃,𝑚
′  and 𝑉𝑚

′  are the generalized Purcell factor and mode volume given by: 

                                                                                                                                                       

{
 
 

 
 𝐹𝑃,𝑚

′ =
3

4𝜋2
(
𝜆𝑐,𝑚
𝑛
)
3

𝑅𝑒 (
𝑄𝑚
𝑉𝑚
′
)

𝑉𝑚
′ =

∫[�⃗⃗�𝑚 ∙ 𝜖𝑟 �⃗⃗�𝑚 − �⃗⃗⃗�𝑚 ∙ 𝜇�⃗⃗⃗�𝑚]𝑑
3𝑟

2휀0𝑛
2(�⃗⃗�𝑚(𝑟) ∙ �̂�)

2

 

 

                                          (6.5) 

 

                                              

Where 𝜇 is the magnetic permeability and 𝜖𝑟  is the relative dielectric constant. 

Eqs.(6.4)-(6.5) imply that the generalized mode volume 𝑉𝑚
′  is a complex quantity, as 

in its definition of Eq.(6.5) depends on the square of the electric field rather than the 

modulus squared. However, in cavities with small losses, �⃗⃗�𝑚(𝑟) is a real quantity and 

the Purcell factor assumes the usual formula previously discussed. 

An important implication of Eq. (6.4) is that the LDOS (linked to the SpE rate via 

Eq.(1.11)) is not necessarily a Lorentzian function, even in the case of single 

resonances. For instance, strong asymmetric spectra are predicted in engineered 

photonic structures called speed bumps, where light confinement is achieved by 

abrupt variations of the group velocity at the band edge, and the mode at the 

resulting resonance presents a large  𝐼𝑚(𝑉𝑚
′ )/𝑅𝑒(𝑉𝑚

′ ) ratio [179]. Moreover, 

metallic plasmonic nanoantennas can display LDOS asymmetry among the red- and 

blue-side of the resonance, which is attributed to material dispersion [45]. Here, we 

will consider a specific case analogous to Figure 6.1c, i.e. overlapping supermodes 
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of a coupled-cavity system that display deviations from the Lorentzian behavior. For 

“Lorentzian behavior” it is here meant that: 1) the PL lineshapes are not well-

described with Lorentzian functions, and/or 2) fitting data with these functions 

leads to unphysical results, e.g. that the value of the tunneling rate 𝜂 depends on 

the probed cavity.  

6.2 Observation of asymmetries in two-cavity PL 

spectra 

The optimization of the devices described in Chapter 4 and 5 are the result of an 

engineering stage that involved the design of several coupled-cavity systems. These 

designs resulted in a various Ln line defect cavity types with different combinations 

of tunneling and loss rates. Figure 6.2a-b show the SEM of one of the considered 

designs. It is composed by a modified L3 cavity, evanescently coupled to a modified 

120-missing-hole defect (L120 resonator10). The design modifications applied to 

these resonators are the same discussed in Chapter 4. The red spot in Figure 6.2a 

(Figure 6.2b) denotes the excitation/collection placed on the L3 (L120) cavity, 

whereas the green spot indicates that the latter is detuned by thermal tuning.  

The detuning map obtained by probing the L3 cavity is shown in Figure 6.2c. A clear 

anti-crossing is visible in the color-map around a detuning laser power of 2 𝑚𝑊, 

which suggests a strong coupling among the cavities. However, when the 

excitation/collection spot is moved to the L120 cavity, a less clear behavior is 

observed. Figure 6.2d shows the detuning map, which displays several L120 modes. 

Around a detuning laser power of about 1.5 𝑚𝑊, the decrease in PL intensity 

suggests the presence of an inter-cavity interaction, but the resulting anti-crossing 

is not as clear as the one shown in Figure 6.2c. 

                                                 
10 The L120 cavity, initially considered as a potential control resonator, has not been used 
for the SpE and StE control because of the reduced FSR characterizing its spectrum. 
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Figure 6.2: (a) SEM picture of the investigated design, where the excitation/collection spot (red circle) is 

located in the modified L3 design, while the detuning spot (green circle) indicates the thermal tuning of 

the L120 resonator. (b) Same as in (a), with the difference that in this case the L120 cavity is probed. 

Please note that the green spots are only indicative and do not represent the actual position of the 

detuning spots, which are positioned further away from the L3 cavity. (c) Color-map obtained with the 

spectra collected from the L3 cavity. An anti-crossing of the modes can be seen at the detuning power 

around 1.5 mW. (d) Same as in (c) in the case of collection from the L120 cavity. In this color-map, the 

anti-crossing is nearly absent. 

To better show the difference occurring in the two cases, Figure 6.3 displays the 

spectra close to the anti-crossing in the two cases. As it can be seen, the PL from the 

L3 cavity (Figure 6.3a) shows a pronounced dip in between the coupled modes. 

However, a fit (red dashed line) of the lineshape as sum of two Lorentzians (blue 

dashed curves) leads to poor overlap with the data points, which is highlighted by 

the area in green. Additionally, the same fit procedure applied to the PL spectrum 

from the L120 cavity leads to a different result. Indeed, Figure 6.3b shows the 

spectrum acquired around the anti-crossing when probing the L120 cavity, and 

unlike the previous case, a Lorentzian fit (blue and red dashed curves) gives a 

reasonable match with the data points (black line). However, there is a difference in 
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the splitting among the resonances in this condition, as this splitting is equal to 

0.09 𝑇𝐻𝑧 in Figure 6.3a and 0.06 𝑇𝐻𝑧 in Figure 6.3b. 

 

Figure 6.3: (a) PL spectrum obtained from the L3 cavity, close to the anti-crossing (black curve). The blue 

curves represent the best Lorentzian fit, and their sum is indicated with a red dashed line. There is an 

evident mismatch between the Lorentzian fit and the data, highlighted by the green area in the PL dip. 

(b) PL spectra from the L120 cavity (black line). Also in this case the blue lines correspond to the best 

Lorentzian fit, whereas the red dashed curve is their sum. Unlike the previous case, the Lorentzian fit 

better overlaps the experimental data. The difference in central frequency among (a) and (b) is ascribed 

to the thermal tuning, since its position with respect the non-lossy cavity slightly changes during the two 

experiments. 

These results contradict the picture of supermodes given by sum of single 

Lorentzian contributes because: a) the best fit using two Lorentzians fails to well-

reproduce the dip in the data (Figure 6.3a), and b) the splitting at the closest point 

to the anti-crossing differs the two cases.  

6.3 L20 cavity and symmetric loss rates 

A systematic study of this effect for different couplings and losses was then planned. 

In order to probe the two cavities separately, resonators with dimensions larger 

than the excitation spot are required. Using short cavities, like L3 and L7, presents 

the disadvantage of probing simultaneously both cavities with the excitation spot, 

and as a consequence it is challenging to collect the PL from one resonator only. To 

fulfill this requirement, cavities composed by line defects with 20 missing holes 

(L20) are here considered. The spectrum of the L20 cavity is displayed in Figure 6.4a 

and presents several modes with variable intensity, which is caused by a 
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combination of excitation spot/field overlap (that depends on the field distribution 

of the modes), and the inhomogeneous broadening of the QD ensemble (that 

provide pumping with frequency-dependent intensity). The mode under 

investigation is highlighted with the black dashed box, and shows a Q-factor equal 

to 8′275 ± 50, which corresponds to a loss rate of 𝛾 = (0.029 ± 0.003) 𝑇𝐻𝑧. 

Figure 6.4a shows the normalized electric field of the investigated L20 mode, 

obtained with FEM simulations, which displays a theoretical Q-factor of ≈ 39′700. 

 

Figure 6.4: (a) Experimental spectrum of the single L20 cavity, where the black dashed box includes the 

mode as in (c) that is investigated. The background visible is due to bulk emission of QDs, which is partially 

collected.  (b) Close-up of the investigated mode, which presents an experimental quality factor 𝑄 =

8275. (c) Simulated electric field (normalized) of the L20 mode. The parameters used for the device are 

lattice constant 𝑎 = 350 𝑛𝑚 and hole radii 𝑟 = 0.28𝑎. 

As a first step, a coupled device composed of two L20 cavities and characterized by 

a negligible loss mismatch has been fabricated, in order to investigate the tunneling 

rate with separate measurements in each cavity. The SEM picture of the device is 

shown in Figure 6.7a, and displays the two L20 cavities surrounded by the air 

trenches described in Chapter 4 for the optimization of the thermal tuning. The red 
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circles in Figure 6.5a indicate the position of the excitation/collection in two 

different experiments, i.e. measurement of the PL from the lower cavity and from 

the upper cavity. The green circle shows the position of the CW detuning spot 

(𝜆𝑑𝑒𝑡 = 630 𝑛𝑚), which is kept in the lower cavity area in both the experiments.  

 

Figure 6.5: (a) SEM picture of the device. (b) Color-map obtained by collecting several spectra at different 

detuning laser power, when the lower cavity is probed. An anti-crossing is present around a detuning 

laser power of  1.2 𝑚𝑊. (b) Spectrum corresponding to the white dashed line in (b). In this close-to 

uncoupled case, the quality factor of the mode is 𝑄1 = 8419. (c) Frequency mismatch of the supermodes 

obtained by evaluating the positions of the resonances via Lorentzian fit (blue squares). (e) Same as in (b) 

but in the case of upper cavity probing. (f) Spectrum corresponding to the white dashed line in (e), where 

the Q-factor is 𝑄2 = 8204. (g) Frequency mismatch data (red squares) and fit (magenta curve). 

In Figure 6.5b-g the main results in the frequency-domain are shown. Figure 6.5b 

shows the color-map obtained by collecting several PL spectra from the lower 

cavity, and at different detuning conditions. For these measurements, the 

continuous wave diode laser has been used (𝜆𝑒𝑥𝑐 = 780 𝑛𝑚), and the temperature 
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of the sample is kept to 77 K. As can be seen from the color-map, a clear anti-

crossing is present around a detuning laser power of 1.2 𝑚𝑊, which indicates strong 

photonic interaction among the cavities. The spectrum corresponding to the white 

dashed line in the color-map, i.e. close to the uncoupled limit, is shown in Figure 6.5c 

and provides a quality factor of the lower cavity mode equal to 𝑄1 = 8′419 ± 50 

(corresponding loss rate 𝛾1 = (0.031 ± 0.002) 𝑇𝐻𝑧). The frequency differences of 

the supermodes as a function of the detuning, obtained by a Lorentzian fit of the PL 

peaks, are shown in Figure 6.5d. As explained in Chapter 4, this frequency difference 

is fitted with a model function y=√𝛼𝑃2 + 𝑅 (magenta curve), so that the tunneling 

rate can be calculated as 𝜂1 = √𝑅/2. In this case,  𝜂1 = (0.029 ± 0.02) 𝑇𝐻𝑧. 

Figure 6.5e shows the color-map, analogous to Figure 6.5b, obtained when the 

upper cavity is probed. Also in this case a clear anti-crossing is visible, and with a 

qualitative comparison with the lower case, this color-map appears to be similar to 

the one of Figure 6.5b, with the difference that the other supermode is collected 

more efficiently. Figure 6.5f shows the spectrum at large detuning (corresponding 

to the white dashed line in Figure 6.5e), which provides the estimation of the quality 

factor equal to 8204 ± 50, corresponding to a loss rate of 𝛾2 = (0.029 ±

0.002) 𝑇𝐻𝑧. This value of the quality factor obtained in high-detuning condition is 

approximately equal to the one of the isolated lower cavity when the supermode is 

confined. The frequency difference of the supermodes in this case is shown in Figure 

6.5g (red squares), and the fit (magenta curve) lead to a tunneling rate 𝜂2 =

(0.031 ± 0.02) 𝑇𝐻𝑧. This tunneling rate, within the error bars, is equal to the one 

of the lower case as expected, since this parameter is determined by the design. 

Moreover, the condition  𝜂1/2 > |𝛾1 − 𝛾2| 2⁄  is widely satisfied, further confirming 

the strong interaction among the L20 cavities. 
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Figure 6.6: (a) Spectrum of the supermodes close to the anticrossing (black curve) from the lower cavity 

after background subtraction. The curves in blue represent the Lorentzian fit, whereas the red dashed 

curve is their sum. (b) Same as in (a) but in the case of the upper cavity. As it can be seen, the spectral dip 

in both cases is not well reproduced by the Lorentzian fit. 

Figure 6.6a shows the spectrum close to the anticrossing when the lower cavity is 

probed (black curve), together with the Lorentzian fit of the supermodes (blue 

curves) and their sum (red dashed line). As it can be seen, the fit reproduces the data 

with reasonable agreement, except for the spectral dip in the center of the curve. 

Indeed, the spectral overlap among the supermodes is sufficiently large to show a 

small, but appreciable difference between the fit and the data. The same feature is 

found in the upper cavity case (Figure 6.6b), where the dip between the supermodes 

is not well fitted by the sum of Lorentzian. Furthermore, unlike the L3-L120 case, 

the lineshapes in the two cases do not present substantial difference.  

However, the non-Lorentzian behavior observed in this design is not dramatic, as 

the data-fit mismatch shown in Figure 6.6 represents the sole deviation observed. 

For this reason, a modified design of the same coupled-cavity system is considered, 

where the loss rate associated to one of the two uncoupled modes is increased while 

keeping the other unaltered. In this way, the frequency overlap among the 

supermodes is expected to be more relevant, and in a regime where the strong 

coupling condition becomes weaker due to the loss unbalance. With the latter 

condition we aim at reproducing the different frequency splitting observed in Figure 

6.3 for the L3-L120 case, where the resonances displayed larger loss rate mismatch. 
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6.4 Unbalanced loss rates  

The loss rates of the two interacting L20 are now unbalanced by considering the 

device in Figure 6.7a. An additional loss channel for the lower resonator is 

introduced by removing a square of 11x17 air holes from the dielectric pattern, which 

enhances the photon leaking though the GaAs membrane close to the cavity. From 

now on, the lower cavity will be denoted as lossy, whereas we indicate the upper 

cavity with the term non-lossy.  

 

Figure 6.7: (a) SEM of the L20-L20 with asymmetric losses device. In the two experiments, the excitation 

laser is either probing the lossy cavity (red spot, named L) or the non-lossy cavity (red spot, named NL). 

The green spot indicate the detuning laser position. (b) Spectrum of the L20 mode using the excitation 

spot L, in condition of large detuning. The mode has an experimental Q-factor 𝑄𝐿 =  3850. (c) Spectrum 

of the same L20 mode obtained by exciting the QDs of the non-lossy cavity. In this case, the Q-factor is 

 𝑄𝑁𝐿 =  7200. The spectra in (b) and (c) have been measured without using the detuning spot. 

 

In this design, the uncoupled L20 mode of the lossy resonator (Figure 6.7b, 

measured in a condition of large detuning) is characterized by an experimental 
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quality factor  𝑄𝐿 =  3850 ± 60 , which corresponds to the half with respect to the 

analogue mode in the non-lossy case (Figure 6.7c), measured as 𝑄𝑁𝐿 = 7200 ± 50. 

The corresponding loss rates are equal to 𝛾𝐿 = (0.063 ± 0.003) 𝑇𝐻𝑧 and 𝛾𝐿 =

(0.034 ± 0.002) 𝑇𝐻𝑧. This means that the loss splitting |𝛾𝐿 − 𝛾𝑁𝐿| 2⁄ ≈

0.029 𝑇𝐻𝑧, which is comparable to the tunneling rate found in the previous section. 

Within this condition, the device operates in an intermediate regime between 

strong and weak coupling, i.e. close to the so-called exceptional point [163]. The 

exceptional point has been recently explored in photonics for its non-trivial physics 

implying, for instance, enhanced sensitivity [180], loss-induced suppression and 

revival of lasing [181], as well as reversal of the pump dependence of a coupled-

cavity microlaser [182], where the output power decreases with the injected power 

rather than increasing. 

The color-map obtained by varying the detuning laser power with PL collection from 

the lossy (non-lossy) cavity is displayed in Figure 6.8a (Figure 6.8b), where in both 

cases an anti-crossing is present around a laser power corresponding to 2 𝑚𝑊. In 

order to further investigate the possible deviation from Lorentzian lineshapes, we 

first measured and plot the frequency difference between the supermodes at 

different detunings for the lossy (Figure 6.8c), and for the non-lossy (Figure 6.8d) 

cases. Unlike the symmetric case previously described, an important difference 

appears when calculating the tunneling rate 𝜂 with the Lorentzian fits of the peaks. 

Indeed, the evaluated rates 𝜂𝐿/𝑁𝐿  substantially differ in the two cases, as they are 

equal to 𝜂𝐿 = (0.031 ± 0.002) 𝑇𝐻𝑧 (from the lossy cavity), and to 𝜂𝑁𝐿 =

(0.020 ± 0.002) 𝑇𝐻𝑧 (from the non-lossy cavity). This difference (≈ 35%) is not 

physical because the tunneling rate is determined by a field overlap integral, which 

is fixed by geometry and is not expected to vary. This aspect is particularly 

important, especially because in many experiments with coupled cavities (as well as 

in cavity-waveguide systems) only one cavity is probed. This means that the 

calculation of the tunneling rate via the frequency splitting might result in an under- 
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or over-estimation of the amount of coupling, leading to wrong considerations over 

the regime in which the device is operating. 

 

Figure 6.8: Color-map obtained when collecting the PL from the lossy (a) and non-lossy (b)  cavity. (c) 

Frequency mismatch as a function of detuning laser power (blue dots), obtained by evaluating the peaks 

with Lorentzian functions, and corresponding fit (magenta curve). Same as in (c), but in the non-lossy 

case. The data (red circles) is fitted with the function in magenta. 

The spectra of the lossy/non-lossy case, corresponding to the closest to the 

anticrossing of Figure 6.8, are reported in Figure 6.9. In particular, Figure 6.9a shows 

the spectrum in the lossy case, where the data (black line) is overlaid with the 

Lorentzian fit (blue curves) and corresponding sum (red dashed line). Also in this 

case the fit fails in reproducing the spectral dip in the center as observed in the 

previous section. Moreover, Figure 6.9b displays the non-lossy counterpart, in a 

condition which is slightly further from the anti-crossing with respect Figure 6.9a. 

However, the measured spectra present evident differences, in terms of lineshape 

and fitting accuracy. Indeed, in the non-lossy case the lineshape presents a clear 

splitting between the supermodes, but the fit does not reproduce the spectral dip. 

On the other hand, in the non-lossy case the two supermodes show a merging 

typical of weak coupling regime, whereas the Lorentzian fit is not precise in 
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reproducing the tails of the resonances, as well as the spectral region corresponding 

to the supermode at lower frequency. These aspects reflect what observed in the 

frequency splitting of Figure 6.8, and shows that Lorentzian fitting of the data can 

lead to incorrect conclusions regarding the operating regime. 

 

Figure 6.9: (a) Spectrum of the supermodes close to the anticrossing (black curve) from the lower cavity 

after background subtraction. The curves in blue represent the Lorentzian fit, whereas the red dashed 

curve is their sum. (b) Same as in (a) but in the case of the upper cavity. As it can be seen, the spectral dip 

in both cases is not well reproduced by the Lorentzian fit. 

The measurements in the frequency-domain shown so far suggest that variations of 

the LDOS are indeed taking place, but a further investigation in the time-domain is 

needed to connect these variations to the LDOS via the SpE rate. Indeed, PL spectra 

depend on the LDOS, but also on other factors e.g. the relative position of the 

excitation spot, and the collection efficiency, which varies due to field variations 

with the detuning. For the measurements of the SpE rates via TCSPC 

measurements, the Ti:Sapphire pulsed laser (𝜆𝑒𝑥𝑐 = 780 𝑛𝑚, pulse width 3 𝑝𝑠) is 

used for the QD excitation, while the PL is filtered with the spectrometer that acts 

as a band-pass filter (width of 0.02 𝑛𝑚). The PL is then coupled in a single-mode 

fiber and sent to the SSPD for detection as explained in Chapter 3. 

A streak camera-like color-map of the PL, obtained by acquiring several time-

resolved curves at various frequencies, is plotted in Figure 6.10a for the lossy cavity 

(top) and non-lossy cavity (bottom) case. The corresponding exponential decays at 

zero detuning (blue and red straight lines in Figure 6.10a) are compared in Figure 

6.10b. These curves are characterized by a small difference in decay times (80 𝑝𝑠), 



121 

 

which is close to the time resolution of the measurement (IRF ≈60 𝑝𝑠), but large 

enough to be detected and related to a change in the LDOS.  

 

Figure 6.10: (a) Streak-camera-like color-map at the anti-crossing obtained by collecting time-resolved 

measurements at different frequencies. Top: Lossy cavity. Two peaks are visible in this case. Bottom: 

Non-lossy cavity. In this case, the anti-crossing is not characterized by a clear double-peak feature. (b) 

Comparison among the exponential decays corresponding to the dashed lines in (a). The lossy (non-lossy) 

data is show in blue (red) with the corresponding exponential fit. (c) Anti-crossing spectrum (blue curve) 

and measured SpE rates at various frequencies (green points) in the lossy case. The arrows point to the 

plot of the corresponding curve. (d) Anti-crossing spectrum (red curve) and SpE rates (purple dots) in the 

non-lossy case. 

From the exponential decay times 𝜏𝑑𝑒𝑐  the SpE rate are extracted as  Г = 1/𝜏𝑑𝑒𝑐 −

1/𝜏𝑜𝑓𝑓𝑟𝑒𝑠, where 𝜏𝑜𝑓𝑓𝑟𝑒𝑠  is the QD decay time obtained far away from resonance (in 

this device 𝜏𝑜𝑓𝑓𝑟𝑒𝑠 = 1.220 ns), which is related to radiative decay into the leaky 

modes of the PhC and non-radiative decay. The SpE rates are then calculated at 

various frequencies to highlight the variation in the 𝐿𝐷𝑂𝑆(𝜈) in the lossy and non-
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lossy cases. The results for the lossy case are plotted in Figure 6.10c, where the blue 

curve represents the PL spectrum at the anti-crossing, and the green points are the 

calculated SpE rates. As it can be seen, the behavior of the SpE rate reproduces the 

dip of the PL data, where we measured a SpE rate of (0.539 ± 0.012) and (0.573 ±

0.010) 𝐺𝐻𝑧 at the two peaks, and (472 ± 0.010) 𝐺𝐻𝑧 at the dip. On the other 

hand, Figure 6.10d reports the anti-crossing PL spectra when the non-lossy cavity is 

probed (red curve), and the frequency-dependent SpE rate (purple points). Also in 

this case the behavior of the SpE rate reproduces the PL data, as no relevant dip is 

observed in the middle of the resonances. Furthermore, the SpE rate values 

extracted at the PL maxima, i.e. (0.743 ± 0.015) 𝐺𝐻𝑧, (0.683 ± 0.018) 𝐺𝐻𝑧 and 

(0.682 ± 0.027) 𝐺𝐻𝑧 are higher with respect the lossy case. This difference in the 

SpE rates between the two cases (also highlighted in Figure 6.10b with the 

exponential curves) exceeds the resolution of the measurement, and therefore we 

ascribe it to a variation of the LDOS in the two cavities. This experimentally confirms 

a key prediction of the theory, as first proposed in Ref.[45], and further discussed in 

the context of a simple model in the following paragraphs. 

6.5 Model of the experimental data 

To model the behavior of the LDOS observed and described in the previous section, 

a simple analytical model has been developed by the group of Prof. Massimo Gurioli 

(University of Florence). The model, whose derivation can be found in Appendix 6A, 

describes the system as a two-coupled harmonic oscillators with a driving field [99], 

[118], [183], [184]. This approach describes open photonic systems with losses via a 

damping term, and provides a way to connect the electric field amplitude with the 

Green’s tensor. Since the imaginary part of the trace of the latter defines the LDOS 

[5, 6], this model aims at describing the local density of states within a simple 

approach that, unlike approaches based on solving Maxwell’s equations, requires 

negligible computational resources. 
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The functions that describe the LDOS lineshapes are expressed as (see Appendix 

6A): 

{
 
 

 
 𝐿𝐷𝑂𝑆𝐿(𝜈) ∝ 𝑐𝐿(𝜈) = −

𝑃𝐿 ∙ (𝜈𝐿 − 𝜈)

𝜂2 − (𝜈𝐿 − 𝜈)(𝜈𝑁𝐿 − 𝜈)

𝐿𝐷𝑂𝑆𝑁𝐿(𝜈) ∝ 𝑐𝑁𝐿(𝜈) = −
𝑃𝑁𝐿 ∙ (𝜈𝑁𝐿 − 𝜈)

𝜂2 − (𝜈𝐿 − 𝜈)(𝜈𝑁𝐿 − 𝜈)

 

 

 

(6.6) 

Where 𝜈𝐿 = 𝜈𝐿 − 𝑖𝛾𝐿 and 𝜈𝑁𝐿 = 𝜈𝑁𝐿 − 𝑖𝛾𝑁𝐿  are the QNM complex frequencies, the 

term 𝑐𝑁𝐿(𝜈) (𝑐𝐿(𝜈)) represents the frequency-dependent field amplitude in the non-

lossy (lossy) resonator when the optical pumping acts on the same resonator, and 

𝑃𝑁𝐿  (𝑃𝐿) is proportional to the field driving the non-lossy (NL) and lossy (L) cavity, 

respectively. 

 

Figure 6.11: PL fit results. Stacked PL plots (black points) and corresponding fit (red curves) in the lossy 

(a) and non-lossy (b) cases. Uncoupled frequencies extracted from the fit for the lossy (c) and non-lossy 

(d) cases. 
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The measured PL intensity in the lossy and non-lossy cavity is expected to be 

proportional to the corresponding LDOS [172]. Figure 6.11 shows the main results 

of the fit of the experimental PL using Eqs.(6.6). In particular, Figure 6.11a-b displays 

the PL data (black dots) and fit (red curve) in the lossy and non-lossy case 

respectively. This fit, which shows good agreement with the experimental 

lineshape, has been obtained by fixing the loss rates  𝛾𝐿/𝑁𝐿  as they were calculated 

from the spectra in Figure 6.7, and the tunneling rate 𝜂, whose chosen value 

simultaneously fits the PL data in both cases. For each spectra, the quantities 

[𝑃𝐿 , 𝑃𝑁𝐿 , 𝜈𝐿 , 𝜈𝑁𝐿] are the free parameters of the fit.  

We found that a tunneling rate 𝜂 = 25.73 𝐺𝐻𝑧 allows a good match between fit and 

data, and it is also close to the value obtained for the symmetric L20-L20 system (≈

30 𝐺𝐻𝑧), where the small mismatch can be reasonably explained by fabrication 

fluctuations. Figure 6.11c,d show the extracted uncoupled frequencies 𝜈𝐿  and 𝜈𝑁𝐿  in 

the lossy and non/lossy case, which are the same of the lossy and non-lossy case and 

fully agree with the linear detuning scheme provided by thermal tuning.  

The good agreement between data and fit shows that the far-field PL lineshapes 

can be described by this theoretical model, but the complex dependence of the PL 

on several quantities does not allow to draw definitive conclusions on the LDOS. 

However, since the frequency-dependent SpE rate directly depends on the LDOS, 

the time-resolved results shown in Figure 6.10c provide a way to validate the model.  

Figure 6.12 shows the SpE rate ratios lossy/non-lossy at various frequencies (blue 

points) and the theoretical curve obtained by calculating the LDOS ratios 

cL(ν)/cNL(ν) (red curve). The curves show good agreement, as the data points 

follow the behavior of the LDOS ratio, therefore proving that the simple analytical 

model previously described well describes the LDOS of coupled resonances 

characterizing the far-field emission of the QDs.  
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Figure 6.12: Ratio lossy/non-lossy SpE 

rates at various frequencies (blue dots) 

and theoretical curve obtained by the 

ratio 𝑐𝐿(𝜈)/𝑐𝑁𝐿(𝜈). The data points are 

plotted vs. the frequency corresponding 

to the PL dips.  

6.6 Near-field measurements 

The experimental work described in [171] and in this Chapter does not only discuss 

the far-field PL, but also includes a set of near-field measurements obtained by 

scanning near-field microscopy (SNOM) on a coupled L3-L3 cavity system (Figure 

6.13a). These measurements, conducted by the group of M. Gurioli, are here briefly 

summarized to give a complete picture of the work. 

The sub-wavelength resolution achievable with SNOM technique (≈

𝜆 10⁄  𝑎𝑡 1300 𝑛𝑚) allows one to probe the near-field PL of small cavities like the 

L3, and therefore the reconstruction of the spatial-dependent electric field 

distribution. Additionally, the frequency and loss perturbation induced by the 

SNOM tip, as shown in ref. [185], is used to map the real and imaginary part of the 

modal volume 𝑉, which represents one of the counterintuitive consequences of the 

non-Hermitian nature of the considered system (see Chapter 1).  

Figure 6.13b-d show the near-field PL collected in three points of the device 

(denoted by A,B,C), according to Figure 6.13e. As it can be seen, strong non-

Lorentzian lineshapes are measured (black open circles), and the fit with the model 

(red curve) show very good agreement. The quasi-normal mode decomposition (see 

Ref.[171] and Appendix 6A) is displayed as yellow and green curves, and clearly 

shows the deviation from a Lorentzian lineshape. The asymmetries in the spectra 
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are explained by a non-zero detuning among the uncoupled modes, which in this 

case cannot be compensated by a detuning technique. 

 

Figure 6.13:  (a) L3-L3 coupled cavity design. The cavity indicated by #1 (#2) is the lossy (non-lossy) one. 

The holes in orange and in violet have modified radii to tune the loss rate mismatch (orange) and to 

modify the uncoupled cavity resonance (violet). The latter is necessary to compensate the blue shift 

introduced by the loss tuning, in order to set the detuning between lossy and non-lossy resonances close 

to zero. (b),(c) and (d) display the experimental SNOM spectrum (black open circles) in three different 

points of the sample (see (e)). The red curve represents the fit obtained with the model, whereas the 

decomposition into the two quasi-normal modes (denoted by “+” and “-”) is represented by the yellow 

and green curves. (e), (f) and (g) are the measurements of the real and imaginary part of 1/𝑉+/−
 (𝑟), 

where 𝑉+/−
  represent the complex modal volume of the two QNMs. The capitol letter A, B and C in (e) 

represent the three points where the spectrum of (a)-(d) have been measured. 

The measurements of the inverse complex modal volumes (see Ref.[171] and 

Appendix 6A), 𝑅𝑒[1 𝑉±⁄ ] and 𝐼𝑚[1 𝑉±⁄ ], estimated by evaluating the frequency and 

Q-factor shift as in [185], are consistent with the provided model. Indeed, the 

experimental data shown in Figure 6.13b-d shows that 𝐼𝑚[1 𝑉±⁄ ] changes sign from 

one cavity to the other, 𝐼𝑚[1 𝑉+⁄ ] and 𝐼𝑚[1 𝑉−⁄ ] have opposite sign and 𝑅𝑒[1 𝑉±⁄ ] 

is almost positive. In the Appendix 6A, the dependence of these modal volumes on 

the LDOS is quantitatively expressed, whereas in [171] it is shown that the signs that 

the modal volumes assumes are consistent with the theoretical model provided. 
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6.7 Conclusions 

In conclusion, this chapter described the experimental results highlighting 

deviations from the Lorentzian lineshape of coupled modes in devices with 

unbalanced losses. These results can be understood within a simple analytical 

problem based on quasi-normal mode theory, which considers the non-Hermitian 

nature of open systems. The far-field PL showed that the evaluation of the tunneling 

rates lead to unphysical results if Lorentzian fits are employed, while the analytical 

model provides a consistent match with the experimental data in the frequency-

domain. Moreover, the LDOS obtained from the measurement of the SpE rate also 

agrees with the theoretical model, therefore confirming that the latter can predict 

changes in decay time as measured.  

Additionally, near-field measurements conducted by the group of Prof. M. Gurioli 

further validate the theoretical model through the fits to the SNOM spectra, and 

provide an additional information on the complex nature of the modal volume.  

These results allow a better understanding of the non-Hermitian nature of open 

systems, whose impact involves photonics, plasmonics, as well as other fields of 

quantum mechanics [24], including sensing and nano-electronics. Furthermore, the 

simple analytical model provided enables a way to engineer the spectral LDOS with 

low computational requirements, for applications in the advanced control of 

emission spectra.  

 

 

 

 

 



128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



129 

 

6.8 Appendix 6A: Derivation of the model and fit 

Here a simple analytic model for the LDOS of coupled photonic cavities, is reported. 

The model has been developed in the group of prof. M. Gurioli at Univ. Florence in 

the framework of a collaboration with TU/e and has been used to fit the date in 

Chap. 6. For the description of the system under investigation, a model of two 

coupled driven oscillators with complex frequencies 𝜈+/− and coupling rate 𝜂 is 

used. This approach to the problem has been widely used to describe Fano 

resonances [118], optical electromagnetically-induced transparency [2, 3], and SpE 

emission near exceptional points including a gain term [184]. It constitutes a 

powerful tool that includes the presence of losses, as it is formulated in terms of 

complex frequencies, and it holds as far as the uncoupled resonance frequencies are 

larger than the frequency splitting introduced by the photonic coupling [184], (thus 

excluding the so-called  "ultra-strong coupling" regime). The system under 

investigation is therefore described by the following linear system: 

(
−𝜈 + 𝜈𝐿 𝜂

𝜂 −𝜈 + 𝜈𝑁𝐿
) (

𝑐𝐿
𝑐𝑁𝐿

) = (
𝑃𝐿
𝑃𝑁𝐿

) 
(6.7) 

  

Where 𝜈 is the frequency,  𝜈𝐿/𝑁𝐿 = 𝜈𝐿/𝑁𝐿 − 𝑖𝛾𝐿/𝑁𝐿  are expressed in terms of the 

uncoupled frequencies 𝜈𝐿/𝑁𝐿  and loss rates 𝛾𝐿/𝑁𝐿  of the lossy and non-lossy cavities, 

whereas 𝑐𝐿/𝑁𝐿  describe the field amplitude in the corresponding resonator and 

𝑃𝐿/𝑁𝐿  represent the drive terms. In particular, the terms 𝑐𝐿/𝑁𝐿  are proportional to 

the trace of the Green’s tensor, and refers to the field amplitude at the frequency 𝜈, 

whereas the drive terms 𝑃𝐿/𝑁𝐿  can either describe the field injection per unit time 

(e.g. through a pump laser) or the dipole emission (spontaneous emission). 

The calculation of the eigenvalues of the matrix in the first term of Eq. (6.7) lead to 

the QNM frequencies 𝜈+ = 𝜈+ − 𝑖𝛾+ and 𝜈− = 𝜈− − 𝑖𝛾−, which can be expressed in 

terms of the complex frequency splitting Ω̃ = √(𝜈 𝐿 − 𝜈 𝑁𝐿)
2 + 4𝜂2 as 𝜈+/− =

(𝜈 𝐿 + 𝜈 𝑁𝐿) 2⁄ ± Ω̃ 2⁄ . 
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The two experimental cases described, i.e. when only the QDs from either the lossy 

or non-lossy resonators are excited, correspond to probing of the field 𝑐𝐿(𝜈) under 

the condition [𝑃𝐿 , 𝑃𝑁𝐿] = [𝑃𝐿 , 0] in the former case, and to probing of 𝑐𝑁𝐿(𝜈) with 

[𝑃𝐿 , 𝑃𝑁𝐿] = [0, 𝑃𝑁𝐿] for the latter one. The conditions on the driving terms simply 

mean that the pumping is null for a specific cavity when the other one is probed. By 

imposing these conditions to Eq. (6.7), the terms 𝑐𝐿(𝜈) and 𝑐𝑁𝐿(𝜈) describing the 

two field amplitudes can be calculated by solving the linear system and lead to: 

{
 
 

 
 𝑐𝑁𝐿(𝜈) = −

𝑃𝑁𝐿 ∙ (𝜈𝑁𝐿 − 𝜈)

𝜂2 − (𝜈𝐿 − 𝜈)(𝜈𝑁𝐿 − 𝜈)

𝑐𝐿(𝜈) = −
𝑃𝐿 ∙ (𝜈𝐿 − 𝜈)

𝜂2 − (𝜈𝐿 − 𝜈)(𝜈𝑁𝐿 − 𝜈)

 

 

 

(6.8) 

 

By following a well-known definition that the 𝐿𝐷𝑂𝑆(𝑟, 𝜈) is proportional to the 

imaginary part of the trace of the Green’s tensor [46], [70], which in turn is 

proportional to 𝑐𝐿(𝜈) and 𝑐𝑁𝐿(𝜈), it follows that: 

{
 
 

 
 𝐿𝐷𝑂𝑆𝑁𝐿(𝑟𝑜, 𝜈) ∝ −𝐼𝑚[𝑐𝑁𝐿(𝜈)] = 𝐼𝑚 [

(𝜈𝑁𝐿 − 𝜈)

𝜂2 − (𝜈𝐿 − 𝜈)(𝜈𝑁𝐿 − 𝜈)
]

𝐿𝐷𝑂𝑆𝐿(𝑟𝑜, 𝜈) ∝ −𝐼𝑚[𝑐𝐿(𝜈)] = 𝐼𝑚 [
(𝜈𝐿 − 𝜈)

𝜂2 − (𝜈𝐿 − 𝜈)(𝜈𝑁𝐿 − 𝜈)
]

 

 

 

                    (6.9) 

 

Where the position of the emitter is fixed as 𝑟 = 𝑟𝑜. Under the aforementioned 

assumptions, Equations                     (6.9) represent the functions that are used to fit 

the experimental data. In particular, they describe the spectral dependence of the 

PL lineshapes at various detuning values 𝜈𝐿 − 𝜈𝑁𝐿, and are also employed to fit the 

SpE rates. In the latter case, the ratios of the SpE rates at different frequencies are 

fitted with the corresponding ratios 𝐿𝐷𝑂𝑆𝑁𝐿(𝑟𝑜, 𝜈)/𝐿𝐷𝑂𝑆𝐿(𝑟𝑜, 𝜈). The free 

parameters of the fit are [𝑃𝐿 , 𝜈𝐿 , 𝜈𝑁𝐿], where 𝜈𝐿 − 𝑖𝛾𝐿 = 𝜈𝐿 and 𝜈𝑁𝐿 − 𝑖𝛾𝑁𝐿 = 𝜈𝑁𝐿, 

while the value of the tunneling rate is chosen as the one that produces the best fit, 
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i.e. 𝜂 = 25.73 𝐺𝐻𝑧.The loss rates 𝛾𝐿/𝑁𝐿  of the uncoupled modes have been 

experimentally measured from the spectra as in Figure 6.7. 

Eq.                    (6.9) can be rearranged as: 

𝐿𝐷𝑂𝑆𝑗(𝑟𝑜 , 𝜈) ∝ 𝐼𝑚 [
1 𝑉𝑗,+⁄

(𝜈 − 𝜈+)(𝜈 − 𝜈−)
+

1 𝑉𝑗,−⁄

(𝜈 − 𝜈+)(𝜈 − 𝜈−)
] 

(6.10) 

Where 𝑗 = 𝐿, 𝑁𝐿 and the quantities 𝑉𝑗,+ and 𝑉𝑗,− are proportional to the complex 

modal volumes for the corresponding quasi-normal mode and defined as: 

1

𝑉𝐿,±
=
2Ω̃ ± (𝜈𝐿 − 𝜈𝑁𝐿)

4Ω̃
     ;      

1

𝑉𝑁𝐿,±
=
2Ω̃ ∓ (𝜈𝐿 − 𝜈𝑁𝐿)

4Ω̃
 

(6.11) 
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Chapter 7 | Conclusions and 

perspectives 

The control over radiative processes in nanocavities represents an open 

field that is currently facing practical challenges due to the small scales involved. 

Achieving this control in single cavities at the nanoscale is difficult mainly due to 

small tuneability of the key parameters in single cavities. In this thesis, a novel 

method called mode-field coupling has been extensively investigated in devices 

operating in the spontaneous and stimulated emission regimes, where a direct 

modulation of the interaction rate 𝑔 allowed the inhibition of radiative processes. 

Furthermore, a detailed study on the emission spectra from coupled cavities with 

unbalanced losses experimentally validated the prediction that the emission spectra 

cannot be understood as a sum of Lorentzian lineshapes each corresponding to a 

mode.  

The results achieved in this thesis are summarized as follows: 

 The inhibition of the SpE from QDs has been experimentally demonstrated 

in a L100-L3-L100 coupled cavity system. By varying the detuning among 

the control and target cavity via thermal tuning, we observed a reduction 

of the photoluminescence from the central supermode up to a factor of 42. 

This reduction occurs when the QDs is coupled to the dark mode 

characterizing the three-cavity interaction. Via time-resolved 

measurements, we measured a decrease of the SpE from 3.65 𝐺𝐻𝑧 to close 

to zero. The quantitative estimation of the lower limit of the SpE rate 

around zero detuning is not possible because the spurious 

photoluminescence collected from the control resonators dominates the 
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collected signal. Nevertheless, the theoretical model based on CMT 

provides a good match with the experimental data. 

 The switching of laser operation via mode-field coupling has been 

demonstrated in a system of L50-L7-L50 coupled PhCCs. We first 

investigated the nanolaser signatures in the spectral and time domain, 

which highlighted a strong pump-dependent linewidth (which reduces by 

a factor > 2) of the central supermode combined with accelerated 

emission rates associated to StE (where the decay times reduces up to a 

factor of 3). An additional signature is given by a non-monotonous 

behavior of the linewidth as a function of the pump energy, where a plateau 

is observed around 0.17 𝑝𝐽. This value correspond to the appearance of the 

fast decay dynamics in the time-resolved data, which is predicted by the 

theoretical model when the intracavity photon number exceeds unity. 

Then, by varying the detuning, we observed that the linewidth and the 

decay rates assume below-threshold values at small detunings, while the 

QD decay transits from a bi-exponential temporal dependence related to 

emission into the lasing mode to a single-exponential characteristic of SpE.  

 We provided a QD nanolaser model based on rate equations, where the 

SpE and the StE rates are calculated from the Fermi golden rule. This 

model provides an additional tool to investigate the lasing transition, i.e. 

the appearance of a fast decay dynamics around the threshold. The 

combination of these RE with CMT provide a first model able to describe 

lasing in presence of mode-field tuning. 

 By combining mode-field tuning with ultrafast detuning technique, a short 

pulse can be produced from the target cavity. We show that in a simulated 

device composed by three microring resonators, a fast variation of the 

detuning (achievable by electro-optic effect) leads to the generation of a 

short pulse (𝐹𝑊𝐻𝑀 ≈ 16 𝑝𝑠). This method does not require a pulsed 
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pumping of the carriers and therefore avoids the large RC constants that 

limit the laser speed when electrical pumping schemes are implemented. 

 The study on the LDOS in the far-field PL is provided in Chapter 6, and 

deviations from the Lorentzian behavior are reported. The use of 

Lorentzian functions leads to a non-exact fit of the data and to a non-

physical result, i.e. the tunneling rate depends on the probed cavity. This 

study is part of a more extensive work that confirmed the non-Lorentzian 

nature of overlapping resonances, as theoretically predicted in [45], and 

represents the first extensive experimental work within this context. 

Regarding future perspectives and applications of the topics discussed here, it is 

worth to mention the following: 

 Single-photon control: When only one QD is placed in the target resonator, 

the implementation of a time-dependent detuning ∆(𝑡) is predicted to 

allow the tailoring of the single-photon wavefunction with, ideally, 

arbitrary shapes [42]. This feature is crucial in many applications like 

quantum information or in quantum networks, where the transfer of the 

information among two nodes requires a time-symmetric wavefunction in 

order to achieve unitary absorption probability by the receiver [186][40]. 

By properly choosing the function ∆(𝑡), the single-photon wavefunction 

assumes a Gaussian shape characterized by an almost perfect time-

reversal symmetry, and without introducing phase noise [42]. 

Furthermore, fast detuning variations would allow to control Rabi 

oscillations in real time when the system operates in the strong coupling 

regime. This feature allows, as shown in circuit CQED, the generation of 

Fock states [187] and the synthesis or arbitrary quantum states [188]. 

Another intriguing perspective concerns the possibility to access the 

cavity-emitter exceptional point, i.e. when the eigenvectors and 

eigenvalues of the Hamiltonian coalesce [163]. This condition, achievable 
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by driving the coupling to a non-trivial zero (𝑔 = 0), is associated to a rich 

phenomenology including different final states when the exceptional point 

is encircled clockwise or anticlockwise [189]. A more exotic application 

concerns the possibility to produce a pair of single-photons in systems 

displaying ultra-strong coupling. In these systems, the ground state of the 

coupled cavity-emitter system is composed by virtual photons, and these 

photons can be released by rapidly modulating the coupling 𝑔(𝑡) [190]. 

However, practical issues have to be addressed to achieve these 

implementations in the solid state. Firstly, it is technologically challenging 

to locate QD in space in a deterministic way. This means that the optimal 

arrangement to observe Rabi splitting, i.e. a QD located at the field 

maximum of a PhCC mode with high Q, is currently not easy to achieve. 

Additionally, the unavoidable QD-mode spectral mismatch makes the 

coupling even more challenging. However, techniques to tune both QD 

and cavity mode via electrical implementations are available in this 

platform [114], therefore opening a path to circumvent the randomness 

caused by the self-assembling process. Furthermore, practical 

implementation of time-dependent detuning ∆(𝑡) has to be explored. The 

processes that can be exploited include optical [161] and electrical [191] 

injection of carriers, as well as electro-optic effect and Kerr-induced 

variations of the refractive index [192]. These methods require further 

investigations regarding the spectral shift achievable, as for useful 

applications this shift ∆𝜈 must exceed the tunneling rate (∆𝜈 ≫ 𝜂) in order 

to decouple the target cavity.  

Finally, it is worth to further stress that the mode-field tuning is generally 

valid in various systems. For instance, superconducting circuits [193] rely 

on a mature technology, and represent an optimal platform where to 

implement the abovementioned features, whereas other examples are 

given by optomechanical systems [117], [194] and macro-resonators. 
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 Lasers: The possibility to tune the modal gain via the coupling rate g opens 

a novel approach to laser modulation. As shown in Chapter 5, fast 

variations of the detuning ∆(𝑡) induce the release of a short pulse when the 

gain medium is subjected to constant, above-threshold pumping. This 

feature impacts laser pulse generation at the nanoscale, without involving 

the excitation of the emitters from their ground state (gain switching 

scheme), which is related to turn-on delays [125]. Additionally, considering 

other typologies of gain media (e.g. quantum wells) would ensure a higher 

density of states that results in a more intense laser pulse. In this regard, 

the rate equation model requires a modification of the gain term, as the 

ones formulated in Chapter 2 describe QDs as active material.  

An important improvement of the three-cavity system concerns the 

control cavities. In the platform used in this thesis, self-assembled QDs are 

present everywhere throughout the membrane, including the control 

resonators. As a consequence, the application of a detuning method (either 

optical or electrical) excites the carriers embedded in these cavities, and 

this feature introduces a few drawbacks like collection of spurious 

photoluminescence. An ideal design would imply two passive control 

resonators, and an inter-cavity coupling that is purely electromagnetic, so 

that electrical or thermal tuning techniques would not impact the target 

resonator. This feature is already available in microtoroid cavities, where 

the resonators can be independently displaced in space, therefore 

displaying the additional advantage of the tunneling rate control [115]. A 

possible route to passive control cavities in PhCCs with self-assembled QDs 

consists of a post-growth selectively removal or intermixing of the dots in 

these resonators, and this perspective requires further investigation, 

especially to avoid introduction of material losses that might limit the 

quality factors. 



138 

 

 Engineering the LDOS: As shown in Chapter 6, the spectral engineering of 

cavity resonances requires careful evaluations in certain circumstances, 

e.g. when optical modes overlap and present unbalanced losses. This 

feature opens different perspectives both at a fundamental and at an 

applicative level. For instance, photonic devices can be used to exploit the 

vast phenomenology of Fano resonances typically associated to 

plasmonics. Furthermore, the exploration of these effects in three or more 

coupled cavities would provide interesting ways to study the interplay of 

several overlapping resonances, in analogy to atomic Λ three-level systems 

characterized by sub-natural transition linewidths [195]. Finally, an 

intriguing perspective would point towards the study of the role of quasi-

normal modes in lasing devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 



139 

 

Bibliography 
[1] A. Anders, “Tracking down the origin of arc plasma science-II. early 

continuous discharges,” IEEE Trans. Plasma Sci., vol. 31, no. 5, pp. 1060–
1069, Oct. 2003. 

[2] M. Guarnieri, “An Historical Survey on Light Technologies,” IEEE Access, vol. 
6, pp. 25881–25897, 2018. 

[3] J. D. Joannopoulos, J. S. G., J. N. Winn, and R. D. Meade, Photonic Crystals: 
Molding the Flow of Light. Princeton University Press, 2008. 

[4] J. R. Biard and G. E. Pittman, “Semiconductor radiant diode,” 1962. 

[5] N. Holonyak and S. F. Bevacqua, “Coherent (visible) light emission from 
Ga(As1− x Px) junctions,” Appl. Phys. Lett., vol. 1, no. 4, pp. 82–83, Dec. 1962. 

[6] T. H. Maiman, “Stimulated Optical Radiation in Ruby,” Nature, vol. 187, no. 
4736, pp. 493–494, Aug. 1960. 

[7] A. L. Schawlow and C. H. Townes, “Infrared and Optical Masers,” Phys. Rev., 
vol. 112, no. 6, pp. 1940–1949, Dec. 1958. 

[8] W. Demtröder, Laser Spectroscopy 1. Berlin, Heidelberg: Springer Berlin 
Heidelberg, 2014. 

[9] L. Goldman, Ed., The Biomedical Laser. New York, NY: Springer New York, 
1981. 

[10] C. E. Wieman, D. E. Pritchard, and D. J. Wineland, “Atom cooling, trapping, 
and quantum manipulation,” Rev. Mod. Phys., vol. 71, no. 2, pp. S253–S262, 
Mar. 1999. 

[11] R. N. Hall, G. E. Fenner, J. D. Kingsley, T. J. Soltys, and R. O. Carlson, 
“Coherent Light Emission From GaAs Junctions,” Phys. Rev. Lett., vol. 9, no. 
9, pp. 366–368, Nov. 1962. 

[12] R. Ma and R. F. Oulton, “Applications of nanolasers,” Nat. Nanotechnol., vol. 
14, no. 1, pp. 12–22, Jan. 2019. 

[13] M. I. Stockman, “Nanoplasmonic sensing and detection: Enhanced optical 
fields in nanoplasmonic systems provide efficient sensing and detection,” 
Science, vol. 348, no. 6232. pp. 287–288, 17-Apr-2015. 

[14] X. Y. Wang et al., “Lasing Enhanced Surface Plasmon Resonance Sensing,” 
Nanophotonics, vol. 6, no. 2, pp. 472–478, Mar. 2017. 

[15] R. Ikkawi, N. Amos, A. Krichevsky, R. Chomko, D. Litvinov, and S. Khizroev, 



140 

 

“Nanolasers to enable data storage beyond 10 Tbit in.2,” Appl. Phys. Lett., 
vol. 91, no. 15, 2007. 

[16] G. P. Agrawal, Fiber‐Optic Communication Systems. Wiley, 2010. 

[17] K. Takeda et al., “Few-fJ/bit data transmissions using directly modulated 
lambda-scale embedded active region photonic-crystal lasers,” Nat. 
Photonics, vol. 7, no. 7, pp. 569–575, Jul. 2013. 

[18] N. Gregersen, D. P. S. McCutcheon, and J. Mørk, Handbook of Optoelectronic 
Device Modeling and Simulation. Boca Raton, FL : CRC Press, Taylor & 
Francis Group, [2017] |: CRC Press, 2017. 

[19] L. Midolo et al., “Electro-optic routing of photons from a single quantum dot 
in photonic integrated circuits,” Opt. Express, vol. 25, no. 26, p. 33514, Dec. 
2017. 

[20] A. Aspuru-Guzik and P. Walther, “Photonic quantum simulators,” Nat. 
Phys., vol. 8, no. 4, pp. 285–291, Apr. 2012. 

[21] R. W. Keyes, “The Impact of Moore’s Law,” IEEE Solid-State Circuits Soc. 
Newsl., vol. 11, no. 3, pp. 25–27, Sep. 2006. 

[22] S. Noda, M. Fujita, and T. Asano, “Spontaneous-emission control by 
photonic crystals and nanocavities,” Nat. Photonics, vol. 1, no. 8, pp. 449–
458, Aug. 2007. 

[23] A. Badolato et al., “Deterministic Coupling of Single Quantum Dots to 
Single Nanocavity Modes,” Science (80-. )., vol. 308, no. 5725, pp. 1158–1161, 
May 2005. 

[24] J. Liu, S. Ates, M. Lorke, J. Mørk, P. Lodahl, and S. Stobbe, “A comparison 
between experiment and theory on few-quantum-dot nanolasing in a 
photonic-crystal cavity,” Opt. Express, vol. 21, no. 23, p. 28507, 2013. 

[25] M. Nomura, N. Kumagai, S. Iwamoto, Y. Ota, and Y. Arakawa, “Photonic 
crystal nanocavity laser with a single quantum dot gain,” Opt. Express, vol. 
17, no. 18, p. 15975, Aug. 2009. 

[26] H. Altug, D. Englund, and J. Vučković, “Ultrafast photonic crystal nanocavity 
laser,” Nat. Phys., vol. 2, no. 7, pp. 484–488, 2006. 

[27] W.-H. Chang, W.-Y. Chen, H.-S. Chang, T.-P. Hsieh, J.-I. Chyi, and T.-M. Hsu, 
“Efficient Single-Photon Sources Based on Low-Density Quantum Dots in 
Photonic-Crystal Nanocavities,” Phys. Rev. Lett., vol. 96, no. 11, p. 117401, 
Mar. 2006. 

[28] A. Kiraz et al., “Cavity-quantum electrodynamics with quantum dots,” J. 



141 

 

Opt. B Quantum Semiclassical Opt., vol. 5, no. 2, pp. 129–137, Apr. 2003. 

[29] D. Englund, I. Fushman, A. Faraon, and J. Vučković, “Quantum dots in 
photonic crystals: From quantum information processing to single photon 
nonlinear optics,” Photonics Nanostructures - Fundam. Appl., vol. 7, no. 1, pp. 
56–62, Feb. 2009. 

[30] B. Ellis et al., “Ultralow-threshold electrically pumped quantum-dot 
photonic-crystal nanocavity laser,” Nat. Photonics, vol. 5, no. 5, pp. 297–300, 
May 2011. 

[31] M. Petruzzella et al., “Electrically driven quantum light emission in 
electromechanically tuneable photonic crystal cavities,” Appl. Phys. Lett., 
vol. 111, no. 25, p. 251101, Dec. 2017. 

[32] A. Fiore et al., “Time-resolved optical characterization of InAs/InGaAs 
quantum dots emitting at 1.3 μm,” Appl. Phys. Lett., vol. 76, no. 23, pp. 3430–
3432, Jun. 2000. 

[33] J. Sanghera and I. Agrawal, Infrared fiber optics. Boca Raton, FL: CRC Press, 
1998. 

[34] H. Mabuchi, “Cavity Quantum Electrodynamics: Coherence in Context,” 
Science (80-. )., vol. 298, no. 5597, pp. 1372–1377, Nov. 2002. 

[35] Y. Yin et al., “Catch and Release of Microwave Photon States,” Phys. Rev. 
Lett., vol. 110, no. 10, p. 107001, Mar. 2013. 

[36] M. Mariantoni et al., “Photon shell game in three-resonator circuit quantum 
electrodynamics,” Nat. Phys., vol. 7, no. 4, pp. 287–293, Apr. 2011. 

[37] F. Pagliano, Y. Cho, T. Xia, F. van Otten, R. Johne, and A. Fiore, “Dynamically 
controlling the emission of single excitons in photonic crystal cavities,” Nat. 
Commun., vol. 5, no. 1, p. 5786, Dec. 2014. 

[38] R. Bose, T. Cai, K. R. Choudhury, G. S. Solomon, and E. Waks, “All-optical 
coherent control of vacuum Rabi oscillations,” Nat. Photonics, vol. 8, no. 11, 
pp. 858–864, Nov. 2014. 

[39] C. Jin et al., “Ultrafast non-local control of spontaneous emission,” Nat. 
Nanotechnol., vol. 9, no. 11, pp. 886–890, 2014. 

[40] R. Johne and A. Fiore, “Single-photon absorption and dynamic control of 
the exciton energy in a coupled quantum-dot–cavity system,” Phys. Rev. A, 
vol. 84, no. 5, p. 053850, Nov. 2011. 

[41] F. M. Pagliano, “Dynamic control of the spontaneous emission of single 
quantum dots in photonic crystal cavities,” 2014. 



142 

 

[42] R. Johne, R. Schutjens, S. Fattah poor, C. Jin, and A. Fiore, “Control of the 
electromagnetic environment of a quantum emitter by shaping the vacuum 
field in a coupled-cavity system,” Phys. Rev. A, vol. 91, no. 6, p. 063807, Jun. 
2015. 

[43] D. Pellegrino, F. Pagliano, A. Genco, M. Petruzzella, F. W. Van Otten, and A. 
Fiore, “Deterministic control of radiative processes by shaping the mode 
field,” Appl. Phys. Lett., vol. 112, no. 16, 2018. 

[44] E. M. Purcell, H. C. Torrey, and R. V. Pound, “Resonance Absorption by 
Nuclear Magnetic Moments in a Solid,” Phys. Rev., vol. 69, no. 1–2, pp. 37–
38, Jan. 1946. 

[45] C. Sauvan, J. P. Hugonin, I. S. Maksymov, and P. Lalanne, “Theory of the 
Spontaneous Optical Emission of Nanosize Photonic and Plasmon 
Resonators,” Phys. Rev. Lett., vol. 110, no. 23, p. 237401, Jun. 2013. 

[46] P. Lalanne, W. Yan, K. Vynck, C. Sauvan, and J. Hugonin, “Light Interaction 
with Photonic and Plasmonic Resonances,” Laser Photon. Rev., vol. 12, no. 
5, p. 1700113, May 2018. 

[47] J. Rosenkrantz de Lasson, P. T. Kristensen, J. Mørk, and N. Gregersen, 
“Semianalytical quasi-normal mode theory for the local density of states in 
coupled photonic crystal cavity–waveguide structures,” Opt. Lett., vol. 40, 
no. 24, p. 5790, Dec. 2015. 

[48] M. M. Dignam, D. P. Fussell, M. J. Steel, C. M. de Sterke, and R. C. 
McPhedran, “Spontaneous Emission Suppression via Quantum Path 
Interference in Coupled Microcavities,” Phys. Rev. Lett., vol. 96, no. 10, p. 
103902, Mar. 2006. 

[49] C. Gerry and P. Knight, Introductory Quantum Optics. Cambridge: 
Cambridge University Press, 2004. 

[50] G. Grynberg, A. Aspect, C. Fabre, and C. Cohen-Tannoudji, Introduction to 
Quantum Optics, vol. 52, no. 6. Cambridge: Cambridge University Press, 
2010. 

[51] A. A. Bergh, “Blue laser diode and light emitting diode (LED) applications,” 
Phys. stat. sol., vol. 201, no. 12, pp. 2740–2754, Sep. 2004. 

[52] R.-M. Ma and R. F. Oulton, “Applications of nanolasers,” Nat. Nanotechnol., 
vol. 14, no. 1, pp. 12–22, Jan. 2019. 

[53] S. Haroche, “A short history of Cavity Quantum Electrodynamics,” in 
Conference on Coherence and Quantum Optics, 2007, p. CTuF2. 

[54] O. Svelto, Principles of Lasers. Boston, MA: Springer US, 2010. 



143 

 

[55] B. W. Shore and P. L. Knight, “The Jaynes-Cummings Model,” J. Mod. Opt., 
vol. 40, no. 7, pp. 1195–1238, Jul. 1993. 

[56] G. S. Agarwal, “Rotating-Wave Approximation and Spontaneous Emission,” 
Phys. Rev. A, vol. 4, no. 5, pp. 1778–1781, Nov. 1971. 

[57] B. Romeira and A. Fiore, “Purcell Effect in the Stimulated and Spontaneous 
Emission Rates of Nanoscale Semiconductor Lasers,” IEEE J. Quantum 
Electron., vol. 54, no. 2, pp. 1–12, Apr. 2018. 

[58] M. O. Scully and M. S. Zubairy, Quantum optics. Cambridge: Cambridge 
University Press, 1997. 

[59] J. P. Reithmaier et al., “Strong coupling in a single quantum dot–
semiconductor microcavity system,” Nature, vol. 432, no. 7014, pp. 197–200, 
Nov. 2004. 

[60] K. Hennessy et al., “Quantum nature of a strongly coupled single quantum 
dot–cavity system,” Nature, vol. 445, no. 7130, pp. 896–899, Feb. 2007. 

[61] P. Meystre and M. Sargent, Elements of Quantum Optics. Berlin, Heidelberg: 
Springer Berlin Heidelberg, 2007. 

[62] J.-M. Gérard, “Solid-State Cavity-Quantum Electrodynamics with Self-
Assembled Quantum Dots,” in Single quantum dots, Springer, 2003, pp. 
269–314. 

[63] J. Gérard, B. Sermage, B. Gayral, B. Legrand, E. Costard, and V. Thierry-
Mieg, “Enhanced Spontaneous Emission by Quantum Boxes in a Monolithic 
Optical Microcavity,” Phys. Rev. Lett., vol. 81, no. 5, pp. 1110–1113, Aug. 
1998. 

[64] P. Borri et al., “Dephasing in InAs/GaAs quantum dots,” Phys. Rev. B, vol. 60, 
no. 11, pp. 7784–7787, Sep. 1999. 

[65] A. Ulhaq et al., “Linewidth broadening and emission saturation of a 
resonantly excited quantum dot monitored via an off-resonant cavity 
mode,” Phys. Rev. B, vol. 82, no. 4, p. 045307, Jul. 2010. 

[66] P. Borri et al., “Ultrafast carrier dynamics and dephasing in InAs quantum-
dot amplifiers emitting near 1.3-μm-wavelength at room temperature,” 
Appl. Phys. Lett., vol. 79, no. 16, pp. 2633–2635, Oct. 2001. 

[67] K. Ujihara, “Spontaneous emission in a micro optical cavity from spectrally 
broadened atoms,” Opt. Commun., vol. 103, no. 3–4, pp. 265–276, 1993. 

[68] A. Auffèves, B. Besga, J.-M. Gérard, and J.-P. Poizat, “Spontaneous 
emission spectrum of a two-level atom in a very-high-Q cavity,” Phys. Rev. 



144 

 

A, vol. 77, no. 6, p. 063833, Jun. 2008. 

[69] H. Yokoyama, Y. Nambu, and T. Kawakami, “Controlling Spontaneous 
Emission and Optical Microcavities,” in Confined Electrons and Photons: New 
Physics and Applications, E. Burstein and C. Weisbuch, Eds. Boston, MA: 
Springer US, 1995, pp. 427–466. 

[70] L. Novotny and B. Hecht, Principles of Nano-Optics. Cambridge: Cambridge 
University Press, 2006. 

[71] K. H. Drexhage, “Influence of a dielectric interface on fluorescence decay 
time,” J. Lumin., vol. 1–2, pp. 693–701, Jan. 1970. 

[72] G. Colas de Francs, G. Sanchez-Mosteiro, M. Ujue-Gonzales, L. Markey, N. 
Van Hulst, and A. Dereux, “Single molecules probe local density of modes 
(LDOS) around photonic nanostructures,” J. Microsc., vol. 229, no. 2, pp. 
210–216, Feb. 2008. 

[73] S. Viarbitskaya et al., “Tailoring and imaging the plasmonic local density of 
states in crystalline nanoprisms,” Nat. Mater., vol. 12, no. 5, pp. 426–432, 
May 2013. 

[74] C. Blum et al., “Nanophotonic Control of the Förster Resonance Energy 
Transfer Efficiency,” Phys. Rev. Lett., vol. 109, no. 20, p. 203601, Nov. 2012. 

[75] L. Frunzio, A. Wallraff, D. Schuster, J. Majer, and R. Schoelkopf, “Fabrication 
and Characterization of Superconducting Circuit QED Devices for Quantum 
Computation,” IEEE Trans. Appiled Supercond., vol. 15, no. 2, pp. 860–863, 
Jun. 2005. 

[76] S. Haroche, “Cavity quantum electrodynamics: a review of Rydberg atom-
microwave experiments on entanglement and decoherence,” in AIP 
Conference Proceedings, 1999, pp. 45–66. 

[77] J. Gallego, W. Alt, T. Macha, M. Martinez-Dorantes, D. Pandey, and D. 
Meschede, “Strong Purcell Effect on a Neutral Atom Trapped in an Open 
Fiber Cavity,” Phys. Rev. Lett., vol. 121, no. 17, p. 173603, Oct. 2018. 

[78] D. Bimberg, M. Grundmann, and N. N. Ledentsov, Quantum Dot 
Heterostructures. Wiley, 1999. 

[79] P. Lodahl, S. Mahmoodian, and S. Stobbe, “Interfacing single photons and 
single quantum dots with photonic nanostructures,” Rev. Mod. Phys., vol. 
87, no. 2, pp. 347–400, May 2015. 

[80] B. Alloing et al., “Growth and characterization of single quantum dots 
emitting at 1300 nm,” Appl. Phys. Lett., vol. 86, no. 10, p. 101908, Mar. 2005. 



145 

 

[81] E. Yablonovitch, “Inhibited Spontaneous Emission in Solid-State Physics 
and Electronics,” Phys. Rev. Lett., vol. 58, no. 20, pp. 2059–2062, May 1987. 

[82] S. John, “Strong localization of photons in certain disordered dielectric 
superlattices,” Phys. Rev. Lett., vol. 58, no. 23, pp. 2486–2489, Jun. 1987. 

[83] B. Gayral and J. M. Gérard, “Strong Purcell effect for InAs quantum boxes in 
three-dimensional solid-state microcavities,” J. Light. Technol., vol. 17, no. 
11, pp. 2089–2095, 1999. 

[84] T. Yoshie et al., “Vacuum Rabi splitting with a single quantum dot in a 
photonic crystal nanocavity,” vol. 432, no. November, pp. 9–12, 2004. 

[85] S. Noda, “Full Three-Dimensional Photonic Bandgap Crystals at Near-
Infrared Wavelengths,” Science (80-. )., vol. 289, no. 5479, pp. 604–606, Jul. 
2000. 

[86] A. R. A. Chalcraft et al., “Mode structure of the L3 photonic crystal cavity,” 
Appl. Phys. Lett., vol. 90, no. 24, pp. 1–4, 2007. 

[87] S. Noda, “Seeking the ultimate nanolaser,” Science, vol. 314, no. 5797. pp. 
260–261, 13-Oct-2006. 

[88] G. P. Agrawal and N. K. Dutta, “Coupled-Cavity Semiconductor Lasers,” in 
Semiconductor Lasers, Boston, MA: Springer US, 1993, pp. 385–425. 

[89] Y. C. See, S. Guha, and J. Falk, “Coupled optical resonators for the 
enhancement of laser intracavity power,” Appl. Opt., vol. 20, no. 7, p. 1211, 
Apr. 1981. 

[90] B. E. Little, S. T. Chu, H. A. Haus, J. Foresi, and J.-P. Laine, “Microring 
resonator channel dropping filters,” J. Light. Technol., vol. 15, no. 6, pp. 998–
1005, Jun. 1997. 

[91] S. Michaelis de Vasconcellos et al., “Spatial, spectral, and polarization 
properties of coupled micropillar cavities,” Appl. Phys. Lett., vol. 99, no. 10, 
p. 101103, Sep. 2011. 

[92] M. Notomi, A. Shinya, S. Mitsugi, E. Kuramochi, and H. Ryu, “Waveguides, 
resonators and their coupled elements in photonic crystal slabs,” Opt. 
Express, vol. 12, no. 8, p. 1551, 2004. 

[93] D. D. Smith, H. Chang, and K. A. Fuller, “Whispering-gallery mode splitting 
in coupled microresonators,” J. Opt. Soc. Am. B, vol. 20, no. 9, p. 1967, Sep. 
2003. 

[94] K. Rivoire, S. Buckley, and J. Vučković, “Multiply resonant photonic crystal 
nanocavities for nonlinear frequency conversion,” Opt. Express, vol. 19, no. 



146 

 

22, p. 22198, Oct. 2011. 

[95] P. Hamel et al., “Spontaneous mirror-symmetry breaking in coupled 
photonic-crystal nanolasers,” Nat. Photonics, vol. 9, no. 5, pp. 311–315, May 
2015. 

[96] K.-H. Kim, M.-S. Hwang, H.-R. Kim, J.-H. Choi, Y.-S. No, and H.-G. Park, 
“Direct observation of exceptional points in coupled photonic-crystal lasers 
with asymmetric optical gains,” Nat. Commun., vol. 7, no. 1, p. 13893, Dec. 
2016. 

[97] Y. Yu, W. Xue, E. Semenova, K. Yvind, and J. Mork, “Demonstration of a self-
pulsing photonic crystal Fano laser,” vol. 11, no. December 2016, 2017. 

[98] X. Yang, M. Yu, D.-L. Kwong, and C. W. Wong, “All-Optical Analog to 
Electromagnetically Induced Transparency in Multiple Coupled Photonic 
Crystal Cavities,” Phys. Rev. Lett., vol. 102, no. 17, p. 173902, Apr. 2009. 

[99] M. F. Limonov, M. V. Rybin, A. N. Poddubny, and Y. S. Kivshar, “Fano 
resonances in photonics,” Nat. Photonics, vol. 11, no. 9, pp. 543–554, Sep. 
2017. 

[100] B. Peng, Ş. K. Özdemir, W. Chen, F. Nori, and L. Yang, “What is and what is 
not electromagnetically induced transparency in whispering-gallery 
microcavities,” Nat. Commun., vol. 5, no. 1, p. 5082, Dec. 2014. 

[101] A. Yariv, Y. Xu, R. K. Lee, and A. Scherer, “Coupled-resonator optical 
waveguide: a proposal and analysis,” Opt. Lett., vol. 24, no. 11, p. 711, Jun. 
1999. 

[102] H. Altug and J. Vučković, “Two-dimensional coupled photonic crystal 
resonator arrays,” Appl. Phys. Lett., vol. 84, no. 2, pp. 161–163, Jan. 2004. 

[103] M. Notomi, E. Kuramochi, and T. Tanabe, “Large-scale arrays of ultrahigh-
Q coupled nanocavities,” Nat. Photonics, vol. 2, no. 12, pp. 741–747, Dec. 
2008. 

[104] N. Matsuda, E. Kuramochi, H. Takesue, and M. Notomi, “Dispersion and 
light transport characteristics of large-scale photonic-crystal coupled 
nanocavity arrays,” Opt. Lett., vol. 39, no. 8, p. 2290, Apr. 2014. 

[105] S. V. Boriskina, “Photonic Molecules and Spectral Engineering,” in Photonic 
microresonator research and applications, 2010, pp. 393–421. 

[106] V. Savona, “Electromagnetic modes of a disordered photonic crystal,” Phys. 
Rev. B, vol. 83, no. 8, p. 085301, Feb. 2011. 

[107] J. P. Vasco and V. Savona, “Disordered coupled photonic crystal slab 



147 

 

cavities: effects on the coupling strength,” in Frontiers in Optics / Laser 
Science, 2018, p. JTu2A.106. 

[108] A. Majumdar, A. Rundquist, M. Bajcsy, V. D. Dasika, S. R. Bank, and J. 
Vučković, “Design and analysis of photonic crystal coupled cavity arrays for 
quantum simulation,” Phys. Rev. B, vol. 86, no. 19, p. 195312, Nov. 2012. 

[109] F. Riboli et al., “Engineering of light confinement in strongly scattering 
disordered media,” Nat. Mater., vol. 13, no. 7, pp. 720–725, Jul. 2014. 

[110] L. Labonté, C. Vanneste, and P. Sebbah, “Localized mode hybridization by 
fine tuning of two-dimensional random media,” Opt. Lett., vol. 37, no. 11, p. 
1946, Jun. 2012. 

[111] Y. Tanaka, J. Upham, T. Nagashima, T. Sugiya, T. Asano, and S. Noda, 
“Dynamic control of the Q factor in a photonic crystal nanocavity,” Nat. 
Mater., vol. 6, no. 11, pp. 862–865, 2007. 

[112] A. Dousse et al., “Ultrabright source of entangled photon pairs,” Nature, vol. 
466, no. 7303, pp. 217–220, Jul. 2010. 

[113] R. Bose, T. Cai, K. R. Choudhury, G. S. Solomon, and E. Waks, “All-optical 
coherent control of vacuum Rabi oscillations,” Nat. Photonics, vol. 8, no. 11, 
pp. 858–864, Nov. 2014. 

[114] M. Petruzzella et al., “Fully tuneable, Purcell-enhanced solid-state quantum 
emitters,” Appl. Phys. Lett., 2015. 

[115] C. Yang et al., “Realization of controllable photonic molecule based on three 
ultrahigh-Q microtoroid cavities,” Laser Photon. Rev., vol. 11, no. 2, p. 
1600178, Mar. 2017. 

[116] N. Caselli et al., “Tailoring the Photon Hopping by Nearest-Neighbor and 
Next-Nearest-Neighbor Interaction in Photonic Arrays,” ACS Photonics, vol. 
2, no. 5, pp. 565–571, May 2015. 

[117] M. Cotrufo, A. Fiore, and E. Verhagen, “Coherent Atom-Phonon Interaction 
through Mode Field Coupling in Hybrid Optomechanical Systems,” Phys. 
Rev. Lett., vol. 118, no. 13, p. 133603, Mar. 2017. 

[118] N. Caselli et al., “Generalized Fano lineshapes reveal exceptional points in 
photonic molecules,” Nat. Commun., vol. 9, no. 1, p. 396, Dec. 2018. 

[119] N. Caselli et al., “Post-fabrication control of evanescent tunnelling in 
photonic crystal molecules,” Appl. Phys. Lett., vol. 101, no. 21, p. 211108, 
Nov. 2012. 

[120] H. M. H. Chong and R. M. De La Rue, “Tuning of photonic crystal waveguide 



148 

 

microcavity by thermooptic effect,” IEEE Photonics Technol. Lett., vol. 16, 
no. 6, pp. 1528–1530, Jun. 2004. 

[121] W. Huang and H. A. Haus, “Coupled-Mode Theory,” Proc. IEEE, vol. 79, no. 
10, pp. 1505–1518, 1991. 

[122] S. E. Miller, “Coupled Wave Theory and Waveguide Applications,” Bell Syst. 
Tech. J., vol. 33, no. 3, 1954. 

[123] H. Kogelnik, “Coupled Wave Theory for Thick Hologram Gratings,” Bell Syst. 
Tech. J., vol. 48, no. 9, pp. 2909–2947, Nov. 1969. 

[124] E. Waks and J. Vuckovic, “Coupled mode theory for photonic crystal cavity-
waveguide interaction,” Opt. Express, vol. 13, no. 13, p. 5064, 2005. 

[125] L. A. Coldren, S. W. Corzine, and M. L. Mašanović, Diode Lasers and Photonic 
Integrated Circuits. Hoboken, NJ, USA: John Wiley & Sons, Inc., 2012. 

[126] S. Strauf et al., “Self-tuned quantum dot gain in photonic crystal lasers,” 
Phys. Rev. Lett., vol. 96, no. 12, pp. 25–28, 2006. 

[127] A. Fiore et al., “Time-resolved optical characterization of InAs/InGaAs 
quantum dots emitting at 1.3 μm,” Appl. Phys. Lett., vol. 76, no. 23, pp. 3430–
3432, Jun. 2000. 

[128] G. Björk, A. Karlsson, and Y. Yamamoto, “Definition of a laser threshold,” 
Phys. Rev. A, vol. 50, no. 2, pp. 1675–1680, Aug. 1994. 

[129] J. Canet-Ferrer et al., “Excitation power dependence of the Purcell effect in 
photonic crystal microcavity lasers with quantum wires,” Appl. Phys. Lett., 
vol. 102, no. 20, 2013. 

[130] M. H. Huang, “Room-Temperature Ultraviolet Nanowire Nanolasers,” 
Science (80-. )., vol. 292, no. 5523, pp. 1897–1899, Jun. 2001. 

[131] K. Nozaki, S. Kita, and T. Baba, “Room temperature continuous wave 
operation and controlled spontaneous emission in ultrasmall photonic 
crystal nanolaser,” Opt. Express, vol. 15, no. 12, p. 7506, 2007. 

[132] N. V. Tkachenko, “Time correlated single photon counting,” in Optical 
Spectroscopy, Elsevier, 2006, pp. 151–169. 

[133] “Scontel webpage.” [Online]. Available: http://www.scontel.ru/. [Accessed: 
13-Nov-2019]. 

[134] G. N. Gol’tsman et al., “Picosecond superconducting single-photon optical 
detector,” Appl. Phys. Lett., vol. 79, no. 6, pp. 705–707, Aug. 2001. 

[135] C. Harris and B. Selinger, “Single-Photon Decay Spectroscopy. II. The Pile-



149 

 

up Problem,” Aust. J. Chem., vol. 32, no. 10, p. 2111, 1979. 

[136] T. Salthammer, “Numerical simulation of pile-up distorted time-correlated 
single photon counting (TCSPC) data,” J. Fluoresc., vol. 2, no. 1, pp. 23–27, 
Mar. 1992. 

[137] J. Fish and T. Belytschko, A First Course in Finite Elements. Chichester, UK: 
John Wiley & Sons, Ltd, 2007. 

[138] T. Luo, J. Garg, J. Shiomi, K. Esfarjani, and G. Chen, “Gallium arsenide 
thermal conductivity and optical phonon relaxation times from first-
principles calculations,” EPL (Europhysics Lett., vol. 101, no. 1, p. 16001, Jan. 
2013. 

[139] J. S. Blakemore, “Semiconducting and other major properties of gallium 
arsenide,” J. Appl. Phys., vol. 53, no. 10, pp. R123–R181, Oct. 1982. 

[140] V. S. Vavilov, “Handbook on the physical properties of Ge, Si, GaAs and InP,” 
Uspekhi Fiz. Nauk, vol. 166, no. 7, pp. 807–808, 1996. 

[141] P. J. Timans, “The experimental determination of the temperature 
dependence of the total emissivity of GaAs using a new temperature 
measurement technique,” J. Appl. Phys., vol. 72, no. 2, pp. 660–670, Jul. 
1992. 

[142] J. R. Arthur, “Molecular beam epitaxy,” Surf. Sci., vol. 500, no. 1–3, pp. 189–
217, Mar. 2002. 

[143] J. X. Chen et al., “Tuning InAs/GaAs quantum dot properties under Stranski-
Krastanov growth mode for 1.3 μm applications,” J. Appl. Phys., vol. 91, no. 
10, p. 6710, 2002. 

[144] “Nanophab webpage.” [Online]. Available: https://www.nanophab.com. 

[145] A. Higuera-Rodriguez et al., “Ultralow Surface Recombination Velocity in 
Passivated InGaAs/InP Nanopillars,” Nano Lett., vol. 17, no. 4, pp. 2627–
2633, Apr. 2017. 

[146] T. Yoshie et al., “Vacuum Rabi splitting with a single quantum dot in a 
photonic crystal nanocavity,” Nature, vol. 432, no. 7014, pp. 200–203, Nov. 
2004. 

[147] K. Kounoike, M. Yamaguchi, M. Fujita, T. Asano, J. Nakanishi, and S. Noda, 
“Investigation of spontaneous emission from quantum dots embedded in 
two-dimensional photonic-crystal slab,” Electron. Lett., vol. 41, no. 25, p. 
1402, 2005. 

[148] Y.-S. Choi et al., “Evolution of the onset of coherence in a family of photonic 



150 

 

crystal nanolasers,” Appl. Phys. Lett., vol. 91, no. 3, p. 031108, Jul. 2007. 

[149] Y. Akahane, T. Asano, B. S. Song, and S. Noda, “High-Q photonic 
nanocavity in a two-dimensional photonic crystal,” Nature, vol. 425, no. 
6961, pp. 944–947, 2003. 

[150] J. Hendrickson et al., “Quantum dot photonic-crystal-slab nanocavities: 
Quality factors and lasing,” Phys. Rev. B - Condens. Matter Mater. Phys., vol. 
72, no. 19, pp. 8–11, 2005. 

[151] H. M. H. Chong and R. M. De La Rue, “Tuning of photonic crystal waveguide 
microcavity by thermooptic effect,” IEEE Photonics Technol. Lett., 2004. 

[152] M. A. Dündar, J. A. M. Voorbraak, R. Nötzel, A. Fiore, and R. W. van der 
Heijden, “Multimodal strong coupling of photonic crystal cavities of 
dissimilar size,” Appl. Phys. Lett., vol. 100, no. 8, p. 081107, Feb. 2012. 

[153] L. H. Frandsen, A. V. Lavrinenko, J. Fage-Pedersen, and P. I. Borel, 
“Photonic crystal waveguides with semi-slow light and tailored dispersion 
properties,” Opt. Express, vol. 14, no. 20, p. 9444, 2006. 

[154] S. Hughes, L. Ramunno, J. F. Young, and J. E. Sipe, “Extrinsic Optical 
Scattering Loss in Photonic Crystal Waveguides: Role of Fabrication 
Disorder and Photon Group Velocity,” Phys. Rev. Lett., vol. 94, no. 3, p. 
033903, Jan. 2005. 

[155] E. Waks and J. Vuckovic, “Coupled mode theory for photonic crystal cavity-
waveguide interaction,” Opt. Express, vol. 13, no. 13, p. 5064, 2005. 

[156] A. R. A. Chalcraft et al., “Mode structure of coupled L3 photonic crystal 
cavities,” Opt. Express, vol. 19, no. 6, p. 5670, Mar. 2011. 

[157] F. G. Della Corte, G. Cocorullo, M. Iodice, and I. Rendina, “Temperature 
dependence of the thermo-optic coefficient of InP, GaAs, and SiC from 
room temperature to 600 K at the wavelength of 1.5 μm,” Appl. Phys. Lett., 
vol. 77, no. 11, pp. 1614–1616, Sep. 2000. 

[158] S. Sokolov et al., “Local thermal resonance control of GaInP photonic crystal 
membrane cavities using ambient gas cooling,” Appl. Phys. Lett., vol. 106, 
no. 17, p. 171113, Apr. 2015. 

[159] A. Auffèves, J.-M. Gérard, and J.-P. Poizat, “Pure emitter dephasing: A 
resource for advanced solid-state single-photon sources,” Phys. Rev. A, vol. 
79, no. 5, p. 053838, May 2009. 

[160] L. Midolo et al., “Spontaneous emission control of single quantum dots by 
electromechanical tuning of a photonic crystal cavity,” Appl. Phys. Lett., vol. 
101, no. 9, p. 091106, Aug. 2012. 



151 

 

[161] I. Fushman, E. Waks, D. Englund, N. Stoltz, P. Petroff, and J. Vučković, 
“Ultrafast nonlinear optical tuning of photonic crystal cavities,” Appl. Phys. 
Lett., vol. 90, no. 9, p. 091118, Feb. 2007. 

[162] V. Eckhouse, I. Cestier, G. Eisenstein, S. Combrié, G. Lehoucq, and A. De 
Rossi, “Kerr-induced all-optical switching in a GaInP photonic crystal Fabry-
Perot resonator,” Opt. Express, vol. 20, no. 8, p. 8524, Apr. 2012. 

[163] M.-A. Miri and A. Alù, “Exceptional points in optics and photonics,” Science 
(80-. )., vol. 363, no. 6422, p. 7709, Jan. 2019. 

[164] S. L. Portalupi et al., “Planar photonic crystal cavities with far-field 
optimization for high coupling efficiency and quality factor,” Opt. Express, 
vol. 18, no. 15, p. 16064, 2010. 

[165] J. Canet-Ferrer et al., “Purcell effect in photonic crystal microcavities 
embedding InAs/InP quantum wires,” Opt. Express, vol. 20, no. 7, p. 7901, 
Mar. 2012. 

[166] L. J. Martinez et al., “Room temperature continuous wave operation in a 
photonic crystal microcavity laser with a single layer of InAs/InP self-
assembled quantum wires,” Opt. Express, vol. 17, no. 17, p. 14993, Aug. 
2009. 

[167] Y.-S. Choi et al., “Validation of Lasing in Active Nanocavities,” ArXiv, Jan. 
2006. 

[168] S. Strauf and F. Jahnke, “Single quantum dot nanolaser,” Laser Photonics 
Rev., vol. 5, no. 5, pp. 607–633, 2011. 

[169] J. Fallert et al., “Lasing dynamics in single ZnO nanorods,” Opt. Express, vol. 
16, no. 2, p. 1125, 2008. 

[170] M. H. Huang, “Room-Temperature Ultraviolet Nanowire Nanolasers,” 
Science (80-. )., vol. 292, no. 5523, pp. 1897–1899, Jun. 2001. 

[171] D. Pellegrino et al., “Non-Lorentzian LDOS in coupled photonic crystal 
cavities probed by near- and far-field emission,” Submitt. to Phys. Rev. Lett., 
2019. 

[172] H. M. Doeleman, “Hybrid resonators for light trapping and emission 
control,” University of Amsterdam, 2019. 

[173] A. Taflove, Advances in FDTD Computational Electrodynamics: Photonics and 
Nanotechnology. Norwood, MA: Artech House, 2013. 

[174] A. F. Koenderink, “On the use of Purcell factors for plasmon antennas,” Opt. 
Lett., vol. 35, no. 24, p. 4208, Dec. 2010. 



152 

 

[175] M. M. Dignam, D. P. Fussell, M. J. Steel, C. M. De Sterke, and R. C. 
Mcphedran, “Spontaneous Emission Suppression via Quantum Path 
Interference in Coupled Microcavities,” vol. 103902, no. March 2006, pp. 2–
5, 2008. 

[176] J. Rosenkrantz de Lasson, P. T. Kristensen, J. Mørk, and N. Gregersen, 
“Semianalytical quasi-normal mode theory for the local density of states in 
coupled photonic crystal cavity–waveguide structures,” Opt. Lett., vol. 40, 
no. 24, p. 5790, Dec. 2015. 

[177] K. D. Kokkotas and B. G. Schmidt, “Quasi-Normal Modes of Stars and Black 
Holes,” Living Rev. Relativ., vol. 2, no. 1, p. 2, Sep. 1999. 

[178] M. Agio and D. M. Cano, “The Purcell factor of nanoresonators,” Nat. 
Photonics, vol. 7, no. 9, pp. 674–675, Sep. 2013. 

[179] R. Faggiani, J. Yang, R. Hostein, and P. Lalanne, “Implementing structural 
slow light on short length scales: the photonic speed bump,” Optica, vol. 4, 
no. 4, p. 393, Apr. 2017. 

[180] P.-Y. Chen et al., “Generalized parity–time symmetry condition for 
enhanced sensor telemetry,” Nat. Electron., vol. 1, no. 5, pp. 297–304, May 
2018. 

[181] B. Peng et al., “Loss-induced suppression and revival of lasing,” Science (80-
. )., vol. 346, no. 6207, pp. 328–332, Oct. 2014. 

[182] M. Brandstetter et al., “Reversing the pump dependence of a laser at an 
exceptional point,” Nat. Commun., vol. 5, no. 1, p. 4034, Sep. 2014. 

[183] X. Yang, M. Yu, D. Kwong, and C. W. Wong, “All-Optical Analog to 
Electromagnetically Induced Transparency in Multiple Coupled Photonic 
Crystal Cavities,” vol. 173902, no. May, pp. 1–4, 2009. 

[184] A. Pick et al., “General theory of spontaneous emission near exceptional 
points,” Opt. Express, vol. 25, no. 11, p. 12325, May 2017. 

[185] K. G. Cognée et al., “Mapping complex mode volumes with cavity 
perturbation theory,” Optica, vol. 6, no. 3, p. 269, Mar. 2019. 

[186] J. I. Cirac, P. Zoller, H. J. Kimble, and H. Mabuchi, “Quantum State Transfer 
and Entanglement Distribution among Distant Nodes in a Quantum 
Network,” Phys. Rev. Lett., vol. 78, no. 16, pp. 3221–3224, Apr. 1997. 

[187] M. Hofheinz et al., “Generation of Fock states in a superconducting 
quantum circuit,” Nature, vol. 454, no. 7202, pp. 310–314, Jul. 2008. 

[188] M. Hofheinz et al., “Synthesizing arbitrary quantum states in a 



153 

 

superconducting resonator,” Nature, vol. 459, no. 7246, pp. 546–549, May 
2009. 

[189] J. Doppler et al., “Dynamically encircling an exceptional point for 
asymmetric mode switching,” Nature, vol. 537, no. 7618, pp. 76–79, Sep. 
2016. 

[190] A. Frisk Kockum, A. Miranowicz, S. De Liberato, S. Savasta, and F. Nori, 
“Ultrastrong coupling between light and matter,” Nat. Rev. Phys., vol. 1, no. 
1, pp. 19–40, Jan. 2019. 

[191] B. R. Bennett, R. A. Soref, and J. A. Del Alamo, “Carrier-Induced Change in 
Refractive GaAs, and InGaAsP,” 1990. 

[192] A. Hartsuiker, P. J. Harding, J. Gérard, W. L. Vos, and A. Sample, “Kerr and 
free carrier ultrafast all-optical switching of GaAs / AlAs nanostructures near 
the three photon edge of GaAs,” pp. 1–7, 2008. 

[193] J. Q. You and F. Nori, “Superconducting Circuits and Quantum 
Information,” Phys. Today, vol. 58, no. 11, pp. 42–47, Nov. 2005. 

[194] M. Cotrufo, E. Verhagen, and A. Fiore, “Control of the electromagnetic field 
in a cavity by an external perturbation,” in SPIE Proceedings, Volume 10111, 
Quantum Sensing and Nano Electronics and Photonics XIV, 2017, p. 1011128. 

[195] Y. Li-Jun, Z. Lian-Shui, Z. Zhong-Hong, G. Qing-Lin, and F. Guang-Sheng, 
“Spectral feature with sub-natural linewidth due to quantum interference in 
a four-level system,” Chinese Phys. B, vol. 17, no. 6, pp. 2147–2151, Jun. 
2008. 

[196] J.-M. Lourtioz and A. de Lustrac, “Metallic photonic crystals,” Comptes 
Rendus Phys., vol. 3, no. 1, pp. 79–88, Jan. 2002. 

[197] J. G. Fleming, S. Y. Lin, I. El-Kady, R. Biswas, and K. M. Ho, “All-metallic 
three-dimensional photonic crystals with a large infrared bandgap,” Nature, 
vol. 417, no. 6884, pp. 52–55, May 2002. 

[198] G. Nienhuis and C. T. J. Alkemade, “Atomic radiative transition probabilities 
in a continuous medium,” Phys. B+C, vol. 81, no. 1, pp. 181–188, Jan. 1976. 

 

 

 


	Chapter 1 | Introduction
	1.1 Radiative processes in single cavities
	1.1.1 The cavity-emitter paradigm and spontaneous emission
	1.1.2 Fermi’s golden rule, Purcell effect and local density of states

	1.2 Quantum dots and photonic crystal cavities
	1.2.1 Quantum dots
	1.2.2 Photonic crystal cavities

	1.3 Coupled nanocavities
	1.3.1 Photonic crystal coupled cavities

	1.4 Goals and outline of the thesis

	Chapter 2 | Theory
	2.1 – Coupled-mode theory and mode-field tuning
	2.1.1 Mode-field tuning and inhibition of spontaneous and stimulated emission

	2.2 – Rate equations and mode-field tuning of lasers
	2.2.1 – Rate equation for the photon number
	2.2.2 – Rate equation for the wetting layer population
	2.2.3 - Rate equation for the quantum dot population
	2.2.4 – Input-output characteristics and time-resolved spectra

	Appendix 2A.1 – Effect of asymmetric loss and tunneling rates
	Appendix 2A.2 – LL curve with continuous wave excitation

	Chapter 3 | Methods
	3.1 Experimental methods

	3
	4
	5
	5.1
	3.1.1 Microphotoluminescence (Frequency-domain)
	3.1.2 Time-resolved microphotoluminescence
	3.1.3 Detuning lasers for the thermal tuning

	3.2 Simulation and design methods
	3.3 Fabrication methods
	3.3.1 GaAs membrane and InAs quantum dots
	3.3.2 Fabrication of the photonic crystal cavities


	Chapter 4 | Control of the         spontaneous emission
	4.1 Single L3 cavity and optimization of the quality factor
	4.2 Control cavities
	4.3 Photonic coupling
	4.4 Thermal tuning
	4.5 Control of the spontaneous emission
	4.6 Conclusions

	Chapter 5 | Control of the stimulated emission
	5.1 Introduction
	5.2 Single L7 cavity
	5.3  Three-coupled cavity system and stimulated emission
	5.3.1 Characterization of the photonic coupling
	5.3.2 Stimulated emission in the uncoupled cavity limit
	5.3.3 Mode-field tuning of the stimulated emission

	5.4 Production of short pulses with mode-field tuning
	5.5  Conclusions
	5.6  Appendix 5A – Data-theory comparison

	Chapter 6 | Non-Lorentzian spectra in coupled cavities
	6.1  Overview of the theory
	6.2 Observation of asymmetries in two-cavity PL spectra
	6.3 L20 cavity and symmetric loss rates
	6.4 Unbalanced loss rates
	6.5 Model of the experimental data
	6.6 Near-field measurements
	6.7 Conclusions
	6.8 Appendix 6A: Derivation of the model and fit

	Chapter 7 | Conclusions and perspectives
	Bibliography

