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Abstract

Solid-state sources of single and entangled photons“on-demand”keep re-

ceiving much attention because of their potential applications in quantum

communication and photonic-based quantum computation. Semiconductor

quantum dots (QDs) are arguably the most promising single and entangled

photon sources to serve as the backbone of numerous quantum photonic

technologies. A prominent example is the quasi-strain-free GaAs QDs grown

on GaAs substrate by local-droplet-etching, which is proved to generate sin-

gle photons with near-perfect purity and entangled photon pairs with near-

unity entanglement fidelity. Furthermore, the optical transitions of GaAs QDs

can be spectrally matched to be in resonance with the transitions of rubid-

ium atoms, paving the way to rubidium-based memories. The thesis aims at

promoting the application of semiconductor QDs by addressing the following

aspects: (i) proposing optical designs that can enhance the photon collec-

tion efficiency from planar structures with embedded QDs and are potentially

compatible for on-chip integration. (ii) implementing a passivation protocol

for GaAs opto-electronics to reduce the impact of the surface states, (iii) con-

ducting a fundamental investigation, both experimentally and theoretically, of

the quantum-confined Stark effect in GaAs QDs, (iv) experimentally realiz-

ing an artificial-natural-atoms interface, with an all-electrically-driven single

photon optoelectronic device, based on GaAs QDs.
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1 Introduction

1.1 Quantum information science

The world is in the midst of the second quantum revolution. A century ago,

the first quantum revolution laid the foundation of quantum physics. The

understanding of the periodic table, the electronic structure of molecules

and solids, was the basis for the development of computers, laser, opti-

cal fiber communication, Global Positioning System, Magnetic Resonance

Imaging, etc., and reshaped the technological- and economic-map of the

world. Now-a-days, by exploiting quantum superposition and entanglement

in information technology, the world steps to the second quantum revolution.

Large-scale quantum computers with superior computation power and long-

distance quantum communication with unconditional security may become a

reality. [1–3]

In quantum computing and communication, information is presented via a

series of superpositions of quantum bits (known as qubits). A qubit is a

two-level quantum system, such as photon polarization, electron spins [4],

photon-number [5] and time-bin encodings [6]. For example, the left- and

right-circular polarization of a single photon can be assigned to logical states

|0⟩ and |1⟩. Before measurements, the photon can exist in a ”superposition”

of |0⟩ and |1⟩.

A quantum channel is a physical connection which can deliver quantum infor-

mation (e.g. quantum entanglement), as well as classical information. With

k nodes each having n qubits, a quantum channel brings up a state space
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Figure 1.1: (a) Schematic diagram of a two-dimensional quantum network,
with example quantum nodes as (b) a two-level quantum emitter with the
ground state (|g⟩) and excited state |e⟩, and (c) a three-level lambda-EIT
scheme.

of dimension 2kn, exponentially more extensive than a classic channel (k2n

state spaces). [7]

Essential functional nodes of a quantum network include quantum light emit-

ters, quantum memories, devices that can modify the frequency and other

property of single photons, quantum processors, quantum random number

generators, and single-photon detectors. [7] In this thesis, we will mainly fo-

cus on quantum light emitters based on semiconductor quantum dots (QDs)

and will interface them with atomic vapor cells to create a primary stage of

quantum memory.

1.2 Advent of Semiconductor Quantum dot as

on-demand Qubit emitter

Quantum light emitters, which are able to generate single photons and/or en-

tangled photon pairs virtually ‘on demand’, are fundamental building blocks
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for quantum communication, [8] photonic-based quantum information pro-

cessing, [9, 10] and quantum networks. [11, 12] Besides the robust output

of quantum light, an ideal quantum emitter should also maintain good on-

chip compatibility and scalability. In detail, the ideal quantum emitter should

have (a) reliable output of high purity single photons / or entangled photon

pairs with near-unity entanglement fidelity, (b) economic excitation method,

(c) tunability of the properties of the emitted photons (such as wavelength,

polarization, etc.), (d) high brightness, and (e) on-chip integrability with all

the above functions.

Epitaxial semiconductor quantum dots (QDs) [13] are appealing as quantum

light emitters due to the short radiative lifetimes of confined excitons as well

as high purity, [14, 15] and near-unity indistinguishability [16] of the emit-

ted photons. Although such solid-state systems suffer from interaction with

the environment [17–19] and ensemble inhomogeneities, the compatibility of

QD structures with post-growth control, e.g., via electric fields [20, 21] and

strain fields [22–24] allows these problems to be alleviated. In addition, epi-

taxial QDs can be embedded in p-i-n structures, which allow for electrical

carrier injection. [25–28] The excellent performance of QDs as sources of

single photons has recently enabled Boson sampling experiments with 20

input photons. [29] A prominent example of epitaxial QDs is represented by

GaAs/AlGaAs QDs fabricated by the local droplet etching (LDE) method [30–

35] via molecular beam epitaxy (MBE). These QDs can show ultra-small

excitonic fine-structure-splitting (FSS), with average values of ≈ 4µeV [35,

36] (≈ 2.8µeV recently achieved in our lab), ultra-low multi-photon emis-

sion probabilities, with g(2)(0) below 10−4, [14] state-of-the-art photon indistin-

guishability [37] and near-unity entanglement fidelities of 0.978(5) [38]. Note

that, the small FSS, the near zero multi-photon emission probabilities, and the

near-unity entanglement fidelity are important for entangled photon genera-

tion. [39] Devices based on LDE GaAs QDs have recently achieved high per-

formance as sources of polarization-entangled photon pairs [38, 40], which

led to the demonstration of entanglement swapping [41, 42] and quantum key
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distribution [43, 44].

1.3 Hybrid interface between semiconductor quan-

tum dots and natural atoms

Quantum memory is a functional node that can temporarily store the pho-

tons for a given time span, playing an essential role in developing large-scale

and long-distance quantum processing systems. [45, 46] The typical appli-

cation of quantum memories is to synchronize the arrival time of the signal

at different nodes. Quantum memories can also improve the signal-to-noise

level when that converts quantum optical properties of a photon to the natural

atoms and vice versa, which is critical not only for quantum communication

but also for performing high-precision spectroscopy and clock system. [47]

Many physical systems have been used for quantum memory, including rare-

earth-doped crystal [48, 49], Bose-Einstein condensate [50, 51], (warm/cold)

alkali metal vapors [52–54] and molecules [55].

The most straightforward ‘quantum memory’ approach is employing a fiber

loop with a switch, which can delay light signals’ arrival time by extending the

optical path. However, the delayed time is fixed by the length of the fiber,

thus, non-favorable for a large-scale quantum network. An alternative way is

to insert high refractive index materials into the optical path. For example, a

hyperfine splitting of atomic lines can create a dispersion region, which leads

to a steep refractive-index slope and ‘slows down’ the photon in resonant with

that atomic transition. [56] The ‘delay time’ can be tuned by the vapor density

of the atoms.

There are two main directions for development of long-storage quantum mem-

ories. One approach is to use intense control pulses to engineer absorption

and recovery. Another approach achieves time delay by engineering the in-

homogeneous broadening of an optical absorption line. In the first approach,
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signal writing / recovery is precisely controlled by the intensity of the con-

trolling pulses within the memory’s coherence time, thus, being genuinely

on-demand. However, the weakness is also apparent, as the spurious noise

from controlled photons can deteriorate the fidelity level. [57, 58] An example

of this approach is to use the famous Electromagnetically Induced Trans-

parency (EIT) discovered by Boller et al. in 1991 [53]. There are many dif-

ferent ways to build up quantum memory by EIT. Here we shortly take the

lambda-EIT protocol as an example, see in Figure 1.1 (c). There are two

allowed transitions in that three-level system: the |1⟩-|3⟩ transition and the

|2⟩-|3⟩ transition. |1⟩-|2⟩ transition is forbidden by the selection rules. First,

all atoms are prepared at the ground level |1⟩. Then the medium starts to

absorb the signal photons (|1⟩-|3⟩) while a strong control pulse (|2⟩-|3⟩) is ap-

plied. With the adiabatic reduction of the controlling beam, the electrons on

|3⟩ (excited by absorbing signal photons) are coherently written to the stor-

age state |2⟩. The retrieving processing can be done by reapplying the control

beam, which drives the electron from to |2⟩ back to |3⟩, followed by releasing

of an optical photon via |3⟩-|1⟩ transition. [59]

The second direction takes advantage of inhomogeneous broadening of the

atomic absorption lines of, e.g., alkali metal atoms or rare-earth ion-doped

crystals. An example is the controlled-reversible-inhomogeneous-broadening

(CRIB) protocol. In CRIB protocol, the absorption of the photon is activated

when an external magnetic or electrical field broadens the atomic line, and

the remission is achieved during a ‘recall time’ (rephasing time) after revers-

ing the control field. Compared with the first direction, the photon noise in-

fluences less the results in this approach. However, the efficiency of this

approach is limited by the re-absorption mechanism. [58]

In this work, we focus on a popular alkali metal vapors system, as it has

narrow spectral lines, long coherence times, high optical depths, and no fluo-

resce at near-infrared wavelengths. Alkali metal vapours can exert their effec-

tiveness at both ‘warm’ (50 − 100°C) and ‘ultra-cold’ (µK) temperatures. The

warm temperature approach provides high (also tunable) number density and
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is easily accessible, however, it suffers from collision linewidth broadening be-

cause of the atoms’ motion, thus, resulting in shorter lifetimes (upper limit of

the storage time) compared with that in ‘ultra-cold’ approach. That collision

linewidth broadening can be improved by buffer gas [60] and anti-relaxation

coating [61, 62]. The hyperfine splitting of the atomic lines provides multiple

spin states for slow, or storage protocols, e.g., for EIT[53] or CRIB [54] pro-

tocols, respectively. Moreover, the geometry of the Alkali metal vapors cells

can be designed according to the requirements. For example, Alkali metal

atoms in hollow-core fiber cells were reported for merging the system with

the optic fiber communication system. [63, 64]

Therefore, the combination of semiconductor QDs and natural atoms, a re-

search avenue pioneered by Akopian et al., [65] may allow for storing the

state of single photons emitted by a QD in atomic vapors or Bose-Einstein-

Condensates. [66] Such atomic systems offer particularly long storage times, [67]

and may become crucial ingredients for building up a quantum memory.

Slow-entangled photons from the interface of semiconductor QDs and warm

atomic cells have been reported in and InAs(QD)-Cs [68] interfaces.

Figure 1.2: Schematic representation of the Hybrid atomic-QD interface.
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1.4 Challenges for semiconductor Quantum dot

devices

Although semiconductor QDs are one of the most promising candidates for

quantum emitters, many challenges remain to be overcome in the fabrica-

tion of functional quantum optoelectronic devices and building up large-scale

quantum networks.

Among those, the low photon collection efficiency is one of the most difficult

to tackle. The large refractive index of the (Al)GaAs materials (>3) hinders

the photon extraction from the bulk matrix, which requires an engineered

photonic environment to enhance the photon extraction efficiency. Photonic

trumpets [69], micropillars based on DBRs [70], circular Bragg grating struc-

tures [40], etc. have been realized to solve the problem to some degree,

but of course at the cost of multiple processing steps, among those being

the deterministic QD positioning relative to the photonic structure. Moreover,

compared with a planar structure, the three-dimensional (3D) designs bring

more problems for integrating with other functional blocks, e.g., electrical ex-

citation, strain field application. Meanwhile, entangled photon generation via

the biexciton-exciton cascade requires broadband operation because of the

different wavelengths of exciton and biexciton emission. Therefore, planar

structures featuring high fabrication tolerances, spectrally broadband emis-

sion enhancement, and access to many dots independent of their position

are very attractive.

Another problem for semiconductor QDs based on GaAs is the very high

density of surface states (1013 − 1014 states/cm2/eV at about 300 K)[71, 72].

Surface states are the electronic states formed at the surface of the materials,

where the sudden abruption of materials leads to a change of the electronic

band structure from the bulk material to the vacuum/air. Surface states, as

nonradiative recombination centres, can introduce a random fluctuating elec-

trical field in the underlying layers. For many nanophotonic structures men-

tioned above, the QD to surface distance is less than 100 nm, leading to
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problems of spectral diffusion, blinking, decoherence, or dephasing. [73, 74]

Several passivation protocols were proposed for Si and GaAs bulk materi-

als, for example, chemical treatments by sulphur-based (e.g. (NH4)2S[75],

Na2S[76, 77]) or phosphor-based [78] compounds, or dielectric passivation

layers by atomic layer deposition (ALD) (e.g. AlNx, AlOx, TiNx, SiNx). How-

ever, very few works were performed on (In)GaAs QD devices. (Note that

there are several passivaton protocols published in same time or after our

work by using sodium sulfide Na2S [79] or chemical N-passivation + immedi-

ate AlOx/AlNx thin films [74], which significantly inhibited the spectral diffusion

in the QD-to-surface distance range of 20-60 nm.) Therefore, a proper passi-

vation approach should be developed and investigated for devices based on

GaAs QDs.

Besides the optical properties, for the possible usage of semiconductor QDs

in quantum networks, detailed knowledge and control of their response in

externally applied electric fields must be achieved. GaAs QDs grown by lo-

cal droplet etching have a negligible internal strain as well as intermixing

between core and barrier materials, thus, providing a clean and favorable

platform for this investigation. However, the existing works [80–86] neither

fully explain the behavior of the charge carriers in the electric field nor take

into account correlation effects in the theoretical model [81] completely. Thus,

more detailed experimental studies and a more precise theoretical model for

the electric field effects on the Coulomb interactions between electrons (e-)

and holes (h+) weakly confined in GaAs QDs are essential.

As mentioned before, the combination of semiconductor QDs and Alkali metal

vapors may pave the way to quantum memories for photons emitted by QDs.

In the first work [65] –focused on GaAs/AlGaAs QDs interfaced with 87Rb

atomic vapors –energy tuning and QD excitation were achieved through mag-

netic fields and an external laser source, respectively, which makes the over-

all single-photon source extremely bulky and impractical for the envisioned

hybrid quantum networks. Thus, an all-electrically-driven source of single

photons suitable for this purpose is demanded.
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1.5 Thesis outline

This thesis aims to address some of the above-stated challenges and related

explicitly to:

(i) Growth of highly symmetric GaAs quantum dots by using local droplet

etching and heterostructure overgrowth.

(ii) Proposing broadband optical designs that can enhance photon collection

efficiency without deterministic positioning and are potentially compatible with

on-chip integration.

(iii) Proposing and investigating a surface passivation protocol for GaAs QD

devices.

(iv) Conducting a fundamental investigation, both experimentally and theo-

retically, on the quantum-confined Stark effect in GaAs QDs.

(v) Experimentally realizing an artificial- natural-atom interface, with an all-

electrically-driven single photons optoelectronic device, based on GaAs QDs.

The main topics of the dissertation are therefore structured as follows:

Chapter 2: This chapter contains the essential physics used in this thesis. We

first look at the fundamental optical properties of quantum dots (QDs). Then

we review the concept of the Hybrid artificial-natural-atom interface, which is

realized by the double transmission resonance technique.

Chapter 3: This chapter shows the preparation of samples and the optical

apparatus, including epitaxial growth, device fabrication, and optical mea-

surements.

Chapter 4: This chapter proposes several optical designs to enhance the

extraction efficiency, including zirconia solid immersion lens (SIL), metal-

semiconductor-air cavity, and planar optical antennas. We mainly focus on

a metal-oxide-semiconductor planar antenna structure consisting of a semi-

conductor nanomembrane with embedded dots sandwiched between a bot-

tom metal reflector and a top semitransparent metal director. We observe
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the beaming effect via back-focal-plane imaging of single QD emission in the

planar antenna structure in the experiment. Measurements show a collec-

tion efficiency as high as about 19 ± 2% (so far as the highest among all

the broadband planar structures without solid immersion lenses), an ultralow

multiphoton emission probability of 0.006 ± 0.005, and tunability of QD emis-

sion by applying stress by a piezo substrate.

Chapter 5: This chapter introduces a surface passivation scheme aiming to

reduce the surface states density of GaAs. This scheme combines the sulfur

solution treatment with a dielectric encapsulation layer and dramatically im-

proves the optical properties of near-surface QDs (surface to QD distances

of ≈ 40 nm). The emission linewidths and the intensity of these QDs were

recovered to bulk values.

Chapter 6: This chapter presents a combined experimental and theoretical

study of the quantum-confined Stark effect in GaAs/AlGaAs QDs. Unlike pre-

vious works, this chapter elucidates the significant role of correlation effects

on the quantum-confined Stark effect and reveals the deficiencies of a com-

monly used model assuming a quadratic shift of the emission energy with

the applied field. As comprehensive research, this chapter provides detailed

information on the variation of the built-in dipole, polarizability, the evolution

of electron-hole/hole-hole interactions, and binding energies of natural and

positively charged excitons in the electric field them showing above the size-

able influence of correlation.

Chapter 7: In this chapter, we report the very first realization of a wavelength-

tunable GaAs QD based quantum-light-emitting diode (Q-LED). The exci-

tation and wavelength-tunability are provided on-chip while preserving the

compatibility with the 87Rb D2 line transitions. By comparing autocorrelation

measurements with emission on/off-resonance with the 87Rb D2 transitions,

we deduce that a double-resonance slow-light mechanism produces tempo-

ral delays of up to 3.4 ns.
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Chapter 8: This chapter summarizes the thesis’s investigation and envisages

GaAs QD devices’ development trend in quantum information science.
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2 Theoretical background

2.1 Electronic structure of a QD

Quantum confinement effects are observed when the dimensions of a confin-

ing object is smaller than the de Broglie wavelength of the confined particle.

Semiconductor QDs are nano-scale structures that form three-dimensional

(3D) quantum confinements for charge carriers. This 3D confined structure,

typically formed by chemical synthesis or epitaxial growth, leads to an atom-

like discrete electronic structure, as illustrated in Figure 2.1. For this reason,

QDs are also referred to as artificial atoms.

In this work, we only focus on the s-shell optical transitions of the QD with

Type-I band alignment, in which both electrons (e-s) and holes (h+s) are con-

fined in the dot. As sketched in Figure 2.1 (b), due to the Pauli exclusion

principle, maximum of two e-s and two h+s with opposite spin can occupy

the first energy level in the conduction band (CB) and valence band (VB),

respectively. The e- - h+ pairs, bond by Coulomb interaction, can form four

kinds of quasiparticles as: neutral exciton X0 = e- + h+, positive charged ex-

citon X+ = e- + 2h+, negative charged exciton X- = 2e- + h+ and biexciton XX

= 2e- + 2h+. The decays of X0, X+, X- to ground state and of XX to X0 can

lead to an emission of a photon via recombination of e-s and two h+s pair.

Since an e- can have spin quantum number of Se,z = ±1
2

and a h+ in GaAs

QDs (in the absence of external field) is mainly heavy hole (HH)) with spin

quantum number of Jh,z = ±3
2
, the total augular momentum (M) of a single

emitted photon is ±1. In an other words, only transitions leading to a change

of ±1 in the momentum are optically active (bright states). A direct transition
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Figure 2.1: (a) Density of states of the electron gas in corresponding confine-
ment structures. (b) Sketch of a potential well formed by a GaAs/AlGaAs het-
erostructure, with Conduction band (CB), Valence band (VB), bandgap of Al-
GaAs (Eg,AlGaAs) and of GaAs (Eg,GaAs). The electrons (e-s) and holes (h+s)
distributed on the discrete bound energy levels, governed by Pauli’s exclusion
principle. This thesis focus only on the Type-I QDs, whose bandgap of the core
and barrier are direct.

of XX to the ground state is forbidden. When X0 energy states are degen-

erate, the XX has to first decay to the X0 state via emitting a circular right

(XXR) or circular left (XXL) biexciton photon, then subsequently decays from

X0 state to the ground state via emitting a circular left (X0
L) or circular right

(X0
R) exciton, respectively, known as XX-X0-ground state cascade transition.

In the ideal case, the XXR (X0
R) and XXL (X0

L) should have same energy but

opposite polarization direction. When X0 energy states are not degenerate,

the circular polarizations will vanish, and a pair of horizontal and vertical po-

larized photons will be generated. The in-plane asymmetry of QDs can lift

this degeneration (e.g., asymmetry of geometry [35]). The energy states of

X0 will be split by a fine structure splitting (FSS) in two orthogonally polarized

components. This symmetry breaking has no effect on the XX fundamental

state or the X* (X+ or X-) state. Therefore, X* state shows no FSS, while the

photons stemming from the decay of the XX state shares the same FSS as

X0 but opposite polarization angles. FSS can be estimated from a series of

spectra measured for different polarization angles, covering a range of 180°

(usually an integer multiple of 180°).
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2.2 Excitation of quantum dots

In this work, we adopt two typical methods to pump charge carriers to the

excited states, optical excitation and electrical excitation, leading to Photolu-

minescence (PL) and Electroluminescence (EL), respectively.

2.2.1 Photoluminescence: above-barrier excitation

A simple PL approach uses photons, whose energy is higher than the bandgap

of the barrier materials (so-called above-band excitation, see Figure 2.2 (a)),

to create charge carriers in the barrier. After several electron-electron and

electron-phonon interactions, the excited carriers gradually lose their excess

energy and relax towards the lowest energy state of the system – the ”s-shell”

of QD or a higher level if the s-shell is fully occupied, before recombination.

Under this above-band excitation, a fraction of charge carriers is unavoidably

lost, which are caught by charge traps or non-radiative recombination centers

in the barrier. Meanwhile, the fluctuating charges in the traps lead to fast and

randomly changing electric fields around QDs. The fluctuating electric field

induces spectral diffusion and is the main reason for the inhomogeneous

PL-line broadening. [87] Moreover, the uncertain carrier-relaxation time and

possible recapture/re-excitation processes, leads to time jittering. Therefore,

it is almost impossible to obtain a near-unity quantum efficiency of a transition

by above-band excitation. In the above-barrier excitation, the charge carrier

capture and recombination are random processes. The occupation number

of the quantum dot levels approaches a quasi-Poissonian distribution. [88]

Thus higher excited states can be populated before the lower states are fully

occupied.

2.2.2 Photoluminescence: resonant excitation

A cleaner and precise method to excite a QD is to populate e- - h+ pairs

directly in the s-shell of QDs, a process so called the resonant excitation. In

a resonant XX-X0 cascade, two-photon absorption processes obeying dipole
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Figure 2.2: (a) Above band and resonant optical excitation of QDs. (b) Exci-
tation of QDs by electron injection.

selection rules [89, 90] are required. Several different configurations of the

two excitation photons can fit the requirements, but an easy one is to use a

linear polarized (πx polarized) laser with energy Elaser as:

Elaser = (EXX + EX0)/2. (2.1)

Note that the XX state consists of two e- - h+ pairs with total angular mo-

mentum of 0. The excitation from X0 to XX state requires an absorption of a

circular polarized photon either ∆+ or ∆−. The πx of the laser here is the su-

perposition of ∆+ or ∆−. [89] In the recent studies, near-unity indistinguisha-

bility (0.93(7) [91], 0.903(3) [40]) and entanglement fidelity (0.978(5) [38],

0.88(2) [40] were achieved on GaAs QDs by using two-photon resonant ex-

citation. Under resonant excitation, X0 and XX photons can be expected and

the numbers are proportional to the excitation with a ratio known as quantum

efficiency. The quantum efficiency is mainly affected by the excitation rate of

the XX state and the blinking rate of QDs. The latter one is the “on” and “off”

switching of QDs in the timescales of typically ranging from hundreds of ns

to many minutes caused by random ionization events around QDs.

2.2.3 Electroluminescence

Injection of charge carriers by an electric field is another promising approach,

especially for obtaining compact devices. A typical way to realize that is to

embed QDs into an intrinsic (i) layers of a quantum-light-emitting diode (Q-

LED) structure. The recombination and radiation mechanism of e-s and h+s
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are similar to the optical excitation, except that the e- and h+ are injected from

negative (n) and positive (p) doped semiconductor layers. This p-i-n diode

structure can be fabricated using a single growth in the MBE. As an example,

InAs QD Q-LEDs as single-photon and entangled photon pair emitters have

been reported in Ref.[92–97]
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Figure 2.3: (a) Evolution of the electroluminescence (EL) spectra of a single
QD embedded in tunable-LED with the magnitude of the applied voltage Vd.
The intensity is color-coded. In the spectra, the brightest line stems from the
neutral exciton (X0) transition, which is well separated from the group of low-
energy states, which are ascribed to charged and neutral multi-excitonic states.
(b) The X0 spectrum from (a), marked by the position of the red circle. The
X0 transition had a linewidth around the experimental set-up resolution limit
(≈ 40 µeV) and wavelength near the D2 line of Rb atom.

2.3 Engineering the optical properties of a quan-

tum dot by strain and electric field

The growth of self-assembled QDs is a stochastic process. Consequently,

there is an uncertainty in the size, shape, and composition gradient of the

QDs. This leads to many issues, for example, an energy distribution of the X0

transitions in different QDs. Many post-growth techniques have been demon-

strated to tune the optical properties of QDs (e.g., emission wavelength, FSS

of X0). Here we introduce external perturbations as a biaxial isotropic strain

in the (001) plane to tune the emission energy of X0 and an electric field along

growth direction (vertical) to modify X+ to X0 binding energy.
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2.3.1 Engineering of the semiconductor bandgap by strain

To maintain the property for on-chip integration, we choose, instead of a mag-

netic field from bulky setup in the earlier works [65], the strain field induced

by a piezoelectric crystal [96, 98, 99] to engineer the emission wavelength of

X0.
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Figure 2.4: (a) GaAs membrane is integrated on a piece of
[Pb(Mg1/3Nb2/3)O3]0.72-[PbTiO3]0.28 (PMN-PT) (001) substrate. Quasi-biaxial
in-plane strain is induced on the QD. (b) Lattice of (left) an unstrained and
(right) strain-deformed lattice. Sketch of the energy band structure of bulk
GaAs. Simplified energy band-gap of bulk GaAs with (c) no strain (d) isotropic
biaxial-tensile strain, (e) isotropic biaxial-compressive strain.

Here we adopt a quasi-isotropic, in-plane-biaxial strain induced by mono-

lithic [Pb(Mg1/3Nb2/3)O3]0.72-[PbTiO3]0.28 (PMN-PT) (001) substrate (see Fig-

ure 2.4 (a)), to engineer the bandgap of the semiconductor material, which

in the end can tune the emission wavelength of QDs. To explain this effect,

we employ the k⃗ · p⃗ perturbation theory [100]. The Shrödinger equation of

an electron wavefunction Ψ(r⃗) in periodic potential V (r⃗) = V (r⃗ + R⃗) can be

written as:

Ĥ0Ψ(r⃗) =

[
−h̄2∆2

2m0

+ V (r⃗)

]
Ψnk(r⃗) = EΨnk(r⃗), (2.2)
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where m0 is the mass of free electron, R⃗ = n1a⃗1 + n2a⃗2 + n3a⃗3, with a⃗1, a⃗2, a⃗3

are the unit lattice vectors and n1, n2, n3 are the integers. With the periodic

function µnk(r⃗) = µnk(r⃗ + R⃗), the general solution of the Shrödinger equation

is written as:

Ψnk(r⃗) = eik⃗·r⃗µnk(r⃗),

E = En(k⃗)
(2.3)

where k⃗ is the electron wavevector, n is the band index. By inserting 2.3 into

2.2 we obtain:

[
p2

2m0

+
h̄

m0

k⃗ · p⃗+ V (r⃗)

]
µnk(r⃗) =

[
En −

h̄2k2

2m0

]
µnk(r⃗). (2.4)

Near k = 0, the term h̄
m
k⃗ · p⃗ can be regarded as a perturbation to the system,

while:

H =
p2

2m0

+
h̄

m
k⃗ · p⃗+ V (r) = H0 +H1 (2.5)

Now let us look at the band structure of ideal GaAs. GaAs is an III-V di-

rect bandgap semiconductor with a zincblende lattice structure. A simplified

ideal band structure of bulk GaAs near (k = Γ) point is illustrated in Fig-

ure 2.4. The property of the e- and h+ close to the bandgap are mainly de-

termined by the conduction band (CB) and the two valence bands, light-hole

(LH, m∗
LH = 0.082m0) band and the heavy-hole (HH, m∗

LH = 0.51m0) band.

Since self-assembled QDs usually have a flat morphology, the growth direc-

tion (z) can be taken as natural quantization axis, the projection of the total

angular momentum on the z-axis for CB Se,z = ±1/2, LH jLH,z = ±1/2, HH

jHH,z = ±3/2. There is another valence band a few hundreds meV below the

LH and HH band, induced by the spin-obit interaction (SO band), having total

angular momentum of j = 1/2. Since it is energetically far from the other

valence bands, the impact of the SO band on the e- and h+ in the ground

state is minor.



20 Chapter 2. Theoretical background

Therefore, we can write the whole Hamiltonian by using the six valence bands

as basis in the matrix representation:

Ĥ =



P +Q −S R 0 −S/
√
2

√
2R

−S+ P −Q 0 R −
√
2Q

√
3/2S

R+ 0 P −Q S
√
3/2S+

√
2Q

0 R+ S+ P +Q −
√
2R+ −S+/

√
2

−S+/
√
2 −

√
2Q+

√
3/2S −

√
2R P +∆ 0

√
2R+

√
3/2S+

√
1/2Q+ −S/−

√
2 0 P +∆



|3/2, 3/2⟩

|3/2, 1/2⟩

|3/2,−1/2⟩

|3/2,−3/2⟩

|1/2, 1/2⟩

|1/2,−1/2⟩

,

(2.6)

with:
P = h̄2γ1

2m0
(k2

x + k2
y + k2

z)

Q = h̄2γ1
2m0

(k2
x + k2

y − 2k2
z)

R = h̄2γ1
2m0

[
−
√
3γ2(k

2
x − k2

y) + i2
√
3γ3kxky

]
S = h̄2γ3

2m0

√
3(kx − iky)kz

(2.7)

where ”+” presents the Hermitian conjugate, ∆ is the spin-orbit split off en-

ergy and the γ1, γ2, γ3 are the Luttinger parameters, associated to the valence

band curvatures, respectively. This Hamiltonian is known as the Luttinger-

Kohn Hamiltonian, widely used to calculate the band structure of semicon-

ductors, in the absence of external magnetic or strain field.

Now let us apply strain on the GaAs lattice, (see Figure 2.4 (b)). The Voigt

notation of the strain state reads as:

ε⃗ = (εxx, εyy, εzz, 2εyz, 2εxz, 2εxy)
T , (2.8)

where εxx, εyy, εzz are normal components, and εyz, εxz, εxy are shear-components.

The lattice deformation (see Figure), changes the volume from V to V ′ as:

δ

V
=

V ′ − V

V
= 1 + εxx + εyy + εzz (2.9)
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We assume that the biaxial strain is isotropic (εxx = εyy), and the SO band is

very well separated from the LH and HH bands.

The simplified Hamiltonian reads as:

Ĥ =


Pε +Qε 0 0 0

0 Pε −Qε 0 0

0 0 Pε −Qε 0

0 0 0 Pε +Qε

 (2.10)

Pε = −a(εxx + εyy + εzz)

Qε = − b
2
(εxx + εyy − 2εzz)

(2.11)

where a, b are the deformation potentials. The bandgap evolution under in-

plane-biaxial strain (see Figure 2.4 (c)-(e)) in the end can tune the emission

wavelength of QDs.

2.3.2 QDs in a vertical electric field

When an uniform electric field F⃗ along z-axis is applied, the induced perturb-

ing Hamiltonian reads as:

ĤStark = −p⃗ · F⃗ , (2.12)

where p⃗ is the electrical dipole moment. Now if we assume that p⃗ is oriented

only in z-direction, we can write

p⃗z(total) = ez = e(z0 +∆z), (2.13)

where z0 presents the initial separation between the barycenters of electron

and hole wavefunction in the z-axis and ∆z is the distance change between

the e--h+ pair induced by the electric field. ∆z is linked to the electric polariz-

ability β as ∆z = −βF/e.

Therefore, we can write the energy of the e--h+ pair in a widely known form

as:

E(F ) = E0 + pzF + βF 2, (2.14)
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where E0 is the energy at zero field, pz = −ez0 is the permanent dipole

moment along the z-axis. This confined energy change in the electric field is

called the quantum-confined Stark effect (QCSE). We will discuss the details

about QCSE in GaAs QDs in Chapter 6

Moreover, as shown in Figure 2.5, when the QD is embedded in a diode

structure, the electric field also induces a reduction of wavefunction overlap,

thus, weakening the intensity of the emission. A detailed analysis of the

transitions in the electric field will be discussed in Chapter 6.

2.4 Hybrid atomic-QD interface: Double Trans-

mission Resonance Technique

Functional blocks that can modify the speed of photons, are essential in a

quantum network to sustain complex quantum information flows. (like, e.g.,

the speed controls of cars at the intersections.)

Atomic vapors are commonly used as a slow-light medium. Some early

works adopted the electromagnetically induced transparency (EIT) principle

to achieve ultra-low group velocities of photons or even ‘stopped’ them. [101]

However, the linewidth of photons generated by semiconductor QDs, possi-

bly affected by the charge noise in the matrix and the surfaces, is two orders

of magnitude broader than the requirements in EIT. [53, 102, 103] Another

technique, by bringing the photon resonant to the hyperfine splitting of an

atomic transmission, is more suitable for our purpose, as the operation can
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be done in a wider spectral range. Photon pairs shall be able to maintain their

entanglement degree after passing through the atomic vapor, as proved by

the InAs-QD-Cs vapor cell interface. [68] This section, adapted from Ref.[60,

104, 105], gives a basic introduction of the double transmission resonance

technique.

2.4.1 Group velocity of light

Before starting the control of the photons, it is crucial to elucidate two ideas,

the phase velocity and the group velocity. Let us start from a plane wave with

angular frequency ω and amplitude A,

E(z, t) = Aei(kz−ωt) + const. (2.15)

This monochromatic light propagates through a medium with refractive index

n. The wave vector k is k = nω/c, where c is the light speed in vacuum. To get

the phase velocity, we focus on one constant phase, which moves a distance

∆z in time ∆t. It can be described in another way: a point at a distance ∆

from the previous one, needs time ∆t to reach the same phase:

∆ϕ = k∆z − ω∆t = 0. (2.16)

Then we get the phase velocity

vp =
∆z

∆t
=

ω

k
=

c

n
. (2.17)

An optical pulse is a wavepacket consisting of multiple frequency compo-

nents. If the pulse gets no distortion during propagation through a medium,

the summed phase

ϕ = kz − ωt =
nωz

c
− ωt, (2.18)

shall be the same for every component ( dϕ
dω = 0), thus:

dn
dω

ωz

c
+

nz

c
− t = 0, (2.19)
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where z = vgt. If the medium is a non-dispersive one, we get nz
c
− t = 0,

v = z
t
, which is the same as vp. In a dispersive medium, the group velocity vg

is given by:

vg =
dω
dk =

c

n+ ω dn
dω

, (2.20)

and

ng =
c

vg
= n+ ω

dn
dω . (2.21)

It is evident that in a dispersive medium, vg is determined by the dispersion

ω dn
dω .

2.4.2 D2 transition in Rb

To derive the refractive index variation of an atomic vapour near the reso-

nance, we adopt a simple semi-classical model of the atomic system. An

electron bound to the Rb performs simple harmonic motion:

m[ẍ+ γẋ+ ω2
0x] = −eE(x, t) (2.22)

with m the electron mass, x the position of electron along the motion direc-

tion, γ the damping term, and ω0 the resonant frequency, respectively. When

a pulse of light (electromagnetic radiation) passes though the atomic vapour,

the dipole moment induced by the electric field oscillation (Eeiωt) near the

atom is:

p = −ex = (e2/m)(ω2
0 − ω2 − iωγ)−1E = ϵ0χeE, (2.23)

with χe the electric susceptibility and ϵ0 is the vacuum permittivity, respec-

tively. With N atoms in an unit volume χe of the atomic vapour is:

χe =
fe2/m

(ω2
0 − ω2 − iωγ)

, (2.24)

where f is the oscillator strength of the transition. f is rather small at for-

bidden transitions and particularly large at strong transitions, e.g., the D2 line

(5S1/2 → 5P3/2) of Rb. Rubidium has two stable isotopes in nature, 87Rb and
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85Rb. As we can see from the energy diagram illustrated in Figure 2.6(a), the

5S1/2 state has two hyperfine transitions splitted by about 28.3 µeV (12.6 µeV)

for 87Rb (85Rb), thus forms energy splitting in D2 lines. Note that, the 5p3/2 has

also 4 hyperfine transitions but 1-2 order smaller than that of 5S1/2 and much

narrower than the linewidth of GaAs QDs emission, thus, not considered in

this work.

By solving Maxwell’s equations, the phase velocity of light is written as vp =

1/
√
µϵ, when the light going through a medium with permeability µ, and per-

mittivity ϵ. The complex index of refraction is defined by c/v :

n∗ = n+ iκ, (2.25)

where µ0 and ϵ0 are the permeability and permittivity in vacuum, respectively.

In non-magnetic materials, µ/µ0 is approximately 1, thus

n∗ =
√

ϵ/ϵ0 ≈ 1− πNfe2∆ω/ω0m

∆ω2 + γ2/4
+

iπNfγe2/2ω0m

∆ω2 + γ2/4
, (2.26)

where ∆ω = (ω − ω0).

The refractive index is the real part of n∗ as:

n = Re(n∗) ≈ 1− πNfe2∆ω/ω0m

∆ω2 + γ2/4
(2.27)

The imaginary part of n∗ is called the extinction coefficient or the mass atten-

uation coefficient:

κ = Im(n∗) ≈ πNfγe2/2ω0m

∆ω2 + γ2/4
. (2.28)

which describes the attenuation of a wave intensity when propagating through

the material with the absorption of the gas. The relationship of the refractive

index n and the extinction coefficient nκ is plotted in Figure 2.6(b). We would

adopt transmission spectra to help locate the spectral position of the doublet

(see a typical transmission spectrum of 87Rb and 85Rb in Figure 2.6(c).
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2.4.3 Pulse Distortion

When a pulse propagates through a highly dispersive medium, a significant

problem is the pulse distortion[60, 104].

For convenience we write the wave vector in Taylor expansion:

k(ω) = k0 + k′(ω − ω0) + 1/2k′′(ω − ω0)
2 + ..., (2.29)

where

k′ =
dk
dω =

1

vg
=

ng

c
, (2.30)

k′′ =
d2k

dω2
=

d(1/vg)
dω =

1

c

dng

dω . (2.31)

Let’s suppose such a scene that a pulse with duration T0 and a frequency

bandwidth ∆ω is sent through a cell with length L fulfilled by a highly disper-

sive medium. The transit time T in the atomic is written as T = L/vg = LK ′,

thus the spread of the transit time of the pulse with a frequency bandwidth

∆ω in the medium is:

∆T ≈ Lk′′∆ω =
L

c

dng

dω ∆ω (2.32)

To maintain minimal distortion (small ∆T ), a narrow ∆ω is favorable. In an

extreme case, if the slow light experiments are carried out at the frequency

range where dng

dω → 0, the pulse distortion can be ignored. However, due

to the spectral diffusion, the GaAs QDs in this work have a much broader

linewidth, typically 20−60µeV . An increased multiphoton emission probability

caused by the pulse dispersion of QD emission in the Rubidium cell will be

discussed in Chapter 7.
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3 Experimental methods

3.1 Epitaxial growth of GaAs QDs

3.1.1 Brief introduction of Molecular beam epitaxy

Since John R. Arthur and Alfred Yi Cho’s pioneering work on growing GaAs

epilayers at Bell Labs in the late 1960s [109, 110], molecular beam epitaxy

(MBE) has become one of the essential epitaxial technologies for the pro-

duction of high-purity single-crystal thin films of semiconductor. The growth

occurs when collision-free molecular beams are directed to heated substrate

in the ultra-high vacuum (UHV) chamber. Multiple in-situ measurements, e.g.,

reflection high-energy electron diffraction (RHEED) and mass spectrometry,

together with the rapid shutters of the beam sources, enable the atomic-level

control of the epitaxial growth process. On the one hand, this technique can

provide epilayers with minimized impurity or crystal defect density. On the

other hand, it can be used to obtain complex heterostructures, e.g., p–n junc-

tions, distributed Bragg reflectors (DBR) in one growth without interruption.

Those properties are essential for producing quantum optoelectronic devices

with low impurity and defect densities.

The QD samples presented in this work, except some early diode sam-

ples from Leibniz Institute for Solid State and Materials Research (IFW) in

Dresden, were grown by OCTOPLUS MBE system from Dr. Eberl MBE-

Komponenten GmbH. This model contains three chambers, load-lock, trans-

fer, and growth chamber, separated by gate valves. In our case, epi-ready

2-inch GaAs wafers or parts of 2-inch wafers soldered on a 2-inch Si wafer by
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indium were loaded from the load-lock chamber. The pressure of the load-

lock chamber is deduced from the atmosphere (during loading) to 10−9 torr

before delivering the wafers to the transfer chamber, where the wafers get de-

gassed (desorbing water vapour and adsorbates) by annealing at ∼ 340°C for

at least 3 hours. The degassed wafer was then transferred to the main cham-

ber for the epilayer growth. This three-chamber-apparatus (see the sketch in

Figure 3.1) minimizes, to the maximum extent, the atmosphere contamination

in the growth chamber.

The stable ultra-high vacuum in the main chamber, ∼ 10−10 torr, is maintained

by a powerful cryogenic pump, ion pump, and titanium sublimation pump.

The shroud of the main chamber is filled with liquid nitrogen (LN) (‘cold wall’

design), which restrains the desorption of molecules from the chamber wall,

which can significantly heat up during the growth.

The wafer is mounted facing down on a rotatable manipulator in the growth

chamber, which enables uniform epilayer growth. Our MBE has two Knudsen

cells for melted Ga and another two for Al, as well as a valved cracker cell

containing As. The temperature of the cracking zone was kept at around

∼ 500°C to produce As4 molecules for this work. Doping was introduced

by silicon (Si) and carbon (C) sublimation sources, whose beam flux was

controlled by current (thermal sublimation). Ga and Al beam flux were tuned

by the crucible temperature and on-off controlled by a pneumatic shutter,

while the As flux was finely controlled via a rotating needle valve. All beam

fluxes were calibrated at least once a week by a beam flux monitor to maintain

accuracy.

The epilayer growth rate can be monitored by a reflection high-energy elec-

tron diffraction (RHEED) setup. A collimated high energy electron beam gen-

erated by a 10 − 50 keV electron gun impinges on the wafer surface. By

measuring the reflection of the beam from the surface, this RHEED setup

provides real-time surface information of the wafer (e.g., roughness and re-

construction) by diffraction pattern. The intensity oscillation of the diffraction

pattern represents the growth cycle of a monolayer.
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Figure 3.1: Schematic representation of a main chamber of a III-V molecular
beam epitaxy system. [111]

3.1.2 Epitaxial growth of QDs

The history of semiconductor QDs stretches back to the 1980s when peo-

ple tried to create QDs by etching quantum wells (QWs) with lithography

patterns. [112] This top-down method undoubtedly introduced plenty of de-

fects and was sooner replaced by the self-assembled, bottom-up semicon-

ductor epitaxial method. Early investigations on QDs were obtained on the

thickness or alloy fluctuations in thin epitaxially grown QW. These ‘natural’

QDs have poorly defined density, shape, and optical properties. Later on,

self-assembled technologies including Stranski-Krastanow (SK), droplet Epi-

taxy (DE), and Local droplet etching (LDE) were developed to produce high-

quality QDs.

In the SK growth, nanoisland is formed via the relaxation of a strained epi-

layer. Thus the SK growth is widely used in the core/barrier combination with

high lattice mismatch, e.g., Ge/Si [113] and InAs/GaAs [114, 115]. The emis-

sion energy of the SK QD is determined by the material composition and

morphology of the nanoislands. The latter one can be tuned by rapid thermal

annealing [116] or evaporating parts of the islands via partial capping and in-

situ annealing [117–120]. SK method has the advantage of easy implemen-

tation, but in the meantime, the disadvantages of the residual strain, interface



32 Chapter 3. Experimental methods

mixing of core/barrier, the composition gradient, and limited choice of mate-

rial or orientation of the crystalline substrate. Nevertheless, SK growth is still

one of the mostly used methods to fabricate high-quality QDs, which had ex-

cellent performance in the single-photon and entanglement experiments. [96,

98] The InAs/GaAs QD sample used in the Chapter 4.3 was grown by SK

method.

In the DE growth, nanoislands are built by crystallization of metallic droplets

on a metal-stabilized surface. Taking GaAs/AlGaAs QDs as an example,

first Ga droplets are formed on the metal-stabilized surface, either by depo-

sition (in the absence of As vapor) or As desorption. Then, these droplets

are converted into crystalline GaAs island under As atmosphere, via ab-

sorption of As atoms and diffusion of Ga atoms (driven by the concentration

gradient). Meanwhile, by proper diffusion and crystallization conditions, the

nanoislands can be tailored to variable shapes like rings, disks, or more com-

plex morphologies. [121–123] DE growth, widely used in material system as

GaAs/AlGaAs [124], GaN/AlGaN [125], GaP/GaAs [126], GaSb/GaAs [121]

QDs, is superior in terms of good control in density [127, 128]/ size [127]/

morphology, [123] and possibility to produce high in-plane symmetry QDs [123,

129]. However, to restrain the bidimensional transformation of the islands

on (001) GaAs substrates, the substrate temperature during crystallization

is typically as low as ∼ 150°C to ∼ 350°C (note that for (111)A GaAs sub-

strates, growth temperature of ∼ 500°C are possible. [130, 131]) This un-

avoidably leads to a high defect density in the crystal, affecting the optical

properties. Although the post-growth annealing can solve this problem to a

certain extent, the optical quality of DE QDs is still worse than that fabricated

by Local droplet etching (LDE) at around ∼ 600°C. [35]

Local droplet etching

In this work, we choose to use the local droplet etching technique to grow

the strain-free GaAs/AlGaAs QDs. In LDE, QD cores are formed by filling the

nanoholes on the barriers etched by metallic droplets. In this work we use
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Figure 3.2: (a) Al droplet deposition under zero As atmosphere. (b) As atoms
migrating from the substrate to the droplet and then crystallize on the wall of
the nanoholes. This progress takes place at gradually increased As flux. (c) Ga
deposited under As flux to the surface after nanohole drilled, forming GaAs fill-
ing and WL. (b) finish of the QD structure by deposition of the top barrier.

Al droplet as the etchant, which are reported to given high symmetric and

proper density nanoholes on Al0.4Ga0.6As (or Al0.33Ga0.67As) [31, 35, 36].

First, as shown in Figure 3.2, with As shutter closed, Al droplets (correspond-

ing to 0.14 nm AlAs) are deposited on the Al0.4Ga0.6As (Al0.33Ga0.67As) sub-

strate (As equivalent pressure during this step about 100 times lower than

during a typical GaAs growth). [132, 133] Within a gradually increased As

atmosphere, As atoms in the substrate under the droplet (As rich phase)

migrates towards the Al droplet (As poor phase) due to a concentration gra-

dient and leading to the liquefaction. This liquefaction leads to the forma-

tion of nanoholes. Meanwhile, (Al)GaAs gets crystallized on the wall of the

nanoholes and later forms a ring-like shoulder around the nanoholes (see the

AFM scan in Figure. 3.3).

Then the GaAs QD is formed by depositing ∼ 0.5-3.5 nm GaAs on the surface

with nanoholes, followed by 2 min anealing and then capped by Al0.4Ga0.6As

(Al0.33Ga0.67As) as the top barrier. The overflowed GaAs forms a two-dimensional

(2D) wetting layer(WL) above the nanoholes, which, after capping, become

a quantum well (QW) around the dots. Thus, the total height of the QD is

defined by NH depth plus WL thickness. NH in this works has a width (full

width at half-maximal depth) around ∼ 33 nm and a depth of ∼ 7–10 nm. [35]

By tuning the WL thickness [134, 135] the QD wavelength is modified to near

the Rb D2 transition (∼780 nm, ∼ 1.58954 eV). A scheme of the growth is

shown in Figure 3.2.
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Figure 3.3: (a) AFM images of a typical nanohole fabricated on Al0.33Ga0.67As
epi-layer on GaAs (100) substrates. (b) The corresponding line profiles
of nanoholes along the directions marked with black and red lines in (a)
along [110] and [110] crystal direction of (Al)GaAs.

The LDE growth, with strain-free materials and high growth temperature, has

several advantages compared with other epitaxy methods (e.g., Stranski–

Krastanov (SK) growth mode and droplet epitaxy), due to the minimized lat-

tice distortion in QDs (lattice matching of core and barrier materials), less

intermixing of core/barrier material, proper QD density [136], possible high

symmetric shape [35], and low crystal defect densities. [30–32, 137, 138]

3.2 Preparation of the samples

GaAs capping layer (10 nm)

GaAs capping layer (10 nm)

Al Ga As sacrificial layer (100 nm)0.7 0.3

GaAs QDs in Al Ga As matrix0.4 0.6

GaAs buffer layer and substrate

Figure 3.4: GaAs QDs embedded in a p-i-n structure grown on a GaAs sub-
strate.

To enable the detachment of the epi-layer from the substrate for further pro-

cessing, a highly HF sensitive Al0.75Ga0.25As (so-called the sacrificial layer)

is grown on the substrate before the active structure. A typical full as-grown

structure is shown in Figure 3.4, consisting of a GaAs buffer for minimizing

the crystal defect density from GaAs (001) substrate, a sacrificial layer of

200 nm Al0.75Ga0.25As, 4 – 10 nm GaAs to prevent oxidation of AlGaAs, an
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Figure 3.5: Sample processing for a strain-tunable GaAs LED device reported
in Chapter 7 and 6.

Al0.4Ga0.6As (or Al0.33Ga0.67As) barrier with GaAs QDs at its middle, and a

top 4 – 10 nm capping GaAs layer. The sacrificial layer is used to release the

active layer from the substrate. In the p-i-n structure, part of the Al0.4Ga0.6As

and the two capping are highly doped by Si and C.

After growth, the epi-layer containing QDs was removed from GaAs sub-

strate and integrated with other post-processing tuning platforms via thermo-

compression bonding. The processing steps shown in Figure 3.5 were used

to process strain and electric tunable devices for Chapter 6 and 7. First, the

Au pads (∼ 120 µm × 100 µm) with a thin (∼ 5 nm) Cr adhesion layer were

deposited via high vacuum thermal deposition on windows defined by pho-

toresist. After lifting off the photoresist, the sample was etched by diluted

piranha solution (H2SO4 (98% wt): H2O2 (30% wt): H2O (deionized) 1 ml:

8 ml: 200 ml) until the sacrificial layer (about 5 min at room temperature).

Then the sacrificial layer was removed by HF 20% solution. The small pieces

of epilayer with Au masks were compressed to an Au (Ag) coated PMN-PT

piezoelectric actuator under 15N force (∼ 6×105 Pa) at 250°C for 10 min. The

Au (Ag) - Au (Ag) bond ’sticks’ the mesas onto the substrate. In this thesis,
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Figure 3.6: Sample processing for the multilayer metal-oxide-semiconductor
cavity structure reported in Chapter 4

we use GaAs wafer and PMN-PT piezoelectric actuator as the substrates. To

finish the device, the piezoelectric actuator was mounted onto an AlN chip

carrier providing electrical contacts both to the diode nanomembranes and

the piezoelectric actuator. The electric field is tuned by a bias voltage Vd,

while the strain-state of the membrane is varied by applying a voltage Vp

across the PMN-PT piezoelectric actuator. The two circuits share a common

ground (see Fig.3.5(f)).

The processing method for the multilayer metal-oxide-semiconductor struc-

ture was slightly different. First, the mesas were defined by photoresist and

optical lithography. After etching via piranha solution and HF solution, the

photoresist was removed by acetone/isopropanol rinsing and 15 min ozone

ashing. Then oxide layers, consisting either of HfO2 or Al2O3, were deposited

by atomic layer deposition (ALD), followed by 200 nm Au (or Ag) via high vac-

uum thermal deposition. After bonding onto a piece of Au (or Ag)-coated

GaAs (or PMN-PT) substrate, the structure was completed by depositing top

HfO2 or Al2O3 layer and 20 nm Ag.
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Figure 3.7: Schematic illustration of the µ-PL apparatus used in this thesis.

3.3 Optical apparatus

In this thesis, the characterization of QD-devices is mainly achieved via pho-

toluminescence and electroluminescence spectroscopy on single QDs. The

general setup, as illustrated in Figure 3.7 consists of three central systems as

the excitation system (light green), imaging system (yellow), and spectrom-

eter system (pink). Several specific modifications will be presented in the

corresponding Chapters.

3.3.1 Excitation system

For the PL excitation, we used a 632 nm line of a He-Ne continuous wave

(CW) laser (above band excitation) or a wavelength-tunable (690 to 1040 nm)
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Ti:sapphire femtosecond laser with 80 MHz repetition rate and 100 fs pulse

width (above band excitation/resonant excitation). Several neutral density fil-

ters, 1/2 λ wave plate, and a polarizer were used to attenuate and control

the excitation power. The laser beam was divided by a 10/90 beam spliter

(BS) to let 90% of the light passing through an objective towards the sample

embedded in the cryostat, while 10% went to a power meter. The objec-

tives applied in the work were: Mitutoyo LCD Plan Apo NIR x50 numerical

aperture (NA) 0.42, Mitutoyo LCD Plan Apo NIR x50 NA 0.65, and Olympus

LCPLN100XIR NA 0.85. Due to the wide distribution of the emission angle

of the sample, the objective with a smaller NA number suffered a loss of sig-

nal intensity but gained a larger working distance (WD) as ∼ 2 cm (NA 0.42),

∼1 cm (NA 0.65). The NA 0.85 objective with only ∼ 1.48 mm WD was used

for the collection efficiency measurement and back focal plane imaging. The

measured sample was mounted in a helium flow cryostat working at 8 K tem-

perature with a motorized mechanical linear X-Y stage underneath for spatial

control. The cryostat had electrodes connected with power supplies for EL

excitation and piezo voltage control. After the objective, laser light was fil-

tered by a long pass filter, while emission light was guided by a flip mirror to

either the imaging system or spectrometer system for further analysis.

3.3.2 Imaging system

To identify the measurement position, the surface, illuminated by a white light

lamp, was cast onto a CMOS camera (ZWO Kamera ASI 183 MM Mono) via

an imaging lens. Another function of the imaging system was the recording

of the Back Focal Plane (BFP) image. As the emission light from the emitter

was guided by an objective (or a fibre) with a limited collection angle, it is

important to know the angular distribution of the radiation beam. In the ideal

case, most of the emission light should be beamed in the forward direction

and distributed in the collection angle of the objective. The BFP imaging, also

known as Fourier plane imaging, reveals the angular distribution, instead of

the emitted beam’s spatial information. The concept of the Fourier transform
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Figure 3.8: Schematic of the back focal plane transform with a lens. Adapted
from Ref.[139]

by a lens is shown in Figure 3.8. The emissions coming from the sample

plane f(x,y) are categorised by their emission angle (θx, θy) and focussed to

the BFP at position (fθx, fθy). To obtain a BFP image of the objective, one

more lens (referred to as Fourier lens) was inserted between the objective

and the imaging lens. A glass-corrected Olympus NA 0.85 objective was

used to collect the emission. After passing through the objective and fil-

ter the laser beam, the emission was guided through a wavelength-tunable

notch filter (OptiGrate BNF-785-OD3-11M). This notch filter allows rejecting

light in the range of ∼ 775-786 nm with a bandwidth of 0.2 nm. BFP images

of a spectrally sharp emission, e.g., a bright X0 peak, were obtained in the

approach shown in Figure 3.9. First the BFP image of the whole emission

from a QD under above-barrier excitation (for high brightness) was recorded.

Then another BFP image, with the selected emission blocked by the notch

filter was recorded with same exposure time. By subtracting these two BFP

images, the clean BFP image of the filtered peak was obtained.

3.3.3 Spectroscopy system

In the spectrometer path, the QD emission was recorded via a spectrom-

eter with a (double) 1800 lines/mm (1200 lines/mm) grating connected to a

liquid-nitrogen-cooled charge-coupled device, leading to a resolution of about

40 µeV (60 µeV) of a single spectrometer. A rotatable half-wave plate and a

fixed linear polarizer were placed in front of the spectrometer to characterize
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Figure 3.9: Optical setup for back-focal-plane imaging. A glas-corrected objec-
tive with NA=0.85 collects the light emitted by a QD. After a 750 nm longpass
filter, a wavelength tunable notch filter allows rejecting light in the range of ∼
775-786 nm with 0.2 nm bandwidth. Then a flipping mirror is used to switch the
light path from the spectrometer to the camera. Before reaching the camera, the
light passes though a removable Fourier lens and a fixed image lens.
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after insertion of a notch filter to reject the strongest X0 peak (in the shaded
region). Top right: spectrum obtained from the difference of the two previous
spectra. Bottom: corresponding BFM images. * The ’max’ limit of the colour
bar is chosen to be the number of the highest 0.1% intensity. That means we
leave the highest 0.1% intensity as saturation in the figure for better observa-
tion.
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the polarization properties of the emission. The spectrometer had its exit slit

connected with an (or more) avalanche photodiode (APD) with time resolution

≤50 ps, which connected a time-correlated single-photon counting module.

Hanbury Brown–Twiss setup

Because of the discrete energy levels, QDs are a naturally ideal source of

single photons. Each spontaneous radiative decay of XX-X0 or X0 to ground

state results in an emission of a single photon. This single-photon property

can be quantitatively characterized by an autocorrelation measurement using

a Hanbury Brown-Twiss (HBT) setup. The basic HBT setup, developed by

Hanbury Brown and Twiss in 1956, consists of a 50/50 BS and two APDs

connected to a fast correlation electronics system. After being divided by

a 50/50 BS, the signal beam is guided to two APDs with an equal length

of the optical path. When a single photon arrives at APD1, the correlation

electronics reset a counter, recording the arriving time (called time delay) τ

of the photon on APD2. The result coincidence photon intensity as a function

of τ is written as:

g(2)(τ) =
⟨I(t)I(t+ τ)|I(t)I(t+ τ)⟩

⟨I(t)|I(t)⟩ ⟨I(t+ τ)|I(t+ τ)⟩
, (3.1)

where the ⟨I(t)|I(t)⟩ is the average intensity for both APDs at a time t. With

an efficient signal-to-noise ratio, g(2)(τ) presents the probability of finding co-

incident photons in both detectors at delay time τ . The value of second-order

correlation function g(2)(τ) for coherent light yields to 1 at all time delays. For

chaotic light, the second-order correlation function presents a peak at zero

time delay, known as photon bunching. A single-photon source should emit

photons one by one. Thus no photons can arrive at two detectors at the same

time. This property is presented as a dip at zero time delay as g(2)(0) = 0

(anti-bunching). However, in the experiments, the measured g(2)(0) is slightly

above 0, being referred to as the single-photon purity. This deviation may

stem from many reasons, for example, the recapture processes (X0 re-excited
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to the XX level before decaying to ground state), laser scattering, and time

jitter of the arriving photons.

For the auto-correlation measurements under pulsed excitation, the histogram

of the second-order correlation function shows discrete peaks with the same

period as the time elapsed between two subsequent laser pulses. The single-

photon purity is calculated as:

g(2)(0) =
A0

AS

, (3.2)

A0 is the central peak’ area, while As is the average area of few side peaks

next to zero time delay. Note that the condition for using this formula is when

the photon extraction efficiency (amount of the emitted photon out of the sam-

ple/total excitation pulse) η ≪ 1. When η < 1, the height of the side peaks

drops exponentially with increasing of τ and yields to a constant in the mi-

crosecond timescale. In the µs timescale, we also observed a dropping of

peak intensity, which may be related to the QD blinking. [140] The QD blink-

ing, a random switch between ’ON’ (bright) and ’OFF’ (dark) states, is most

probably caused by random processes of ionization and neutralization of the

QD. Since the coincidence can only occur in an ”ON” state, its magnitude de-

creases with the increasing time delay (see Figure 3.11(b)). In Chapter 4 we

estimated the blinking rate ηblinking by this coincidence drop at µs timescales.

When the two optical paths have different lengths, for example, in Chapter 7,

a warm Rb cell is inserted in one path (see Figure 3.11(c)), introducing an

extra time delay t0 when the emission is resonant with the 87Rb D2 transitions.

This unbalanced optical distance of the two paths led to a shift of the center

dip.
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Figure 3.11: (a) Auto-correlation measurement under pulsed excitation, with
equal optical length on two paths. (b) Linearly co-polarized cross-correlation
measurements between X0 and XX on a long time scale. Filters are used in the
two paths to select X0 and XX. The height of the peak decreases because of
the blinking effect of the quantum dot. (Please ignore the very high first peak
here. We will have detailed discussion of this figure in Chapter 4.) (c) The auto-
correlation measurement under continuous excitation, with equal (cold Rb) and
different (warm Rb) optical lengths on two paths. Details will be discussed in
Chapter7
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4 Bright Single Photon

Emission from Quantum

Dots Embedded in

Broadband Cavities

4.1 Introduction

Part of the results reported in this chapter have been published in ” Bright

Single Photon Emission from Quantum Dots Embedded in a Broadband Planar

Optical Antenna” by Huang, H.; Manna, S.; Schimpf, C.; Reindl, M.; Yuan, X.;

Zhang, Y.; da Silva,S. F. C.; Rastelli, A. on Advanced Optical Materials2021,9,

2001490.

Out of the several challenges to be overcome, low photon collection efficiency

is one of the most difficult to tackle. Many different methods have been

demonstrated to solve this problem over the years, [141] including planar

Fabry-Perot cavities based on distributed Bragg reflectors (DBR), [16, 142]

solid immersion lenses (SILs), [143, 144] evanescently coupled SILs, [145,

146] 3D printed micro-SIL, [147] micropillars based on DBRs, [22] photonic

crystal cavities, [141, 148] photonic trumpets, [69, 149] microlenses, [147,

150] backside metal mirrors, [151, 152] and circular Bragg grating struc-

tures. [40, 153, 154] Among the aforementioned approaches we distinguish

those requiring precise QD positioning with respect to the photonic structure
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for optimal performance [40, 69, 147, 149, 150, 153, 154] and those which

do not require QD positioning. [16, 142–146] In the case of narrow-band cav-

ities, [22, 141, 148] spectral correspondence between cavity mode and QD

emission is also needed. Complex processing steps involved in some of the

above methods, as well as dot-to-dot fluctuations, come together with the

issues of reproducibility and scalability, which are seldom discussed in the

literature. [155] Planar structures are still attractive in this respect, with DBR-

based cavities being the most common. As an example, in Refs. [14, 38, 42],

GaAs QDs have been embedded in a lambda cavity sandwiched between 2

top and 9 bottom pairs of Al0.95Ga0.05As/Al0.2Ga0.8As layers. By placing a zir-

conia SILs on the DBR sample, a collection efficiency of 10% (for a numerical

aperture (NA) of 0.81) was achieved in the experiment. [42]

In this Chapter, we demonstrate our efforts to improve the photon collection

efficiency of GaAs samples. Firstly, we show the performance of zirconia SIL

and the metal-air cavity used by the LED samples in previous chapters. Then

we introduce a broadband planar optical antenna structure that, in theory,

leads to maximum efficiency of 43% with a bandwidth of ∼ 30 nm (working

range for more than half of the maximal efficiency). In the experiments, we

achieved a maximum collection efficiency of approximately 19 ± 2% and an

ultra-low multi-photon emission probability of 0.006±0.005 by using this planar

optical antenna structure. Additionally, we propose an improved planar an-

tenna structure in the last section, which possibly leads to maximal efficiency

of over 80%.

4.2 Strong total internal reflection and the lim-

ited collection efficiency from (Al)GaAs

When a beam of light coming from high refractive index n1 travels to a medium

with a lower refractive index n2 with incidence angle θ1, see Figure 4.1 (a),

it bends away from the normal and exits at a refraction angle θ2 > θ1. The

relationship between the incidence angle θ1 and refraction angle θ2 follows
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Figure 4.1: The principle of (a) light refraction and (b) total internal reflec-
tion. (c) The schematic diagram of light travelling from (Al)GaAs through
a Weierstrass-geometrical SIL to the air (vacuum), adapted from Figure 1 in
Ref.[143]. The SIL has the radius r and is truncated at height a at the low hemi-
sphere.

the Snell’s law:
sin θ1
sin θ2

=
n2

n1

. (4.1)

As the incidence angle θ1 increases, so does the refraction angle θ2, which

eventually reaches 90°. The critical incidence angleθc, which brings 90° re-

fraction angle is:

θc = arcsin n2

n1

. (4.2)

When incident angle exceeds θc, the beam can no longer escape (see Fig-

ure 4.1(b)). The refractive index of about 3.3 for (Al)GaAs materials at ∼10 K

leads to a critical angle θc = 17.6°. (Note that the refractive index of (Al)GaAs

materials depend on the Al content, temperature, and wavelength. [156].

Here we choose the refractive index of Al0.33Ga0.67As at ∼10 K for 780 nm

wavelength as ∼ 3.3, for all of the following calculations.) That means only

<2% of light can be extracted from the (Al)GaAs planar surface to air. [143].

The low extraction efficiency, which most probably leads to low signal-noise

level on the detector, is undesirable in the application of single/entangles

photon. [143].
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Figure 4.2: Simulation of the extraction efficiency from planar (Al)GaAs in air
and inside zirconia.

4.3 Solid immersion lenses

The SIL system was first obtained by Mansfield and Kinoin in 1990 [157]

as an alternative to liquid immersion objective to build up high resolution

microscopy. In the past three decades, SILs were not only applied for im-

proving the optical resolution [158–161], but also for enhancing the extrac-

tion efficiency of point-like emitters [14, 91, 143, 147, 162–167]. With the

help of SILs, dense optical data storage [168, 169] and entanglement exper-

iments [44, 91] were realized.

As the first attempt to increase the extraction efficiency, we put a zirconia

(n≈ 2.1) Weierstrass SIL on top of an as-grown sample. The Weierstrass ge-

ometry, as shown in Figure 4.1 (c) is a hypersphere with a = r/n2. Compared

with the hemispheric SILs, the Weierstrass SIL is better at bundling the light

to a small collection angle, although it brings a larger chromatic aberration

for a broadband emission. [143] As shown in Figure 4.1(c), θ1 and β2 are the

incidence angles from (Al)GaAs (n1 to SIL (n2 ≈ 2.1) and SIL to air/vacuum

(n3), while θ2 and θ3 are the corresponding refraction angles. γ, between nor-

mal and the exiting direction is the collection angle. We get the geometric

expressions as:

θ2 = arcsin
(
n1

n2

sin(θ1)
)
, (4.3)
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and

γ = arcsin
[
n1

n2

sin(θ1)
]
+ arcsin

[
n1

(n2)2
sin(θ1)

]
− arcsin

[
n1

n2n3

sin(θ1)
]
. (4.4)

By applying n3 = 1, we get:

γ = arcsin
[

n1

(n2)2
sin(θ1)

]
, (4.5)

and

sin(γ) = 1

n2

sin(θ2). (4.6)

With n2 = 2.1, the critical incidence angle of GaAs to SIL θ1c increase to 39.5°.

The the critical incidence angle β2c of SIL to air/vacuum is 28.4°, in which

case the corresponding θ2c is about 87.2°. By using the 3D FDTD method

(Lumerical software), we simulated the extraction efficiency as a function of

collection angle θ2 in the air (green line, n=1) and in zirconia (blue line, n=2.1).

The dipole emitter is under 260 nm AlGaAs (n = 3.3). The result is shown

in Figure 4.2. In the experiments, we have to consider the SIL’s height for

leaving enough working distance which limits the NA of collection optics. Let’s

assume using an objective of NA 0.42. The collection angle γ of NA 0.42 in

the air is ∼ 24.8°. Now the corresponding θ2 is 61.74°, corresponding to a

collection efficiency of 11.6% in the zirconia.

Now we make a simple estimation of the lowest reflection loss in each inter-

face by assuming a normal incidence in the Fresnel equation:

RGaAs−SIL =
|n1 − n2|
|n1 + n2|

2

, (4.7)

RSIL−air/vacuum =
|n3 − n2|
|n3 + n2|

2

, (4.8)

and get the reflection loss of about 5% at the GaAs-SIL interface and about

10% at the SIL-air/vacuum interface. Obviously, this coarse estimation just

can give us the lowest value of loss, as the reflection loss actually pops up
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Figure 4.3: Experimental results of the saturated intensity of X0 obtained
from the sample with and without SIL. An objective with NA 0.42 was applied
to collected the signal. Y-axis of this plot is the intensity integrated from X
peak after deducting the background noise.

with the increase of the incident angle (the loss becomes 100% when the inci-

dent angle reaches the critical incidence angle). In Fig. 11 of Ref. [170], the

authors compared the collection efficiency with and without considering inter-

face reflections by performing Monte-Carlo simulations. The semiconductor-

SIL-air configuration in Ref. [170], is the same as Figure 4.1(c), with n1 = 3.5,

n2 = 1.88, n3 = 1. After considering all the interface loss (GaAs-SIL and SIL-

air), the collection efficiency is about (slightly higher than) half of that with-

out considering the interface reflection. Therefore our SIL-air interface loss

should be larger than 10% and smaller than 50%. We coarsely estimated our

collection efficiency of using NA 0.42 objective is actually between 6 – 10%,

about 20 times higher than that without SIL (about 0.4%, see Figure 4.2).

We investigated the performance of SIL in our lab on an InAs/Al0.4Ga0.6As

QD sample. This sample, named O723 grown by Dr. Eugenio Zallo in IFW

Dresden, also has a diode structure. Note that, here, we only treated the QDs

as point light sources. Relevant research on the optoelectronic property of

this sample can be found in Ref.[96, 97]. A zirconia-hyperspherical SIL was

put to the top surface of the sample by touching it with vacuum grease. An-

other piece of as-grown sample was used as a reference. Both samples were

excited by a red Helium-Neon-Laser (wavelength ∼ 632 nm). Unfortunately,

this intensity was too low for a direct measurement of the collection efficiency
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measurement (see section 4.5.2). Therefore we made a qualitative estima-

tion by compared 12 saturated X0 from both samples to get a general idea of

the enhancement. The saturated-raw-integrated intensity (background sub-

tracted) of those 24 X0s is plotted in Figure 4.2. For clarity, the dots were

arranged by their brightness from low to high. The average intensity of X0

under SIL is 17524 couts/s, 2.6 times that from the sample without SIL as

6663 counts/s. The ratio between the brightest X0s from SIL and as-grown

samples is 3.2. We attribute the discrepancy between simulation and predic-

tion to the scattering loss on the interface between sample to SIL and SIL

to air (imperfect smoothness on SIL surface) and the excentrical positions of

QDs under SIL. [143] However, the combination of SILs with other structures

is still helpful. For example, in Ref.[44, 91], by using a SIL plus a distributed

Bragg reflector (DBR) of 9 (bottom)/2 (top) pairs of Al0.2Ga0.8As/Al0.95Ga0.05As

layers, an extraction efficiency of ∼ 11% was obtained.

4.4 Metal-air-cavity
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Figure 4.4: Simulated efficiency and far field pattern of the Au-air cavity.

Here we simulate the collection efficiency of the simple metal-air-cavity used

in Chapter 7 and 6. The structure has 280 nm Al0.4Ga0.6As (refractive in-

dex 3.3) with Au at bottom shows a maximum efficiency of 19% (see Figure

4.4) for collection optics with a NA of 0.85. The cavity length is 1.18 λ (with

λ =785 nm, where the maximum efficiency is located). However, due to the
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interface loss, the real enhancement in the experiments is much less than

the theoretical value. The intensity of this sample is not enough for efficiency

calibration.

4.5 Bright single photon emission from quan-

tum dots embedded in a broadband planar

optical antenna

4.5.1 Introduction

Recently, another planar structure, following the principle of the Yagi-Uda

antenna, was proposed to beam the emission of a single molecule [171]

and later on, a theoretical study was put forth for diamond and GaAs mem-

branes. [172] This kind of planar configuration includes a rear mirror (reflec-

tor) and a semi-transparent front mirror (director) positioned at a distance d

of ∼ λ/10 to ∼ λ/6 from the dipole emitter. However, the practical implemen-

tation of such a design for a system consisting of GaAs QDs with emission

wavelength around 780 nm sandwiched between AlGaAs barriers is difficult,

as it demands the distance between QD and the semiconductor-oxide inter-

face as well as the mirrors to be ∼30-40 nm (verified by FDTD simulation).

Such a short distance inevitably results in line broadening due to spectral

diffusion caused by surface charge fluctuations. [173, 174] Although the an-

tenna efficiency drops with increasing thickness, it remains theoretically at

least 36% when d is ∼ 0.5λ, see the Supporting Information of Ref. [171].

Experimental attempts were performed on Silicon Vacancy (SiV) color cen-

ters in diamond films with d of ∼ 0.5 − 0.6λ, where the beaming effect and

collection efficiency enhancement was observed. [172]

In this section, we propose a planar antenna structure where the distance

between the reflector and the quantum dot is 140-145 nm (∼ 0.6λ), which is

sufficient to reduce the effects of the nearby interfaces. [174] Meanwhile, this
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Figure 4.5: a) Schematic diagram showing the cross-section of the layered cav-
ity structure. The semiconductor layer is made of Al0.4Ga0.6As and contains
GaAs dots in the middle. The thickness of 290 nm includes 4 nm GaAs capping
layers on top and bottom to prevent AlGaAs oxidation. b) Calculated collection
efficiency as a function of collection angle θ (see upper-right inset, where Ptrans

is the power emitted by the dipole within the collection cone) for the antenna
structure and an as-grown structure. The top left and bottom right insets show
emission patterns (with the same color scale) taken from the plane perpendicular
to the surface and containing the dipole.

design has a reasonably high collection efficiency and Purcell enhancement.

It maintains the beaming effect, and all the dots can be accessed without any

deterministic positioning.

4.5.2 Results and Discussion

To understand and optimize the optical properties of the thick antenna struc-

ture (Figure 4.5(a)), we use the 3D finite-difference time-domain (FDTD)

method to simulate the performance with the help of Lumerical software. [175]

In the simulation, the QD is represented by a Hertzian dipole source. [141]

As presented in Figure 4.5(a), a 290 nm thick Al0.4Ga0.6As layer (including

4 nm GaAs at the top/bottom to prevent oxidation) with GaAs QDs embed-

ded in the middle, lies between a ∼20 nm thick semi-transparent top metal

director (Ag) and a 250 nm thick bottom metal reflector (Au). The semicon-

ductor layer is separated from the metal by a thin (∼7 nm) oxide (e.g., Hafnia)

spacer. The key function of the spacer layer is to finely adjust the distance
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between the director and the reflector to tune the cavity’s central wavelength.

At the same time, the dielectric reduces losses due to surface plasmon po-

laritons at the semiconductor-metal interface. [172] We have also considered

Alumina (Al2O3) as the spacer material in the experiment. In the simulations,

the refractive index of Hafnia was chosen to be 2.0,[176] of Ag and Au from

the database of Ref. [177], of Alumina 1.63 (as measured by ellipsometry),

and of Al0.4Ga0.6As at low-temperature 3.3. [156]

In the FDTD simulations, the collection angle θ is defined as the angle away

from the normal to the sample surface, as shown in the top right inset of

Figure 4.5(b). To evaluate the collection efficiency (η) we need to integrate

the emitted power over a solid angle given by the NA of the collection optics

in the far field. For that we integrate the fraction of total electric field intensity

(|E|2 ) over the given solid angle θ, and multiply it by the normalized power

transmission through the monitor in the near field. [175] The formula reads

as:

η =

∫ 2π

φ=0

∫ θNA

θ=0
|E(ux, uy)|2 sin θdθdϕ∫ 2π

φ=0

∫ π/2

θ=0
|E(ux, uy)|2 sin θdθdϕ

× T

Fp

, (4.9)

where the far field electric field E is a function of the direction cosines (ux, uy),

θNA is the half-angle corresponding to a given NA, T is the total transmission

through the near field monitor, and Fp is the Purcell factor defined as the ratio

of the decay rate of the emitter within the structure under study (γem) relative

to a homogeneous medium (γ0
em).

Figure 4.5(b) displays the simulated collection efficiency as a function of the

half-angle for the as-grown structure and an antenna structure (AS0, with

parameters given in Figure 4.5(a) and Table F.3 in Appendix F). The maxi-

mum collection efficiency from a QD in AS0 is found to be ∼ 43%, which is

> 20 times higher than that for a QD in an as-grown sample (∼ 2%). Be-

cause of the beaming effect, most of the light from the antenna is distributed

within an angle of 60°, while a broader distribution is observed for the as-

grown structure. For some collection angle (40°), the theoretical performance

gap between antenna structure and as-grown sample can be higher than 50
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times. Also, from the simulation, it has been noticed that the maximum col-

lection efficiency is limited because of in-plane guided modes and surface

plasmon polariton (SPP) propagation along the surfaces.
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Figure 4.6: Simulation results for the structure in Figure 4.5(a): a) Collection
efficiency as a function of wavelength for three numerical apertures (NAs) of
0.42, 0.65 and 0.85.

In Figure 4.6 we plot the simulated collection efficiency of AS0 as a func-

tion of wavelength for three different collection half-angles θ as 24.8°, 40.5°

and 58.2°, corresponding to the NAs of0.42, 0.65 and 0.85, respectively. With

0.85 NA optics, maximal collection efficiency of ∼ 43% can be achieved at

∼ 780 nm. The blue shift of the collection efficiency peaks with increasing

NA can be explained by the photon dispersion inside the cavity,[178] where

the shorter wavelength emission (compared with the antenna central wave-

length) distributes at a larger dispersion angle. An important feature of the

presented design is its broadband efficiency enhancement: The width of the

spectral region in which the efficiency is greater than half of the maximum ef-

ficiency is as large as 30 nm. We define this quantity as bandwidth. In Figure

4.7(a) the reflectivity spectrum of AS0 is shown, which was simulated using

3D FDTD considering an NA of 0.85. The spectrum shows a broad dip, which

we identify as the cavity mode, with a minimum at a wavelength of 780 nm.

We also observe a variation of the Purcell factor across the reflectivity mini-

mum from 1.45 (at ∼760 nm) to 0.6 (at ∼810 nm) (see Figure 4.7(b)). Around

the minimum of cavity mode, the far-field pattern changes significantly, as
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shown in Figure 4.7(c). Moving from shorter to longer wavelengths, the radi-

ation patterns evolve from a ’donut’ shape to a pronounced peak around the

forward direction, which indicates a beaming effect.
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Figure 4.7: Simulation results for the structure in Figure 4.5(a): (a) Reflec-
tivity spectrum of the cavity structure. (b) Purcell factor as a function of wave-
length. (c) Far field emission patterns at several wavelengths close to the reflec-
tivity minimum (marked in the (a) and (b)). For clarity, each pattern is normal-
ized by its own max/min value of intensity. The white dotted circles mark the
maximum collection angle for NA = 0.85.

To investigate the role of the different layers on the antenna performance, we

have systematically varied the relevant parameters. In the top panel of Figure

4.8, we plot the cavity mode positions (i.e. the wavelength of the reflectivity

minimum) and the efficiency maximum wavelengths as a function of the top

Ag layer thickness for an NA of 0.85. We see that both quantities blue-shift

for increasing director thickness as the confinement of the electromagnetic

field in the structure improves. The difference between these two quantities

(∼ 2 – 3 nm) compared to the cavity bandwidth is ignorable, so that the reflec-

tivity minimum can be used in the experiment to locate the spectral position

at which the efficiency is maximal. The bottom panel of Figure 4.8 shows

the collection efficiencies as a function of the director thickness. According

to the simulation for metal-air cavity in section 4.4, without a director, the

collection efficiency saturates around 19% and is strongly dependent on the

NA of the used objective. By progressively increasing the thickness of the

director, we first observe an efficiency increase due to the improved direc-

tionality, and then an efficiency decreases due to reduced light transmission.
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Figure 4.8: Simulation results for varying layer thicknesses. Collection optics
with an NA of 0.85 are assumed. a) Wavelength of cavity mode (reflectivity min-
imum) and of maximum collection efficiency (top panel) and collection efficiency
(bottom panel) as a function of the thickness of the top Ag film (director). The
difference between the wavelengths of the reflectivity minimum and of the ef-
ficiency maximum are negligible compared to the bandwidth of the efficiency
enhancement. The inset shows simulated far-field patterns of samples with no
top Ag and with a 40 nm thick top Ag film. The beaming effect is evident in the
case of 40 nm Ag. These two patterns are normalized by their own max/min in-
tensity values.

From the simulation, we find that a ∼20 nm thick Ag top layer is the best

compromise. The plot shows a plateau with a width of about ±4 nm around

the maximum, which makes the design relatively tolerant to thickness fluctu-

ations. The beaming effect (see far-field patterns in the insets of the bottom

panel of Figure 4.8) comes from the constructive interference between the

reflected light from the backside reflector and the light emitted in the forward

direction, and it is further amplified by the top semi-transparent metal director

layer, like in a Yagi-Uda antenna. [171]

The cavity mode position can be altered by tuning the optical distance be-

tween the director and the reflector via the oxide thickness (see Figure 4.9(a)).

This can be useful to compensate the uncertainty (2 − −5%) on the epilayer

thickness as well as to match the QD central emission wavelength with the

efficiency maximum. Note that, unlike the thin antenna design,[172] our de-

sign is less affected by losses due to surface plasmon polaritons, so that a

theoretical maximum efficiency of 41% can be still obtained even without ox-

ide layers. By changing the thickness of the top oxide layer (e.g. Hafnia)
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Figure 4.9: Simulation results for varying layer thicknesses. Collection optics
with an NA of 0.85 are assumed. (a) Cavity mode spectral position as a func-
tion of the thickness of the top oxide layer (Hafnia) thickness. The maximum
efficiency drops slowly while tuning the cavity mode positions with the top oxide
layer. (b) Simulated collection efficiency when the QD position is moved verti-
cally from the center of the cavity.

from 3 to 40 nm the mode wavelength shifts from ∼770 nm to ∼ 820 nm (Fig-

ure 4.9(a)), while the overall efficiency remains larger than 37%, although the

dipole is already far from the center in the growth direction. The tolerance of

our design to misplacements along the vertical direction is demonstrated in

Figure 4.9(b), where the efficiency is found to remain above 37% for dot shifts

of ±15 nm in the AlGaAs.

It is worth noting that this relatively thick cavity sustains in-plane waveguided

modes and SPP modes which couple to the QD emission but do not reach the

far-field towards the collection optics, resulting in the effective loss of photons

within this structure. The number of in-plane waveguided modes and/or SPP

modes could be reduced by reducing the thickness of the structure, which, in

turn, will increase the maximum photon outcoupling efficiency. [172] These

thin designs theoretically can raise the efficiency to 60 − 80% or even near

unity (using a SIL). However, the pronounced spectral diffusion of QD emis-

sion induced by the nearby surface states of GaAs[174] might be the bottle-

neck for such a development. Details are provided in the following section.

In the next part, we show the experimental results from three samples and
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compare them to the simulations. The first one (namely, AS1) has the nom-

inal structure of AS0 used in the simulation in Figure 4.5(a), 4.6 and 4.6:

a 280 nm thick Al0.33Ga0.67As epilayer sandwiched between two 4-nm-thick

GaAs layers, and 7/8 nm of Hafnia at the bottom/top. The director is 20 nm of

Ag, and the bottom reflector is 250 nm of Au. The second sample (namely,

AS2) has a slightly thinner Al0.4Ga0.6As epi-layer (274 nm with 4 nm GaAs on

both sides) and 28/36 nm of Alumina at the bottom/top. These thicknesses

are chosen to tune the cavity mode position around 780 nm. The top director

and the bottom reflector in AS2 are 25 nm of Ag and 250 nm of Ag. AS1 and

AS2 are processed on a GaAs substrate. The third sample (namely, AS3)

has a similar structure as AS2, but it is processed on a piece of ∼ 100 µm

thick lead- magnesium-niobate -lead-titanate (PMN-PT) piezoelectric actua-

tor. The sample membrane was integrated in the way that the voltage across

this piezoelectric actuator will cause tensile/compressive strain on the mem-

brane. Note that for all three samples, we used a 1 – 2 nm thick Cr layer

between the bottom oxide layer and the reflector for better adhesion. Details

about the processing can be found in Chapter 3 and Ref. [25]. A list of all

sample structures and simulation parameters can be found in the Table F.3 in

Appendix F).

The cavity mode positions of the fabricated membranes from different sam-

ples are extracted from low-temperature reflectivity measurements. Mem-

branes out of AS1 exhibit a cavity mode at 780 nm and a typical reflectivity

spectrum is shown in Figure 4.10(a). A non-resonant 532 nm diode laser is

used to excite QDs inside this membrane, and their photoluminescence (PL)

spectra were compared to the spectra of randomly selected QDs from an

unprocessed as-grown sample, as shown in Figure 4.10(b). As-grown sam-

ples, without any kind of processing, exhibit resolution-limited neutral exciton

(X0) emission linewidths (≤ 40µeV). After proper processing, in the case

of fabricated membranes, the linewidths of X0 remain within the resolution

limit, whereas broadening of the PL lines can be observed in the membranes

which were not properly transferred/bonded (possibly due to residual shear
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Figure 4.10: Experimental results on QD intensity enhancement. All mea-
surements were performed on Sample AS1. a) Reflectivity spectrum at 6 K for
a membrane using an objective with a NA of 0.85. The reflectivity spectrum is
normalized by using a silver-coated Silicon substrate in the cryostat. The cor-
responding far-field emission patterns of the A, B, C, D points on the plot are
shown in the Figure 4.11. (a) b) Typical photoluminescence spectra of two dif-
ferent single QDs in the antenna and the as-grown sample obtained under above-
band excitation. For the QD in the as-grown sample, the spectrum is amplified
by 25 times for better comparison.

strain and associated piezoelectric fields). We have selected X0 lines of dif-

ferent QDs within the 770 – 790 nm spectral range (corresponding to the A, B,

C, D points in the reflectivity spectrum in Figure 4.10(a), and for each peak,

we have acquired a back focal plane image (BFP). Figure 4.11(a) shows

that the far-field pattern evolves from a donut shape to a peaked distribution

with increasing wavelength, similar to the simulation results shown in Figure

4.7(c). In the measurement, the two fine structure splitting (FSS) compo-

nents of the X0 line have a wavelength difference of ∼0.01 nm, which caused

only a negligible difference in the BFP images (see the Appendix E)). Using

above-bandgap excitation and an objective with a NA of 0.85, we measured

the saturated intensity of X0 peaks of more than 40 QDs from AS1 and an

as-grown sample in the whole spectral range from 770 to ∼790 nm, which is

covered by the antenna bandwidth, see Figure 4.11(b). The mean integrated

intensity of the QDs from AS1 is about 17 times larger than the correspond-

ing quantity for the as-grown sample. The enhancement factor is even larger
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Figure 4.11: Experimental results on far-field emission pattern. All measure-
ments were performed on Sample AS1. (a) Back focal plane images of X0 peaks
from different QDs with wavelengths corresponding to the different spectral po-
sitions A, B, C, and D marked in Figure 4.10(a) and 4.11(a). Each pattern is
normalized by its own max/min intensity. The white dotted circles mark the
maximum collection angle corresponding to an NA of 0.85. (b) The integrated
intensity of X0 peaks under saturation conditions in the case of the antenna
and as-grown samples in the entire range (770-790 nm), which is covered by the
bandwidth of the antenna. The average emission intensity for QDs in the an-
tenna structure is 17 times larger than for QDs in the as-grown samples.

(47 time) when using an objective with an NA of 0.65 (see Figure D.1(c) in

Appendix D). The larger enhancement at smaller NA is due to the improved

directionality of the emission of QDs in antennas, as seen in the calculations

of Figure 4.6.

To quantify the Purcell factor and collection efficiency of the antenna struc-

ture, we performed pulsed two-photon resonant excitation of biexcitons (XXs)

in QDs contained in the AS2 structure. From the time-resolved fluorescence

measurements, Purcell factors are estimated as the ratio of the measured ra-

diative lifetimes of X0 (XX) photons for different QDs in the antenna structure

and the corresponding average lifetimes for the as-grown samples (average

decay times for X0 and XX are 264 ± 9 ps and 129 ± 9 ps,[39, 42] respec-

tively). The experimental data are shown as symbols in Figure 4.12 together

with the simulation results (solid curve). The simulation results are based on

the nominal parameters of the AS2 structure with a minor adjustment of the

semiconductor thickness to fit the measured cavity mode position. From the
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Figure 4.12: Experimentally estimated Purcell factor of X0 and XX emissions
for different QDs from the structure AS2 as a function of emission wavelength.
Simulation results are shown as a solid curve.

comparison, we see that the experimental values of the Purcell factor and

their dispersion are in good agreement with the simulation.

In Figure 4.13 we plot the collection efficiency as a function of wavelength

obtained from simulations as well as measurements. To obtain the collection

efficiency, we follow the technique used in Ref. [153] and perform measure-

ments on the biexciton (XX) emission. The collection efficiency is estimated

as the number of XX photons detected per pulse, which is basically the cor-

rected detection rate on the Avalanche photodiode (APD) divided by the laser

repetition rate, and the correction includes the optical losses from three parts:

the transmission/detection efficiency of the set-up, the blinking rate, and the

XX preparation efficiency at π-pulse together with its radiative emission prob-

ability (p). The transmission/detection rates of all elements are listed in Ta-

ble 4.1. The blinking rate (induced by the charge noise), as well as the XX

preparation and radiation efficiency, were quantified with the help of linearly

co-polarized cross-correlation measurements of X0 and XX. [153]

The blinking of a dot, most probably due to random capture of a charge from

the environment, was estimated by the coincidence drop at µs timescales

relative to the zero delay (see Figure 4.14(a)). [19, 153]

The probability p of an XX/X0 pair to be generated and emitted was obtained

from a cross-correlation measurement between the XX and X0 photons in a
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Figure 4.13: Experimentally obtained collection efficiency of XX emission for
different QDs in AS2, along with simulation results for a structure with and
without a 1.8 nm Cr adhesion layer between the bottom oxide layer and the
metal reflector.

temporal range of 60 ns,[19] as shown in Figure 4.14 (b). A clear bunching

peak is observed around zero delay. The bunching peak stems from the

cascaded XX-X0 emission.

The coincidence probability at τ ̸= 0 (corresponding to an XX and X photon

generated in different excitation cycles) is proportional to 1
2
fX0fXXp

2, where

fX0(fXX) is the total probability of the X0 (XX) to be collected and measured

by the optical setup. The factor 1
2

stems from a polarizer which is inserted

into the common path of X0 and XX and aligned to the QD’s linear eigensys-

tem. [179] In this configuration, the coincidence probability at τ = 0 (corre-

sponding to an XX and X0 photon generated from the same excitation pulse)

is given by fX0fXXp, as the probability of X0 and XX passing the polarizer

simultaneously is unity. It follows that p = 2As/A0, where As is the average

area of the histogram side peaks and A0 is the area of the peak at τ = 0.

We want to mention that, according to the Rabi oscillations measurements

for the X and XX signal in Ref.[91], under this resonant excitation condition,

the radiative emission probability p of X0 and XX are roughly the same.

After considering these sources of optical losses, we obtain maximum effi-

ciency of 19± 2%, as shown in Figure 4.13. The discrepancy with the simula-

tions presented in Figure 4.5 is most probably stemmed from light absorption

in the Cr adhesion layer, as supported by the simulation results of with Cr
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Figure 4.14: Co-polarized cross-correlation second order measurements of the
XX-X0 photons for different time windows. The y-axis maximum is set to 1.

layer in Figure 4.13. The simulation clearly shows that the presence of a Cr

layer with a thickness as small as 1.8 nm is sufficient to halve the efficiency of

the structure. This finding might explain the discrepancies between measure-

ment and calculation results observed by other groups. [151] It is important

to note that the collection efficiency obtained here experimentally (19±2%) is

higher than the efficiency reported for planar DBR-based designs, e.g., ∼ 6%

in Ref. [16] for a cavity sandwiched between 5 top pairs and 24 bottom pairs

of Al0.9Ga0.1As/GaAs layers and collection optics with NA=0.68, ∼ 10% for

a cavity sandwiched between 2 top and 9 bottom Al0.95Ga0.05As/Al0.2Ga0.8As

layers plus a zirconia SIL and collection optics with NA 0.81. [42] Higher effi-

ciencies (> 50%) were predicted theoretically for a cavity featuring a bottom

gold mirror and a top DBR plus a properly designed SIL[146] but we are not

aware of experimental demonstrations.
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Figure 4.15: HOM interference for co-polarized X0 photons.

Additionally, a second-order autocorrelation measurement of the neutral ex-

citon X0 is shown in Figure 4.16(b), which indicates the single-photon nature

of X0 emissions from this cavity, with a g(2)(0) = 0.006 ± 0.005 at zero-time

delay.

In order to determine the indistinguishability of the emitted photons, we have

performed Hong-Ou-Mandel (HOM) measurements among photons which

are emitted within 2 ns from the same dot under resonant two-photon exci-

tation (TPE). A representative result is shown in Figure 4.15. We extract

HOM visibility value of 0.28(0.12), which is surely not tantalizing. Unfortu-

nately, we cannot conclude whether the poor indistinguishability is due to the

quality of the used sample (HOM measurements were not possible on the

unprocessed sample because of the too limited brightness compared to the

laser used for TPE) or the processing. The sample was grown shortly after

chamber maintenance, and the pristine quality of the material was surely not

optimal. We would like to point out that high indistinguishability values were

recently reported for structures[40] that are even thinner than those used

here. Therefore, the indistinguishability should not be limited by the basic

antenna structure.
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Figure 4.16: Autocorrelation measurement for X0 photons: A clear anti-
bunching is observed and the second order correlation function (g(2)(0) =
0.006± 0.005) indicates a nearly perfect single photon source.
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Finally, our antenna structure can be readily integrated onto piezoelectric ac-

tuators, which allow the strain state in the membrane, and hence the emission

properties of the embedded QDs, to be tuned similar to Refs. [25, 151, 180].

This strain-tuning result is shown in Figure 4.17 for three GaAs QDs in sam-

ple AS3 under the above bandgap excitation: its emission wavelength can be

reversibly shifted by changing the applied electrical field to the piezo.

Table 4.1: Factors deteriorating the efficiency of the QD sources described in
this work. The quoted values are employed to determine the intrinsic collection
efficiencies shown in Figure 4.13.

Transmission
of glass
window

Transmission
of Objec-
tive with
0.85 NA

Transmission
of 10/90
Beam split-
ter (BS)
after the
objective

Set-up
efficiency
between
10/90 BS
and the
slit of the
detector
(no po-
larization
selection)

Polarization
selection

Detector
(τ-SPAD
from Pico-
Quant)
efficiency

Blinking

XX Prepa-
ration and
radiation
efficiency

0.92±0.02 0.81±0.02 0.90±0.02 0.26±0.02 0.50±0.02 0.62±0.05 0.30±0.01 0.49±0.03

4.6 Further optimization of the Planar Yagi-

Uda antenna

The maximum efficiency of the cavity design is limited by the waveguide

losses in the lateral direction and the surface plasmon polariton (SPP) losses

at the top and bottom interfaces between metal and the oxide or semiconduc-

tor. To increase the photon extraction, few approaches could be followed: (i)

reduction of the total thickness of the cavity and (ii) use of a solid immersion

lens (SIL) placed on top of the antenna structure.

From the electric field intensity distribution across the cross-section of the

structures, it is evident that less light is coming out of the thick structure (Fig-

ure 4.18(a)) compared to the thin one (Figure 4.18(b)). Therefore, reducing

the cavity thickness is an effective method to outcouple more light by reducing

the number of waveguide modes and the SPP modes. However, in practice,

the high density of surface states of GaAs leads to a strong spectral diffusion
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Figure 4.18: Intensity (|E|2) distribution at the structural cross-section (XZ-
plane) corresponding to (a) the antenna used in the manuscript (AS2, thick
cavity) and (b) the thin cavity with total height of about 1 4 of the thick cavity
(structure plotted in Figure 4.19(a)). The QD is represented by a dipole aligned
along X-axis, whose emission wavelength is same as the cavity mode position.
The white dashed lines mark the interface position of top Ag director/spacer
and bottom spacer/Ag reflector.

of QDs whenever they are close to the surface (few tens of nm). However, the

surface-to-QD distance is surely a challenge of passivation progress. To our

best knowledge, no passivation method is proved to guarantee the diffusion-

free spectra in such a tiny surface-to-QD distance. Progress on the surface

passivation of GaAs layer using sulfur passivation followed by few (∼ 6 –

12 nm) Al2O3 by atomic layer deposition[173, 181] or other methods may sig-

nificantly reduce the effect of surface states at the surface-to-QD distance

short as ∼30 – 40 nm. Therefore we propose the thin structure below.

4.6.1 Design with a reduced semiconductor layer thick-

ness

For the thin design 1 (see Figure 4.19(a)) with 30 nm AlGaAs layers and

10 nm Al2O3 (or any other layer with refractive index of 1.6) on top and at

the bottom of QDs the simulation results (Figure 4.19 (b)) show a maximum

collection efficiency of up to ∼ 60% at around 790 nm, a maximum Purcell

factor of ∼ 2.5, and a very broad frequency bandwidth (> 50 nm) with respect
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Figure 4.19: (a) Schematic diagram of the thin design 1, showing a QD em-
bedded in a 60-nm-thick semiconductor matrix (AlGaAs) with 10 nm oxide spac-
ers in-between semiconductor and the metal, (b) Simulated collection efficiency
and Purcell factor vs wavelength for the thin design 1 for collection optics with
NA=0.85, (c) Schematic diagram of the thin design 2 showing a QD embedded
in a 50-nm-thick semiconductor matrix (AlGaAs) with 22 nm spacers in-between
semiconductor and the metal and (b) Simulated collection efficiency and Purcell
factor spectra for the thin design 2 for NA=0.85.
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to the collection efficiency. In this thin cavity design, unlike that in the thick

design, the maximum efficiency is significantly improved by decreasing the

number of waveguide modes as well as the SPP modes responsible for the

near field losses in the structure. The next design (thin design 2) in Figure

4.19 (c) brings a maximum efficiency of over 80% (maximum Purcell factor

∼ 1.5, see Figure 4.19(d)). This design shows the possibility to increase the

efficiency by decreasing the refractive index of the spacer and matching the

cavity mode with ∼ 780 nm by changing the semiconductor layer as well as

the spacer thickness.

4.6.2 Design with a Solid Immersion Lens

Figure 4.20 presents the two designs (thin and thick) and corresponding sim-

ulated collection efficiency. The thin design consists of a 62-nm-thick AlGaAs

matrix with a layer of QDs in its middle, whereas for the thick design, the

thickness is 306 nm. Till now, we have considered air as the top medium of

all the structures. Now we place a SIL on top of the structure and analyze

its effects on the photon outcoupling. Two different SILs are considered, one

is ZrO2 (n=2.1) and another is GaP (n=3.5). Here NA=0.65 is chosen con-

sidering practical issues (SIL has a few mm height and there must be also

few mm gap between the the SIL and the objective lens outside the cryostat).

As can be seen from Figure 4.20, the common feature of using SIL is that

the frequency bandwidth becomes very broad along with an increase of ef-

ficiency. For the thick design, the maximum efficiency increases from 41%

(no SIL on top) to 53% (ZrO2 SIL) and 57% (GaP SIL), whereas for thin struc-

ture it is enhanced from 55% (no SIL) to 78% (ZrO2 SIL) and 90% (GaP SIL).

This enhancement is ascribed to the fact that the evanescent waves at the

metal/oxide interface become able to propagate, reaching into the far-field.

So, the use of SILs improves the photon outcoupling for both of the designs.
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Figure 4.20: (a) Schematic diagram of a thin design and a thick design for di-
electric Yagi-Uda antenna. Here spacer indicates Al2O3. (b) simulated collection
efficiency for these designs using NA=0.65. Each design comes with three differ-
ent simulations for the top medium, without SIL, with ZrO2 (n = 2.1) and GaP
(n = 3.5) SIL. The simulations are performed considering SIL as a semi-infinite
medium.
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4.7 Conclusion

To conclude, we have outlined several approaches to increase the light collec-

tion efficiency from a QD dipole emitter embedded within a high index AlGaAs

material. Out of those, a promising approach regarding the planar metal-

oxide-semiconductor structure is demonstrated in this chapter. This planar

photonic structure features a collection efficiency as high as ∼ 19% with-

out using any form of solid-immersion-lens or deterministic positioning. The

measured efficiency, Purcell factor dispersion, and far-field patterns match

well with the simulation results. The presented antenna has a bandwidth

of 30 nm, which covers not only the emission spectrum of epitaxially grown

QDs (∼ 15 – 20 nm), but also the multiple atomic transition lines, e.g. 87Rb

D2 transition (∼ 780 nm) 87Rb D1 transition (∼ 795 nm)[107]. This is of par-

ticular interest for protocols using quantum memories[65, 182] and multicolor

excitation schemes. [183] Under pulsed resonant two-photon excitation, ex-

citons confined in single QDs show a multiphoton emission probability as

low as g(2)(0) of 0.006 ± 0.005. The structure is compatible with post-growth

tuning methods such as piezoelectric-induced strain. Further technical devel-

opments shall allow the application of electrical fields across the membrane,

which may be useful to suppress blinking, minimize the charge noise and re-

alize the multiple functionalities of the device, such as electrical injection and

emission properties control via the quantum-confined Stark effect.
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5 A surface passivation

protocol for GaAs

quantum dot based devices

5.1 Introduction

Part of the material presented in this chapter was published in ”Surface passi-

vation and oxide encapsulation to improve optical properties of a single GaAs

quantum dot close to the surface” by S. Manna, H. Huang, S. Filipe Covre da

Silva, C. Schimpf, M. B Rota, B. Lehner, M. Reindl, R. Trotta, and A. Rastelli on

Applied Surface Science 532, 147360 (2020).

The ability to generate emissions with Fourier-limited linewidth is critical for

the quantum emitters to be used in photonic-based quantum computing and

quantum networks. Compared with single atoms and ions in traps, quan-

tum dots (QDs) are subject to more pronounced decoherence and spectral

diffusion [184–186]. The lifetime (τ ) limited natural linewidth (Γ) of an X0

(in case of τ ≈ 270 ps under resonant excitation [39, 42]) from a GaAs QD

can reach ≈ 2 − 3µeV . However, the emission linewidths reported in the

measurements are typically tens times broader. This broadening is mainly

induced by spin and charge noise from the matrix and surface of the semi-

conductor. Spin noise is caused by variations of nuclear spins inside the QD

material. The result fluctuating magnetic field and corresponding Zeeman

effect can induce a broadening of few µeV of the linewidth, which is much
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Figure 5.1: Simplified schematic band diagrams of a slightly p-doped GaAs,
indicating the band bending in presence and absence of surface states. The
built-in electric field stemming from surface states affects the QDs, depending
on the extent of the depletion region and QD depth from the surface.

smaller than that induced by the charge noise. [87] The charge noise yields

a time-dependent electric field and leads to spectral diffusion (random emis-

sion energy fluctuating due to the quantum-confined Stark effect) of semi-

conductor QDs. This spectral diffusion, becomes a big issue whenever a

QD sits close to impurities and defects or the surface (≈100 nm for GaAs-

based QDs) [73, 174, 185] In this chapter we focus on surface defects and

a method to alleviate their effect. The surface of GaAs(001) is characterized

by the presence of a large density of surface states on GaAs (001) surface

(e.g. (13 ± 10) ×1013 eV −1cm−2 at 300 K) [71]. That large density of sur-

face states results in many effects, such as Fermi level pinned near midgap,

loss of electrons, and a high surface recombination rate, thus, degrading the

performance of optoelectronic devices. [187] For example, in Chapter 4.6.1

we described a thin antenna structure with surface-to-QD distance of about

30 nm. This structure potentially brings a maximum efficiency of over 80%.

However, due to such a small distance, the optical emission energy of QD

is drastically influenced by the random fluctuations of charges through the

surface states, [73, 174, 185], resulting in a strong decoherence and spectral
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Figure 5.2: Schematic illustration of (a) initial oxidized GaAs (001) surface
(modified by ambient-pressure AP-XPS results in Ref.[188]). Note that, the sur-
face chemical states are not stable and change fast with time. [188] (b) GaAs
(001) surface after sulfur surface treatment and dielectric encapsulation. (In a
realistic case the GaAs surface would not be in such a perfect order.)

diffusion [184–186], as well as possible non-radiative recombination. A sys-

tematic decrease of emission linewidth with increasing QD-surface distance

has been consistently observed by several groups [73, 174].

Figure 5.1 shows the schematic band bending of a slightly p-doped GaAs

for different surface conditions. In an ideal case, no surface states nor sur-

face band bending is expected in a perfectly ordered GaAs (001) surface

in Ultra-High-Vacuum (UHV). X-ray photoelectron spectroscopy (XPS) [188,

189] and Scanning tunneling microscopy (STM) studies [190] show that the

main sources of surface states are intrinsic defects (step edges, isolated va-

cancies, etc.), kinks (forming in the surface reconstruction), and oxide com-

plex (As2O3, As2O5 and Ga2O3). The oxide complex drastically changes with

humidity, pH level, oxygen concentration, temperature, or even time [188,

190]). A small density of surface states results in a small band bending [Fig-

ure 5.1 (c)], whereas in the case of a high density of surface states [Fig-

ure 5.1 (b)] (more than one surface state per hundred surface atoms [191]),

the amount of surface state and the effect of band bending are significant.
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The band bending is due to a potential gradient from the surface towards the

end of the space charge region. The charge-induced electric field is of fluc-

tuating character because of the trapping/detrapping of charge carriers on

the surface. Therefore, a QD located within the depletion region and close to

the surface will feel a more fluctuating environment than the position near the

end of the depletion region or beyond it. Consequently, the exciton emission

energy will be influenced depending on the position of the QDs. In Chapter 6

we see that the emission energy depends on the average field as well as the

fluctuating field due to the Stark effect and this will lead to a broad emission

linewidth. Another description of this scenario is that the electric field in the

depletion region polarizes the exciton, inducing an electric dipole, which inter-

acts with fluctuations in the electric field or nearby charges more strongly than

an unpolarized exciton. Consequently, QDs far away from the surface, with a

smaller average field, should possess narrower diffusion-induced linewidths

than the one close to the surface. However, many applications need the QDs

to be embedded in nanophotonic structures where QD to surface distance

of ≤100 nm is essential. Therefore, a proper surface passivation treatment

should be developed to reduce the surface states. [192]

5.2 Sulfur passivation and oxide encapsulation

According to the scanning tunneling microscopy (STM) studies in Ref.[190],

the mechanics of high surface state rate or Fermi level pinning for n- and

p-doped semiconductor are slightly different, but both can be strongly im-

proved by increasing the smoothness of the surface and removing oxide com-

plex. [192] To reduce the surface states of GaAs materials, many passivation

protocols were proposed, including chemical etching [75–78], ion sputtering,

dielectric layers grown by atomic layer deposition (ALD) with controlled an-

nealing, etc. The idea of passivation is to reconstruct the surface to a simpler

state by saturating the dangling bonds and build up a diffusion barrier to pre-

vent further re-oxidation. [192]
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This section introduces a passivation scheme as a combination of sulfur sur-

face treatment and dielectric encapsulation. The efficacy of this treatment is

presented by the dramatically improved optical performance (linewidth and

intensity recovered to near that of bulk level) of QDs located a few tens of nm

(≤ 40 nm) away from the exposed surface.

Unlike native SiO2 on Si, native oxides of GaAs possess built-up charges

at the surface/interface. [71] Therefore, we first remove the native oxides of

GaAs by 1 min etching in HCl:H2O (1:1) solution. Then soak the samples in

(NH4)2S for 10 min. This approach proved to increase the surface smooth-

ness by removing the oxide and etching a few monolayers of the surface.

Meanwhile, surface dangling bonds [193] of GaAs (001) surface are satu-

rated by S-atoms [194]. To further maintain the passivation effect, we protect

the S-passivated GaAs surface with an Al2O3 capping layer deposited by

ALD [195]. This capping layer works as a self-cleaning reaction process for

extra removal of native oxides after (NH4)2S treatment. [196] Here, the di-

electric Al2O3 layer acts as a diffusion barrier to prevent re-oxidation of the

semiconductor region.

5.3 Experimental methods

5.3.1 Sample preparation

In this work, GaAs QDs embedded in the middle of a 64 nm Al0.4Ga0.6As

matrix (+ 4 nm GaAs capping layer on both sides to prevent oxidation) were

epitaxially grown using the droplet etching method [38, 197] on a GaAs (001)

substrate. In the ‘As-grown’ structure, as shown in Figure 5.3, the sample

has 80 nm and 10 nm GaAs capping layers below the sample surface. In this

case, the QDs are 126 nm away from the surface, thus almost undisturbed

by the surface states. The ‘As-grown’ sample worked as the reference for the

PL measurements.
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Then, the second sample was the ‘Only Etched’ sample. The top 10 nm

GaAs capping layer of an ‘As-grown’ sample was etched away by a mixture

of citric acid and H2O2 with a ratio of 25:1, with roughly the same etching rate

of 2.5 nm/s [198], and the Al0.75Ga0.25As sacrificial layer was etched away by

a buffered oxide etch (BOE) HF with an etching rate of about 5 nm/s. [199].

Therefore, in this case, QDs were ≤ 36 nm away from the exposed surface.

The third kind of samples, the ‘Passivated’ samples, were prepared by the

following steps: first, after removal of the top sacrificial layer, the samples

were dipped into HCl:H2O (1:1) solution for 1 min followed by deionized wa-

ter rinsing and N2 drying, to remove the native oxide. Right after this step,,

the samples were soaked in (NH4)2S for 10 min at room temperature fol-

lowed by N2 drying. [195] For some samples, we carried out an alternative

treatment by 3 min soaking in 20% NH4OH solution instead of (NH4)2S. [195]

After these surface pretreatments, an Al2O3 layer was immediately grown on

the sample by ALD using alternating pulses of trimethylaluminum (TMA) and

water (H2O) precursors at a substrate temperature of 200°C. Two different

Al2O3 layer thicknesses of 6 and 12 nm were used, marked as ‘Passivated+

6 nm’ and ‘Passivated+ 12 nm’. The schematic diagrams of the ‘As-grown’,

‘Only etched’, and ‘Passivated’ samples are shown in Figure 5.3.

5.3.2 Optical measurements

The optical measurements were carried out using a µ-PL set-up at 5 K. A

continuous-wave (CW) laser at 532 nm was used to excite the GaAs QDs.

An objective lens with a numerical aperture of 0.65 (spot size of ≈1 µm in

diameter) was used to focus the laser onto the samples and collect the PL

of the QDs with a typical integration time of 1 sec. The PL signal was sent

through a monochromator and detected with a liquid-nitrogen-cooled CCD.

The resolution of our monochromator was approximately 40 µeV in the QD

emission wavelength range (see Fig.3.7).
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Figure 5.3: Schematic diagram of the ‘As-grown’, ‘Only etched’ and ‘Passi-
vated’ samples with 6 or 12 nm Al2O3 encapsulation.

5.4 Results and discussion

5.4.1 Role of passivation/oxide encapsulation

In the µ-PL measurements, we observe almost resolution limited linewidth

of X0 from the QDs in As-grown samples, whereas significantly increased

and partially recovered linewidth from ‘Only etched’ samples and ’Passivated

samples’ respectively. Due to the spectral diffusion, the lineshape was better

fitted by a Gaussian function instead of a Lorentzian one. A detailed mea-

surement on line broadening using photon correlation Fourier spectroscopy

(PCFS) has been put forth in case of the droplet etching epitaxy grown GaAs

dots embedded in a distributed Bragg reflector cavity (dot-to-surface distance

> 200 nm) by Schimpf et al. [19]. The The PCFS results have indicated that

from millisecond integration time scale onwards the lineshape exhibits inho-

mogeneous character. Hence it makes sense to consider the same also for

our case (1 sec integration time).

Figure 5.4 (a) shows bar plots for the linewidths extracted by Gaussian fitting

of neutral exciton spectra of 30 different QDs from each sample. The error
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in GaAs QDs in the corresponding samples.

bar indicates the standard deviation of the measurements, reflecting statisti-

cal fluctuations. As can be seen from Figure 5.4, the linewidth is resolution

limited mostly for As-grown samples, whereas upon etching and making the

surface closer to the dots, the linewidth increases significantly to 63±7 µeV.

After passivation treatment, the linewidth reduces again.

Figure 5.5 shows the linewidths of the sample treated by NH4OH [195]. The -

OH terminated surface did not lead to improvements in single dot PL linewidth,

although improvement in electrical properties for different device structure
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Figure 5.5: The linewidth comparison between ’Only etched’ case and one
with ’NH4OH treated + 6 nm Al2O3’.
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has been shown before. [195]. This might be due to the unstability of the

-OH terminated surface under laser illumination, which rapidly degrades the

surface and the Al2O3 capping is too thin to prevent this degradation. [195]

According to Ref.[195], by increasing the capping layer (HfO2 films) to 20 nm

thick, the NH4OH treatment also showed good performance, however, sulfur

treatment should be more effective and more stable. [194]

Along with the line broadening, a slight derease of integrated PL intensity

was observed for the ‘Only etched’ sample, as shown in Figure 5.4 (b). This

comparative PL intensity study was performed by saturating the neutral exci-

ton emission intensity. In that case, the decrease in intensity is not that large

(< 1.5), as shown before, for a surface to dot distance of ≈ 40 nm [174]. Fur-

thermore, it was mentioned in the Ref.[174] that a distance of <15 nm could

cause a substantial reduction in PL intensity by more than 50%. In this case

a 12 nm thick Al2O3 has similar effect like 6 nm Al2O3 capping to recover the

intensity. Since a QD inside the space charge region is strongly influenced by

the electric field, the exciton polarization can occur, leading to the decrease

in the electron-hole overlap and the PL intensity. [187]

5.4.2 Aging properties

We have also studied the passivation’s temporal stability by repeating the

measurements two months after the first measurement. The result is pre-

sented in the Figure 5.6, which clearly shows that the sulfur passivation and

Al2O3 encapsulation have a noticeable impact on the aging of the samples;

for ’Only etched’ samples, we observed a significant change of the linewidth

and the standard deviation after the aforementioned period, whereas the

linewidth increment and the degradation of the surface were relatively slower

for ‘Passivated’ samples. We can also notice that the degradation corre-

sponding to a thicker encapsulating oxide of 12 nm is slower than the 6 nm

one.
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Figure 5.6: Aging of the samples after two months. For ‘Only etched’ case, the
degradation is faster compared to the one with sulfur ‘Passivated’ cases. Also,
samples with a thicker Al2O3 encapsulation degrade slower.

5.5 Conclusion

In conclusion, this chapter showed an effective passivation treatment for im-

proving the optical properties of the GaAs QD devices. By performing sulfur

treatment followed by a dielectric layer of Al2O3 of 6 – 12 nm, the excitonic

emission for dot-to-surface distances of ≤ 40 nm is partially recovered, which

indicates a decrease of surface state density at the passivated surface. It

is recommended to use 12 nm Al2O3 encapsulation instead of 6 nm in future

works considering the aging effect of the samples. The illustrated results are

of importance because of the possible applications for the different nanos-

tructures. More passivation investigations on AlGaAs surface and further

analysis of random Gaussian fluctuation done by Dr. Santanu Manna can

be found in Ref.[173]. We’ve noticed that, other passivation protocols pub-

lished at same time or after our work by using sodium sulfide Na2S [79] or

chemical N-passivation + immediate AlOx/AlNx thin film [74], can also sig-

nificantly recover the optical properties of QDs which are 20 – 60 nm from

the surface. However, all the surface passivation methods mentioned before

can only decrease the density of surface states and the strength of random
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charge fluctuation but cannot change the effect of traps in the bulk region.

So, for the QDs well below the surface, the charge noise arising from only

the bulk volume cannot be suppressed without optimizing the quality of the

growth and/or applying external electric fields. [80].
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6 Quantum-confined Stark

effect in GaAs/AlGaAs

quantum dot

6.1 Introduction

The results reported in this chapter have been published in ” Electric field

induced tuning of electronic correlation in weakly confining quantum dots” by

Huang, H.; Csontosov, D.; Manna, S.; Huo, Y.; Trotta, R.; Rastelli, A.; Klen-

ovsk, on P.Physical Review B2021,104, 165401.

Besides the excellent optical properties, semiconductor QDs provide also a

platform for photon-to-spin conversion [200, 201], building up bridges be-

tween photonic and spin qubits [4]. In order to efficiently initialize and ma-

nipulate single spins confined in QDs, the QD layer is typically embedded in

a diode structure, which allows the charge state to be deterministically con-

trolled [80]. By tuning the diode bias, not only the charge state is modified

but also the magnitude of the electric field (Fd) along the QD growth direc-

tion. Therefore, a fundamental understanding of the effects of Fd in this kind

of quasi-zero dimensional structures is highly desirable.

LDE GaAs QDs present advantages over conventional strained QDs and

QDs obtained by droplet epitaxy, such as negligible strain, minimized inter-

mixing of core and barrier material, low QD density of ≈ 0.1µm−2, high en-

semble homogeneity, and high crystal quality, [30–32, 137] thus providing a
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particularly clean and favorable platform both for fundamental investigations

and applications of QCSE. To the best of our knowledge, only a few works

have been dealing with the physics of GaAs QDs in externally applied elec-

tric fields. [80–86] As an example, Marcet et al. [85] and Ghali et al. [86] used

vertical fields (perpendicular to the growth plane) to modify the FSS of neu-

tral excitons confined in natural GaAs QDs (thickness or alloy fluctuations in

thin quantum wells, with poorly defined density, shape and optical proper-

ties). Besides that, several simulation models based on the single-particle

(SP) assumption were also built up to explain the charge noise (emission

line broadening caused by fluctuating electric field around the QDs produced

by charge trapping/detrapping occurring at random places). [87] Neverthe-

less, those models neither fully explain the behavior of the charge carriers

in the electric field, nor take into account correlation effects [81] completely.

On the contrary, we note that correlation is of particular importance in the

GaAs/AlGaAs QD system because of the generally large size of the studied

QDs. [135, 202, 203] For example, without including the effects of correla-

tion, the binding energy of X+ with respect to X0 shall be rather small and

attain negative values (anti-binding state) rather than positive ones (binding

state), [138] which is in contrast with the experimental observations. [136,
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204, 205] Although positive binding energies have been theoretically calcu-

lated for GaAs QDs obtained by ’hierarchical self-assembly’, [135] quantita-

tive agreement between theory and experiment has not been demonstrated

so far. In addition, detailed studies of the electric field effects on the Coulomb

interactions between electrons (e-) and holes (h+) in GaAs QDs are still lack-

ing.

In this work, we conduct a combined experimental and theoretical study

of the QCSE in individual GaAs QDs. Our experiments, based on micro-

photoluminescence spectroscopy, offer direct information on the permanent

electric dipole moment (p) and polarizability (β) of the neutral exciton X0

(X0 ≡ 1e− + 1h+) and X+ (X+ ≡ 1e− + 2h+) states in GaAs QDs, which

sensitively depend on carrier interactions in those nanostructures. In the ex-

periment, we are able to tune the QD emission energy over a spectral range

as large as 24 meV thanks to the large band offsets between QD material

(GaAs) and surrounding Al0.4Ga0.6As barriers. Such ’giant Stark effect’ [21]

allows us to observe a crossing of the X+ emission line with that of the X0 with

increasing Fd. The evolution from a binding to an anti-binding X+ state (rel-

ative to X0) indicates substantial electric-field-induced changes in Coulomb

interactions and possibly correlation.

The calculations of the aforementioned complexes are provided by Diana

Csontosová and Dr. Petr Klenovský from Department of Condensed

Matter Physics, Faculty of Science, Masaryk University in Brno, Czech

Republic. These calculations are performed using the configuration-interaction

(CI) method [206–209] with SP basis states obtained using the eight-band

k·p method computed with the inclusion of the full elastic strain tensor and

piezoelectricity (up to second order [24, 210]) by Nextnano [211] software

package. This computational approach gives consistent results with all ex-

perimental data. This calculation extends the investigated Fd’s to the range

inaccessible in the experiments and explores different QD morphologies as

well as maps the behaviour of the corresponding direct Coulomb integrals

(electron-hole Jeh, hole-hole Jhh) and valence band mixing as Fd is varied.



88 Chapter 6. Stark effect in GaAs QD

e

h

-2.5 -1.5 0.5 1.5 2.5

Diode VVoltage (V)
d

-0.00

-0.05

-0.10

-0.15

-0.20

-0.25

-0.30

-0.35

C
u
rr

e
n
t

(u
A

)

-0.5

T: 7 K

Buil int-
voltage |V |:BI

~  2.3(1) V

n pi

n pi

F
d

near the fieldzero

-2.5 -1.5 0.5 1.5 2.5

Diode V

-0.5

0 0. 64.5 225.8 306.5 375.0

Electric field F k /cm
d

( V )

145.2

n-type p- type
e

h

n-type

p- type
e

h

p
z

VBI

Figure 6.2: The I-V characteristics of a diode at the PL measurement temper-
ature of 7 K. The built-in voltage (∼2.3 V) was estimated by the intersection of
the dotted line marking the forward-bias region with the saturation current. In
the inset, we show the schematic band profiles of the diode in the forward-bias
and near the zero field (flat band condition). For positive Fd (Fd directed along
the growth direction, i.e., from the diode surface towards the gold layer), the
e- (h+) wavefunction is pulled towards the tip (base) of the QD. The solid and
dotted arrows mark the positive direction of Fd and pz respectively.

Interestingly, we find that the often overlooked correlation effects among e-

and h+ plays a central role for describing the QCSE and that the commonly

assumed quadratic dependence of the emission energy shift on Fd is ques-

tionable.

6.2 Quantum-Confined Stark Effect in a single

GaAs QD

We start by measuring the Stark shifts of X0 and X+ states of GaAs QDs by

µ-PL spectroscopy. The shape of the QD is defined by the Al-droplet-etched

NH (see Figure 6.1 (a)), with depth of ∼ 7 nm, full width at half maximum

depth of ∼ 33 nm) and ∼ 1- 2 nm thick “wetting layer” (WL) above the NHs

formed by the GaAs filling. [35, 36] The structure of the sample is the same

as that in Chapter 7 and sketched in Figure 6.1 (b), with Fd applied along
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the growth direction. Under positive Fd, as marked in the Figure 6.2, the

electron wavefunction is pushed towards the narrow tip of the dots, while the

hole wavefunction towards the base of the dots. Fd is calculated as Fd =

(V − VBI)/di, where di is the thickness of the intrinsic layer (di= 124 nm)

and |VBI | ≃ 2.3(1)V is the built-in voltage of the diode (estimated from the

current-voltage (I-V) trace at negative applied voltage, plotted in Figure 6.2).

Figure 6.3 shows typical PL spectra obtained from a QD (marked as QD1)

as a function of Fd. Near Fd = 0, an isolated X0 transition is found at

1.611407(2) eV, accompanied by multi-exciton states at lower energies (1.60843−

1.60381 eV). This configuration qualitatively agrees with other reports on GaAs

QDs grown by LDE, [80, 138, 205] droplet epitaxy [167] and hierarchical self-

assembly, [135, 202] and is different from that observed in InGaAs QDs, for

which X+ usually attains higher energy, and X− lower energy compared to

X0. [212–214] Energy shifts for Fd ≲ 30 kV/cm are not observed in our ex-

periments because of the current injection in the diode. Investigations on the

electroluminescence (EL) of this type of device will be discussed in Chap-

ter 7. The XX transition is usually not recognizable under above-band excita-

tion (except for some values of Fd) due to the fact that it competes with other

charged states. At large Fd (Fd ≳ 240 kV/cm) the µ−PL signal becomes faint

and cannot be tracked because of the field ionization of excitons. [213] Over-

all, the emission energy is red-shifted by almost 24 meV upon increasing Fd.
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We extract the energy of X0 and X+ by performing Gaussian fitting of their

µ−PL spectra for the corresponding Fd and plot those for QD1 in Figure 6.5

along with the data for another QD (marked as QD2). In both cases we ob-

serve a smaller energy shift for X+ compared to X0, leading to a crossing for

sufficiently large values of Fd.

In the simulation we have modelled the NH as a cone with the basal diameter

of 40 nm, height (h) of 4-9.5 nm and wetting layer thickness of 2 nm. Note,

that later on we also provide the theory result for lens-shape dots with same

basal diameter as a reference cone-shaped dots. The lens-shape, although

it does not reproduce the real NH shape, has an increasing lateral space for

taller QDs. In the experiments, the taller (larger) QDs also shall be “wider”

than the short (smaller) one. The simulated Stark shifts of the QDs are plot-

ted together with the experimental data from 5 dots in the Figure 6.4(a). The

cross-sectional view of the probability densities of e-, h+, X0, and X+ for sev-

eral values of Fd are shown in Figure 6.4(b). Calculation results are also

shown for Fd < 0, which is however not experimentally accessible with the

present diode structure. It is interesting to note that the parabolic shifts are

not symmetric around Fd = 0, as already predicted in Ref.[81]. Concomi-

tantly, the maximum of the emission energy appears at Fd > 0. Both effects

are the result of the asymmetric shape of the QDs along the Fd direction, i.e.,

z-axis combined with the different behaviours of e- and h+ as their wavefunc-

tions move along z-axis, thus, experiencing different lateral confinements.

On the other hand, the maximum of emission energy at non-zero Fd can be

interpreted with the existence of a permanent electric dipole, which we will

discuss in the following section.
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Figure 6.5: Experimental data for two QDs and corresponding fits using
Eq. (6.1) with and without setting pz = 0, respectively.

6.3 Permanent electric dipole moments and po-

larizability of neutral and positively charged

excitons

The shifts of the X0 and X+ energy induced by Fd are commonly described by

the following quadratic equation:

E(Fd) = E0 + pzFd + βFd
2, (6.1)

where E0 is the emission energy for Fd = 0, and pz and β can be intuitively

interpreted as the permanent electric dipole moment and polarizability of the

corresponding complexes, respectively. [213, 215–217] The quantity pz/e can

be seen as the distance between the electron and hole probability densities

along the z-axis. The results for QD1 and QD2 fitted by Eq. 6.1 for Fd in the

range 30 kV/cm < Fd < 240 kV/cm are shown in Figure 6.5 and Table 6.1.

(Data for X+ at Fd < 120 kV/cm were excluded as we could not unequivocally

identify the X+ band in that region. The same was done for data obtained

from the other three QDs (marked as QD3-QD5 in the following Figures and

Table 6.1) and the fit is performed in the Fd range of ≈ 100− 250 kV/cm.
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Table 6.1: pz/e and β/e of X0 and X+ from QD1 and QD2 fitted by Eq. (6.1)

E0 (eV) pz/e (nm) β/e (nm2 · V−1)
QD1 X0 1.61234(1) -0.082(2) -40.36(8)
QD1 X+ 1.60912(3) -0.190(3) -31.09(7)
QD2 X0 1.6067(1) -0.34(1) -36.15(2)
QD2 X+ 1.6025(1) -0.28(1) -32.7(4)
QD3 X0 1.6018(7) -0.36(8) -41(2)
QD3 X+ 1.5977(7) -0.31(8) -36(2)
QD4 X0 1.6135(2) -0.21(3) -30.1(7)
QD4 X+ 1.6111(3) -0.37(3) -22.4(9)
QD5 X0 1.6211(2) -0.12(1) -26.8(6)
QD5 X+ 1.6203(7) -0.48(9) -14(2)

Figure 6.6 (a) summarizes the fitted values of pz/e for X0 and X+ for five QDs.

The negative values of pz/e for X0 (see Table 6.1) indicate that e- wavefunc-

tion is shifted closer to the bottom of the NH (tip of the dot) compared with

h+ for Fd = 0, as sketched in the bottom inset of Figure 6.6 (a). The corre-

sponding position of e-/h+ wavefunction and the pz/e value (pz/e=−0.39 and

-0.31 nm for QD1 and QD2) are close to the experimental data reported in

Ref.[218] and the simulated result pz/e as ∼-0.2 nm estimated from Figure 4

of Ref.[87]. However, as opposed to our calculations discussed below, the

computations in Ref.[87] did neither consider (i) the valence band mixing of

h+ or e- states and the e--h+ band coupling nor (ii) the correlation effects and,

thus, they find negative values of pz/e only for cone-shaped dot.

In order to deduce pz/e also from our theory data, we first tested the same

method as for experiment, i.e., fitting by Eq. (6.1). However, we obtained

different values ranging from -0.5 nm to 0.5 nm depending on the Fd-range

where the fit was performed, (see the Appendix A). We deem the aforemen-

tioned way to obtain the value of pz/e from experiment unsatisfactory. Since

the e-/h+ wavefunctions actually experience gradually changed confinements

when moving along z-axis, due to the shape of QD, the evolution of energy

of QD multi-particle complexes does not faithfuly follow equation (6.1).

Rather, to access pz/e of GaAs QDs from theory, we can use directly the SP

h+ and e- states, similarly as in Refs. [216, 219]. However, this approach
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Figure 6.6: (a) Permanent electric dipole moments plotted as a function of
the zero field energy E0 of the corresponding complex X0 or X+. The parameter
pz/e was obtained for experimental data (open symbols) by fitting the Stark
shift data in Figure 6.4(a) by Eq. (6.1). The theoretical data of X0 (X+) marked
by full circles (full triangles) for cone- (lens-) shaped QD are given in dark blue
and dark brown (light blue and pink) and were obtained using Eq. (6.2). Insets:
Sketch of the cone- and lens-shaped dots used in the simulation, respectively,
and the corresponding position of e- and h+ wavefunctions for pz/e < 0. Note
that the height and diameter of the dot are not shown in the same scale (The
dots are actually rather flat). (b) Polarizability (β) as a function of E0. For (a)
and (b): the experimental data (discrete symbols) were extracted from the Stark
shift of five measured QDs in Figure 6.4(a) and presented in the corresponding
color.
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is reasonable only when the e--h+ distance is evaluated between SP ground

states of those quasiparticles, available only for X0 (not X+ or any complex

consisting of more than two particles) and for systems that can be reasonably

well described by the SP picture, which is not the case for GaAs/AlGaAs QDs

where already X0 is sizeably influenced by correlation. [203]

Hence, we rather develop a method of obtaining p/e directly from our CI

calculations [208] as

pl

e
=

nSD∑
m=1

|ηlm|2
(∑

k

⟨Ψhk
|̂rh|Ψhk

⟩
⟨Ψhk

|Ψhk
⟩

−
∑

j

〈
Ψej |̂re|Ψej

〉〈
Ψej |Ψej

〉 ) , (6.2)

where ηlm is the m-th element of the l-th CI matrix eigenvector
∣∣Ml〉 = (ηl1, . . . , ηl

nSD

)T
corresponding to m-th Slater determinant (SDm). Furthermore, r̂h (̂re) marks

the position operator of h+ (e-) SP eigenstate |Ψhk
⟩ (
∣∣Ψej

〉
), the indices j and

k mark all SP states included in SDm, and the bra-ket integrals are evaluated

over the whole simulation space. Note, that in Eq. (6.2) the CI eigenstates

are used as “weights” of the expectation values computed from SP states.

Thus, it provides a rather general way of including the effect of correlation to

the “classical” properties related to SP states.

We show the pz/e component of Eq. (6.2) in Figure 6.5 (a) for X0 and X+. The

calculations indicate that pz/e of excitons confined in GaAs QDs is very small.

This is very different from the situation typically encountered in strained QDs,

where the dipole is mostly determined by different effects, the alloy gradi-

ent and the strain inhomogeneities combined with piezoelectricity. [215, 216,

220–226] Since we find that |pz/e| is in scale of the interatomic distances in

both experiment and theory it is reasonable to discard pz/e term in fitting us-

ing Eq. (6.1) in case of our data, (see the result of ’fixing pz to zero’ in Figure

6.5).

In contrast to pz/e, we find for β/e of X0 (X+) a more consistent agreement

of fits by Eq. (6.1) between theory and experiment, see Figure 6.6 (b). The

results of the fits for different intervals of Fd are again given in Appendix A.
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Furthermore, β/e of X0 (X+) shows a clear dependence on E0. The larger

QDs, with smaller E0, tend to have larger magnitude of βX0 (βX+) for X0 (X+),

consistent with the results reported in Ref.[218]. The theoretical prediction in

Ref.[87, 221] also pointed out that with a fixed shape and chemical composi-

tion profile, β is mostly sensitive to the QD height. A taller QD provides in fact

more room along z-direction for the confined e--h+ pairs to move away from

each other when pulled apart by Fd, resulting in a stronger red-shift in spite

of the reduced e--h+ binding energy.

We will discuss the detailed investigations of e--h+ Coulomb interaction and

correlation in the Stark shift with the help of simulation in the following section.

6.4 Trion binding energy and the role of Coulomb

integrals in electric field

In Figure 6.7 we show the change of the binding energy ∆ = E(X0) - E(X+)

with Fd for QD1 and QD2. Note that for large Fd we observe the change

of sign of ∆, which is caused by crossing of X0 and X+ as shown in Fig-

ure 6.3 and 6.5. The latter, thus, represents an anti-binding state. We fit the

corresponding data using Eq. (6.1) with and without fixing pz to zero. Both

describe the parabolic shift of ∆ reasonably well. By ignoring the linear term,

the resulting ∆0 and β⋆
∆ fitted by Eq. (6.3) as:

Eb(Fd) = Eb,0 + β⋆
Eb
Fd

2, (6.3)

where Eb,0 marks Eb for Fd = 0. Thereafter, using Eq. (6.3) we fit the dif-

ference between E(X0) and E(X+) taken from corresponding dependencies

in Figure 6.4(a) and we obtain the parameters Eb,0 and β⋆
Eb

, which we show

alongside the calculated values in Figure 6.7 (a) and (b), respectively. From

Figure 6.7 (a) we see that the calculated Eb,0 is satisfyingly close to the ex-

perimental data for both the cone- and the lens-shaped dots, in contrast to

former CI calculations. [135]
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To the best of our knowledge, this is the first time that a positive trion binding

energy as large as 5 meV is obtained from realistic calculations. The Eb,0

values are also close to those reported in Ref.[227] (= Eb,0 linearly increasing

from ∼ 2.4 to ∼ 2.9 meV for emission energies increasing from ∼ 1.56 to

∼ 1.61 eV). We ascribe the agreement between our theory and experiment to

an almost full inclusion of the correlation effects, which will be also discussed

and tested in the following.

However, we first show that the physical reason for the disagreement of

Eq. (6.1) with theory is due to the omission of the effect of correlation in

Eq. (6.1) as well. We start by writing the energies of the final photon states

after recombination of X0 and X+ as [203, 228]

E(X0) = εe − εh − Jeh,X0 − δ(X0), (6.4)

E(X+) = EX+ − |εh| = εe − εh − 2Jeh,X+ + Jhh − δ(X+), (6.5)

where EX+ is the energy of X+ before recombination, Jeh,X0, Jeh,X+, Jhh the

Coulomb interactions of e--h+ pairs in X0 and X+, and that for h+-h+ pair, re-

spectively; εe (εh) is the single particle e- (h+) energy, δ(X0) (δ(X+)) marks the

energy change due to the effect of correlation for X0 (X+). Consequently, the

Eb can be written as:

Eb = 2Jeh,X+ − Jeh,X0 − Jhh − δ (6.6)

where δ = δ(X0) − δ(X+). Note that we have completely neglected the ex-

change interaction since we found that to be ≈ 100 times smaller than direct

Coulomb interaction in our CI calculations. In Figure 6.7 (c) we plot β⋆
Eb
/e for

Jeh, Jeh − Jhh, Jhh, and Eb,sim from simulation on E0. Note, that β⋆
Eb
/e val-

ues were obtained by fit using Eq. (6.3) of the theory dependencies of Jeh,

Jeh − Jhh, Jhh, and Eb,sim on Fd computed by CI with 12×12 SP basis, for the

fits see Appendix B. Clearly, we find that β⋆
Eb
/e depends on QD size. For big-

ger QDs (smaller E0), with steeper side facets and larger height, |β⋆
Eb
/e| of Jeh

is more pronounced compared to that in flatter QDs. The reason is that taller
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Figure 6.7: (a) Eb,0 and (b) β⋆
Eb
/e as the function of E0 fitted by Eq. (6.3),

for five QDs obtained from experiments (symbls, color marked in Figure 6.5)
and simulation (dark blue for cone shape QDs, light blue for lens-shape QDs).
The theory values of Eb,0 in (a) were obtained directly from CI calculations, i.e.,
without fitting, while β⋆

Eb
/e in (b) were obtained by fitting theory values using

Eq. (6.3). (c) Polarizabilities (full circles) of the Coulomb integrals Jeh (red),
Jhh (green), Jeh − Jhh (purple), and of Eb computed by CI with 12×12 SP ba-
sis (blue). The corresponding fits by Eq. (6.3) are shown in Appendix B. (d) De-
pendence of Eb on the number of SP e− and SP h+ states used in CI basis cal-
culated for QD with height h =9.5 nm. Note that we used symmetric basis, i.e.,
number of SP e− states and SP h+ states is equal.
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QDs facilitate the e--h+ separation (polarization) under the influence of verti-

cal Fd. On the other hand, |β⋆
Eb
| for Jhh is smaller in larger QDs. The reason

is that larger QDs allow the separation between h+ to be larger, thus reducing

the Coulomb repulsion. Since the value of |β⋆
Eb
| for Jhh is smaller than that of

Jeh for every QD, β⋆
Eb

for Eb,sim has larger contribution of that corresponding

to Jeh. However, we notice that |β⋆
Eb
| for Jeh − Jhh is still smaller than that of

Eb,sim (see the corresponding curves in Figure 6.7 (c)). That means, besides

Jeh and Jhh there must be another important variable in Eq. (6.6) changing

with Fd. Therefore, the last component in Eq. (6.6), the correlation effect δ,

must also vary with Fd , i.e., δ = δ(Fd).

To prove the importance of the correlation effect in our system, we calculated

Eb based on the CI model for the simulation with increasing SP basis from

two e- and two h+ (2×2) states to twenty-four e- and twenty-four h+ (24×24)

states. The result is plotted in Fig 6.7 (d). Clearly, in the absence of correla-

tion, i.e., using 2×2 and 4×4 basis, X+ is anti-binding with respect to X0, in

contradiction with the experiment. However, with increasing basis size, the

effect of correlation gains importance and X+ becomes binding with respect

to X0. The increase of Eb is steep up to 12×12 basis, where it almost satu-

rates. Note, that the dependence was computed for the largest considered

QD, i.e., h = 9.5 nm, where the effect of correlation was expected to be the

most significant.

6.5 Conclusions

In summary, by conducting detailed µ-PL spectroscopy measurements of the

emission from LDE-grown GaAs/AlGaAs QDs modulated by an externally ap-

plied electric field and in conjunction with conscientious calculations of mul-

tiparticle states, we reveal the influence of the electric field on the Coulomb

interaction among charge carriers in GaAs QD. The experimental data and

the configuration interaction calculation clearly show the dot size dependence
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of the polarizability of X0 and X+. Thorough analysis of configuration interac-

tion calculations sheds light on the deficiencies of the commonly used anal-

ysis of the quantum confined Stark effect by highlighting the striking effect of

correlation and the direct Coulomb interaction energy between holes, which

change with applied field and which are also significantly influenced by the

asymmetry of QD along the field direction, especially in large quantum dots.

Moreover, Diana Csontosová and Dr. Petr Klenovský also provided detailed

researches on the dependence of Coulomb integrals and Valence band mix-

ing of X0/X+ on electric field. We guide the interesting readers to Appendix B

and C.
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7 Electrically-Pumped

Wavelength-Tunable GaAs

Quantum Dots Interfaced

with Rubidium Atoms

7.1 Introduction

The results reported in this chapter have been published in ”Electrically-pumped

wavelength-tunable GaAs quantum dots interfaced with rubidium atoms” by

Huang, H.; Trotta, R.; Huo, Y.; Lettner, T.; Wildmann, J. S.; Martn-Snchez,J.;

Huber, D.; Reindl, M.; Zhang, J.; Zallo, E.; Schmidt, O. G.; Rastelli, A. on ACS

Photonics2017,4, 868–872.

In this Chapter, we report on the first realization of a wavelength-tunable

GaAs QD based quantum-light-emitting diode (Q-LED), an all electrically-

driven source of single photons in which both the excitation and wavelength-

tunability are provided on-chip while preserving the compatibility with the
87Rb D2 line transitions. To demonstrate the suitability of the device for fu-

ture applications based on hybrid QD-atomic systems, we send the emitted

light into a 87Rb-vapour cell and observe slow single photons when the QD

transition energy is fine-tuned through the hyperfine splitting D2 lines of Rb.
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Figure 7.1: Sketch of the electrically-pumped wavelength-tunable Q-LED. The
n-i-p diode contains GaAs QDs embedded in Al0.4Ga0.6As barriers and is inte-
grated on a PMN-PT piezoelectric actuator which provides variable strain fields
to tune the photon emission energy. Vd is the bias voltage applied to the diode,
Vp is the voltage applied to the actuator.

7.2 Wavelength-tunable GaAs QD based quantum-

light-emitting diode

The wavelength-tunable Q-LED is obtained by integrating nano-membrane

p-i-n diodes on a [Pb(Mg1/3Nb2/3)O3]0.72-[PbTiO3]0.28 (PMN-PT) piezoelectric

actuator, as sketched in Figure 7.1. The processing steps are shown in

Chapter 3. It is important to note that, while single-QD-LEDs have been re-

ported for other material systems, such as InGaAs/GaAs, [96, 229–232] and

InP/InGaP, [233] reports on electrically-controlled GaAs QDs are mostly lim-

ited to n-i-Schottky structures, [82] which are unsuitable for electrical injection

of both electrons and holes. Only very recently, p-i-n diodes with embendded

QDs were reported. [80]

The device was mounted onto an AlN chip carrier providing electrical contacts

both to the diode nanomembranes and the piezoelectric actuator. The cur-

rent is injected into the Q-LED by applying a bias voltage Vd above the built-in

voltage of the diode, while the strain-state of the membrane is varied by ap-

plying a voltage Vp across the PMN-PT piezoelectric actuator, as illustrated in

Figure 7.1. The two circuits share a common ground and allow independent

control of LED current - and thus emission intensity - and strain, which in turn

controls the emission wavelength due to strain-induced effects. [96–99, 232]

The thickness of the layers and the position of the QD is chosen to obtain
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Figure 7.2: (a) Typical current-voltage (I-V) characteristics of the QD LED,
with a diode turn-on voltage of ∼ 2.3 V. (b) Evolution of the electrolumines-
cence (EL) spectra of a single QD embedded in the tunable-LED with the mag-
nitude of the applied current. In the spectra, the brightest line stems from the
neutral exciton (X0) transition, which is well separated from the group of low-
energy states, which are ascribed to charged and neutral multi-excitonic states.

a simple Au-semiconductor-air planar cavity, which enhances the collection

efficiency of the QD emission. [96, 232]

In order to measure the EL spectra of the single Q-LED, the device is mounted

on the cold-finger of a helium-flow cryostat and cooled to temperatures of

≈ 10K. Figure 7.2(a) displays a typical I-V trace of the Q-LED, showing no

observable current below the built-in voltage and a rapid increase beyond it,

as in standard LEDs. (Note that the sign of the voltage needed to obtain

EL is negative since the top contact of the diode is n-type.) We used a 50

microscope objective with a numerical aperture of 0.42 to collect EL from sin-

gle QDs. The signal is guided into a spectrometer equipped with an 1800

lines/mm grating and a liquid-nitrogen-cooled Si-CCD. The spectrometer has

a resolution of about 40 µeV at the wavelength of 780 nm. In Figure 7.2(b),

we show the µ-EL spectra from a single QD. When the bias voltage Vd ex-

ceeds the built-in voltage of the diode (∥VBI∥ about 2.2-2.3 V), photons of

different wavelengths are emitted due to the recombination processes of the

injected electrons and holes. It is important to note that in the explored range

of Vd, only the line intensity changes, while no appreciable spectral shift nor

line-broadening is observed (see Figure 7.2(b)).

To interface photons with Rubidium atoms, we insert the Rb gas cell in the

optical path between the objective and the spectrometer. The cell, made of
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Figure 7.3: (a) Color-coded micro-electroluminescence (µ-EL) spectra contain-
ing X0 from Figure 7.2(b), whose energy is scanned across the D2 transitions
of the Rb cloud (at a temperature TRb = 70 °C) by applying variable stress on
the Q-LED membrane. The white dotted line indicates the middle wavelength
of the D2 transitions. The transmitted intensity drops at 16.05 kV cm−1 and
16.40 kV cm−1 due to the absorption by the atomic vapor (region indicated by
a dashed circle). (b) Transmission intensity as a function of the electric field
applied to the piezoelectric actuator (Fp), obtained by extracting the peak in-
tensity values from the corresponding spectra in (a), as described in the text.
The two dips correspond to the two hyperfine lines of the ground state of the D2
transitions.

quartz and with a length of 75 mm, contains mostly 87Rb atoms, with some

residual of 85Rb atoms. A heating setup is used to change the vapor den-

sity of the cell. Same as in Ref.[65], we use the double absorption reso-

nance scheme to demonstrate slow single photons, (see the description in

Chapter2). [56, 65, 67] Specifically, we tune the energy of the photons in the

spectral range of the D2 transitions (5S1/2 to 5P3/2) of 87Rb (∼ 780 nm), which

consist of 6 lines in total. [234] However, limited by the linewidth of the QD

emission, the Doppler broadening of the atomic lines, and the spectrometer

resolution, we can resolve only the two subgroups separated by the hyperfine

splitting of the ground state 5S1/2 of about 28 µeV.

The emission wavelength of the neutral exciton X0 (the dominant exciton tran-

sition in Figure 7.2(b) is scanned through the D2 transitions by gradually vary-

ing the electric field applied to the PMN-PT piezoelectric actuator, as shown

in the color-coded µ-EL spectra of Figure 7.3(a). Two transmission dips are

clearly observed at Fp = 16.05 and 16.40 kV/cm due to the absorption at the

D2 transitions. To better observe this effect, we extract from each spectrum

the peak intensity (without background) of the X0 line through a Lorentzian fit.
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The result is shown in Figure 7.3(b), where the two intensity dips correspond-

ing to the hyperfine splitting of the ground state are clearly identified. Please

note that, even at these two dips, the transmission intensity is not zero, mostly

due to the finite linewidth of the X0 emission. The energy difference between

the two dips is found to be ∼ 27 µeV, thus matching the expectations. [234]

7.3 Calibration of Rb-cell

To view the ’slow light’ effect in the Rb cell, we first sent laser pulses through

the Rb cell and recorded the arrival times of laser photons traversing the Rb

cell at different temperatures.

A mode-locked Ti: Sapphire laser was used for this characterization. After

passing the Rb cell and a monochromator (selecting a ∼ 40 µeV-wide spec-

tral window centered on the Rb D2 lines), the laser pulses were sent to a

single-photon detector. From the data shown in Figure 7.4, we can see that

the overall laser intensity decreases as the cell temperature increases. In

addition, there is a second maximum appearing (marked by red vertical seg-

ments), which progressively shifts towards long delay times. The second

peak is ascribed to slow light for laser frequencies between the D2 reso-

nances. A portion of the laser spectrum falls outside the resonances and

is thus not affected by the Rb gas. Due to the possible presence of 85Rb,

which we will describe later, the D2 transitions state in our cell is even more

complex. Therefore, we find an additional, less pronounced third maximum

(marked by black vertical segments) on Figure 7.4. The intensity attenuation

is caused by light absorption in the Rb cell and the spread in arrival time

due to dispersion. [106, 107, 235] Therefore, it is essential to calibrate the

composition and temperature of our Rb cell.
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Figure 7.4: Histograms of arrival times of photons from laser pulses after prop-
agating through the Rb vapor cell used for the main text at different cell tem-
peratures (measured with a temperature sensor connected with the heater). The
red and black vertical segments guide the eye about the shift of the second and
third maximum.

7.3.1 Calibration of Rb-cell composition and tempera-

ture from transmission spectra

The temperature of the Rb cell is controlled by a proportional–integral–deriva-

tive control loop (PID controller). Due to the imperfect heat isolation, the

actual temperature of the Rb gas does not coincide with the temperature

measured at the heater position. To determine the real temperature of the

Rb vapor, we thus measured the optical transmission spectra around the Rb

D2 absorption lines at different temperatures and fit them with the simula-

tion calculations. To perform such a high-resolution measurement, we sent

a 15-nm-broad laser beam through a pulse-shaper with a 0.2-nm-wide trans-

mission window and a Fabry-Perot interferometer (FPI) with a free spectral

range (FSR) of ∼41.4 µeV (10 GHz). The laser beam comes from a pulsed

Ti: Sa-Laser with a repetition rate of 80MHz and a typical pulse width of the

order of 100 fs. The combination of the pulse-shaper and FPI provides a the-

oretical resolution of Rb. In practice, creep of the piezo-stack used in the

FPI (which operates in DC mode) deteriorates the resolution. After the pulse

shaper and the FPI, the beam passes through a double spectrometer with
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Figure 7.5: Measured transmission spectrum at 70 °C (orange dots) and sim-
ulation results in (a) fixed cell temperature and various impurity concentration
values, (b) fixed impurity and various cell temperatures.

1800 l/mm gratings (spectral resolution of about ∼20 µeV and is recorded by

a liquid-nitrogen-cooled CCD camera. A Lorentzian fit is applied to extract the

wavelength and intensity information from the sharp FPI peaks when the FPI

is scanned over the whole free spectral range. With this method, we extract

the transmission spectra around Rb D2 lines at 13 different cell temperatures,

from 40 to 150°C.

From Figure 7.5 we can see that the D2 transmission spectra have not only

two but three splittings. The third splitting indicates that there is some 85Rb

impurity, which has a slight energy shift from 87Rb D2 line, inside the cell. [106,

107] Theoretically, 85Rb impurity should introduce two more states, but one

of them, which can be found in the simulation result on Figure 7.5, is merged

with 87Rb splitting in our measurement, due to the deteriorated resolution.
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7.3.2 Simulation of the transmission spectra

Since the used cell contains not only 87Rb but, to a smaller extent, also 85Rb

atoms, we simulated the transmission of the mixture using a modified ver-

sion of the ’Spectra of the D Lines of Alkali Vapors’, Wolfram Demonstra-

tions Project (Ref.[236]). In this simulation the absorption coefficient κ as a

function of frequency ν is calculated for the allowed transitions between the

ground state
∣∣∣nS 1

2
, F
〉

and the excited state |n′PJ , F
′⟩, where J is the total

angular momentum of the electron and F the total angular momentum of the

atom (including nuclear spin), using the following formula:

κ(ν) =
1

8π3/2

nat3λ
2

τ∆νD
g(nS 1

2
, F → n′PJ ′ , F ′)

1

4(ν − V − ν0)2/γ2 + 1
exp

[
−
(

V

∆νD

)2
]

(7.1)

where nat is the atomic density, λ the wavelength of the transition, τ the

lifetime of the excited state, V the velocity of the Rb atoms and ∆νD the

Doppler width (normalized by λ). The latter is defined as:

∆νD =
1

λ

√
2kBTRb

mat

(7.2)

where T is the vapor temperature and mat the atomic mass. Furthermore the

transition strengths g(nS 1
2
, F → n′PJ ′ , F ′) of the hyperfine components are

calculate by

g(nS 1
2
, F → n′PJ ′ , F ′) =

(2J ′ + 1)(2F + 1)(2F ′ + 1)

2I + 1

 1 0 1

1
2

J ′ 1
2


2 J ′ 1

2
1

F F ′ I


2

(7.3)

where I is the nuclear spin and the {} indicates the Racah 6j symbol. The

atomic density nat is derived from the vapor pressure. The vapor pressure

itself shall obey the ideal gas relations and can thus be described by the
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Figure 7.6: (a) Residual (sum of the squared root differences between sim-
ulated and measured spectra) for ∆ = 0.8GHz and 85Rb impurity = 4%
as a function of simulated temperature. (b) Final fitted plot (orange line) as
∆ = 0.8GHz ,85Rb impurity = 4%, temperature = 343K (70 °C) compared with
the data (blue dot line).

Clausius-Clapeyron law. The material specific parameter to derive the va-

por pressure are taken from Refs. [106, 107] Finally, the absorption κ(ν) is

calculated by numerically integrating Eq. 7.1 over the velocity from −∞ to

+∞. The transmission, in the end, is derived from this absorption using the

Lambert-Beer law as T = e−κL, where L denotes the length of the Rubidium

cell. To account for the isotope mixture of 85Rb and 87Rb the total absorption

was calculated by adding the absorption of 85Rb to the absorption of 87Rb by

κtot = cκ85 + (1− c)κ87, with c as a fitting parameter.

7.3.3 Fit of the experimental data with the simulated

transmission spectra

Figure 7.5 presents measured transmission spectra and corresponding sim-

ulations taking the impurity concentration c and cell temperature TRb as only

free parameters. In (a) we fixed the temperature TRb and varied c, while in

(b) we fixed c and varied TRb. In both cases, we see that the calculations do

not reproduce well the measured values. We ascribe the discrepancy to er-

rors introduced by the measurement setup (particularly the above-mentioned

piezo creep to the FPI). To take into account this effect, we convolve the

transmission spectra with a Gaussian with linewidth ∆GHz and use the least

square method to extract the parameters which best fit the data.
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Figure 7.7: The fitted Rb cell temperatures TRb (a) and the corresponding
residuals (b) for all the 13 measurements.

The 85Rb concentration value should be the same for all the 13 measure-

ments. The best strategy would be to find it by fitting all the 13 spectra. Since

we noted that the temperature, which best fits the data, does not critically

depend on the impurity value c and instrumental broadening ∆, we first de-

termined these two parameters from the experimental data recorded at 70°C

(343K). The reason for choosing the set of data collected at 70°C data is that

we expect the difference between the measured and real temperature to be

most pronounced at higher temperatures. Also, the transmission spectrum

starts to show clear features at this temperature. Figure 7.6 (a) shows the

residual (sum of the square roots of the differences between measured and

simulated spectra) for ∆ = 0.8GHz and 85Rb concentration 4%. Figure 7.7

shows the fitting results of all 13 measurements, i.e., the fitted Rb cell tem-

peratures (a) and the corresponding residuals (b).

We see that pronounced deviations are apparent at higher temperatures.

We attribute this observation to heat losses, which are more pronounced

at higher temperatures.

7.4 Hybrid QD-atomic system

When the emission energy of the photons emitted by the Q-LED is set to the

range of the absorption doublet, we expect a temporal delay for the transmit-

ted photons due to the strongly dispersive behavior of the vapor medium, [56,
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165, 235] which in turn leads to a decrease of the light group velocity vg.

To observe such a delay and prove the non-classical nature of the light emit-

ted by our GaAs QD-LED, we measured the second-order autocorrelation

function g(2)(∆) of photons emitted by the X0 recombination of another -

brighter - QD using a Hanbury-Brown-Twiss (HBT) setup. This X0 transition

(see Figure 7.8(a)) consists of two orthogonally polarized lines separated by

a fine-structure-splitting of 145 µeV. Only the brightest polarization compo-

nent, with a linewidth of 58 µeV is selected for the HBT measurements. As

sketched in Figure 7.8(b), the µ-EL beam is separated by a 50/50 beam split-

ter and sent to two avalanche photodiodes (APDs) via the two arms of the

HBT setup. The time-resolution of the setup is about 900 ps, as determined

from an autocorrelation measurement of femtosecond laser pulses. In one of

the paths, we placed the 87Rb cell. Finally, the two APDs outputs are con-

nected to correlation electronics to record coincidence counts. Results (with

no background correction) are shown in Figure 7.8(c). The black lines in

Figure 7.8(c) show the measured g(2)(τ ) when the QD-photons are tuned off

resonance with respect the 87Rb D2 transitions. The second-order correlation

function at zero time delay g(2)(0) reaches a value of 0.20. The red and blue

lines show the (2) results when the emission wavelength is turned on reso-

nance with the D2 transitionss at Rb cell temperatures TRb of 96°C (red) and

100°C (blue). (Note that, here the 96°C and 100°C are ’calibrated tempera-

tures’ by assuming 4% 85Rb. On the thermometer that stuck on the outside

wall at the centre of the cell, the correspondingly shown temperature is 109°C

and 116°C). Compared with the off-resonance autocorrelation result, we ob-

serve two effects with increasing TRb: (1) the position of the minimum of the

g(2)(τ ), τc, shifts from 0 to 1.7 ns (at TRb = 96°C) and 3.4 ns (at TRb = 100°C);

(2) The values of g(2)(τc) increase from 0.2 to 0.42 (at TRb = 96°C) and 0.51 (at

TRb = 100°C), as indicated in Figure 7.8(c).

The dips in all three measurements indicate that our device is capable of emit-

ting non-classical states of light. The temporal shifts of the minima of g(2)(∆)

in resonant conditions can be easily explained by the reduction of the group
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velocity of photons tuned between the absorption lines of Rb [182]. The in-

crease of g(2)(τc) is attributed to the strong optical dispersion of the atomic

medium (which also contains some undesired 85Rb) combined with the finite

linewidth of the QD emission (58 µeV). [68, 235] More precisely since the

group velocity is wavelength-dependent, QD photons of slightly different en-

ergy traverse the vapor with different group velocities and thus escape the

gas cell at slightly different times. In turn, the non-ideal linewidth of the X0

emission of the selected QD is attributed to the spectral jitter produced by

fluctuating electric fields at the QD position. This spectral jitter, combined

with the spectral dependence of the group velocity, leads to a time jitter in

the arrival times of photons on the APDs. This time jitter (which increases

with increasing cell temperature TRb) adds up to the instrumental jitter of the

APDs, leading to a broadening and smearing of the g(2)(τ) dip. We model

the dip position shifts by introducing a temporal shift τc in the formula for the

ideal second order correlation function of a two level system:

g(2)(τ) = 1− exp
(
τ − τc

t

)

where t accounts for exciton relaxation and decay rates. In the equation

above we have assumed a negligibly small electron-hole pair generation

rate. [212] To take into account the effect of time-jitter we perform a con-

volution with a Gaussian function

G(τ) = [w

√
π

4 ln(2) ]
−1 exp

(
−4 ln(2)τ 2

w2

)

whose FWHM w takes into account both the finite time resolution of the single

photon detectors (∆t) and the time jitter introduced by the dispersive atomic

medium (∆tc). By assuming Gaussian statistics and considering that these

two jitter mechanisms are uncorrelated, we have

w2 = ∆t2 +∆t2c .
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After convolution the equation becomes

F (τ) = g(2)(τ) ∗G(τ),

where * indicates the convolution operation.

To reproduce the experimental data in the absence of the gas cell (or for QD

emission far detuned from the atomic transitions), only the decay rate t is

used as free parameter (since ∆t is fixed at the experimental value, ∆tc = 0

and τc = 0). The smooth curves in Figure 7.8(c) show, for each g(2)(τ) mea-

surement, the corresponding fitting results. The decay time is found to be

t = 2.0 ns, an extremely long value that we attribute to slow relaxation dynam-

ics of carriers from the high energy states (see Ref.[237]). In the presence

of the Rb cell at 96°C, a temperature-dependent temporal shift of τc(96°C)

= 1.7 ns, time jitter of ∆tc(100°C) = 4.1 ns are instead needed to reproduce

the experimental data. At TRb = 100°C, the values are τc(100°C) = 3.4 ns and

∆tc(100°C) = 5.7 ns. It is worth emphasizing that the increased value of the

g(2)(τc) cannot be accounted for, as expected, by any artificial change in t, but

it is totally ascribable to the additional time jitter ∆tc discussed above.

7.5 Conclusion

In conclusion, we have reported on the first quantum light-emitting-diode

based on single GaAs/AlGaAs QDs and demonstrated its operation as an

energy-tunable source of photons in the spectral range of the 87Rb D2 tran-

sitions. Autocorrelation measurements under continuous excitation demon-

strate antibunched emission, which is typical for single-photon sources. By

comparing autocorrelation measurements with emission on/off-resonance with

the 87Rb D2 transitions, we deduce that a double-resonance slow-light mech-

anism produces temporal delays of up to 3.4 ns. To further increase the

delay while keeping losses low (see Ref.[65]), an isotopically purer Rb cell

and quantum dot samples with even narrower emission lines would be re-

quired. One of the possible ways to improve the emission properties while
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Figure 7.8: Interfacing the photon with Rubidium atoms (a) EL spectra of a
second QD, acquired with a double spectrometer equipped with two 1200 l/mm
gratings (spectral resolution 30 µeV). The two spectra correspond to two or-
thogonal polarization directions. Only the bright line marked by arrows (with a
linewidth of 58 µeV) is used in the following measurement. (b) HBT set-up used
to extract the second-order correlation function, g(2)(τ), of the EL emitted by a
single QD embedded in the Q-LED. A 75 mm long Rb vapour cell is inserted in
one of the arms of the setup. (c) Black: g(2)(τ) measurements of the EL emis-
sion when the photon energy is tuned off resonance with respect to the Rb D2
transitions. Red and blue: g(2)(τ) values when the photon energy is tuned on
resonance with the Rb D2 lines and the Rb cell temperature is 96 (red), and
100 °C (blue). The corresponding minimum values of g(2)(τ), reached at a TRb-
dependent delay time τc(TRb) are 0.20, 0.42 and 0.51 for the data displayed in of
the black, red and blue, respectively. The gradual increase of τc and of g(2)(τc)
with increasing τc(TRb) comes from the dispersion of the atomic optical medium.
This leads to slow light and, due to the finite linewidth of our photon source, to
time-jitter and consequent broadening of the g(2)(τ) curve.
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keeping electrical excitation is to embed the QDs into resonant-tunneling QD-

LEDs, [238] in which the electrons and holes are injected directly in the low-

est energy levels. Using this method, we expect to be able to (i) reduce

charge fluctuations in the QD surroundings, which produce inhomogeneous

line broadening, and (ii) avoid carrier relaxation through the excited states,

which leads to an undesired time-jitter in the photon emission. In addition,

improvement of light extraction efficiency may be possible by proper engi-

neering of the photonic environment. [239] Finally, it should be noted that

the slow light approach followed here is not sufficient for quantum memory.

Alternative approaches to store the photons emitted by our GaAs QD-LEDs

may rely on electromagnetic induced transparency or Raman interactions

in warm atomic clouds. [240] We envision that our all-electrically controlled

single-photon LED, once integrated with chip-scale atom quantum memory

such as hollow-core fiber cell, [63, 64] may pave the way towards large scale

small volume hybrid quantum systems that can be used in future quantum

networks.
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8 Conclusions and Outlook

8.1 Conclusions

Quantum optoelectronic devices capable of deterministically generating sin-

gle photons and entangled photon pairs on demand are critical components

for quantum photonics. The quasi-strain-free GaAs/AlGaAs QDs fabricated

by the local droplet etching method is undoubtedly one of the promising can-

didates, as it combines excellent optical properties with compatibility for scal-

ability.

In this thesis, the following contributions have been made that are important

for scaling up the quantum optoelectronic devices based on GaAs QDs:

1. Introducing planar structures that feature high fabrication tolerances and

broadband emission enhancement. The planar character does not require

deterministic positioning, making it possible to access many dots in the mea-

surement. The highlighted planar metal-oxide-semiconductor (thick) struc-

ture in Chapter 4.5 reached collection efficiency as high as ≈ 19% (so far

as the highest among all the broadband planar structures without solid im-

mersion lenses) in the experiment. This cavity has bandwidth of ∼ 30 nm,

covering both 87Rb D2 and D1 transition. Meanwhile, we observed the beam-

ing effect via back-focal-plane imaging of single QD emission from this planar

structure. Besides the light enhancement, this structure maintains an ultralow

multiphoton emission probability (g(2)(0) of 0.006± 0.005) and tunability of QD

emission by applying stress via a piezo substrate.

2. Proposing an effective passivation treatment for improving the optical prop-

erties of the GaAs QD devices. We smooth the surface and saturate the
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broken bond by soaking the samples into (NH4)2S[194]. This S-bond-rich

surface is further protected by an Al2O3 capping layer obtained by ALD [195].

This passivation treatment partially recovered the excitonic emission linewidths

for dot-to-surface distances of ≤ 40 nm to bulk values and led to the increase

of the photoluminescence intensity, indicating a strongly deduced surface

state density of GaAs surface (interface).

3. Conducting a combined experimental and theoretical study of the quantum-

confined-stark-effect in individual GaAs QDs. This work includes experi-

mentally probing the permanent electric dipole as well as the polarizability

of X0/X+ confined in QDs, and theoretically interpreting the measurement

results with CI calculations. This detailed investigation elucidates the criti-

cal role of correlation effects on the quantum-confined Stark effect in these

weakly confining systems, meanwhile reveals the deficiencies of a commonly

used model assuming a quadratic shift of the emission energy with the ap-

plied field.

4. Demonstrating the first wavelength-tunable electrically-pumped source of

non-classical light that can emit photons with the wavelength in resonance

with the D2 transitions of Rb atoms. The device is fabricated by integrating a

novel GaAs single-quantum-dot LED onto a piezoelectric actuator. By feed-

ing the emitted photons into a 75-mm-long cell containing warm 87Rb atom

vapor, we observe slow-light with a temporal delay of up to 3.4 ns. This work

makes an essential step towards the realization of the large scale small vol-

ume hybrid quantum systems.

8.2 Outlook

This thesis provided substantial investigations on quantum optoelectronic de-

vices based on GaAs QDs, from electrical excitation to collection efficiency

enhancement. However, to realize the full functional large scale quantum

optoelectronic devices, few following optimizations can be done:
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1. Proper passivation progress that may enable the ‘thin antenna’ structure

proposed in Chapter 4.6.1 to realize a maximum collection efficiency of over

80%. The author of this thesis also contributed to a passivation investiga-

tion reported in Ref.[173], proving the feasibility of reducing surface states

of GaAs by chemical treatment. By combining sulfur passivation and Al2O3

encapsulation, the passivation progress can significantly reduce the effect of

surface states at the surface-to-QD distance short as ∼ 30 – 40 nm. How-

ever, the surface passivation can only decrease the density of surface states

and the strength of random charge fluctuation but cannot change anything in

the bulk region. So, for the quantum dots well below the surface, the charge

noise arising from only the bulk volume cannot be suppressed without opti-

mizing the quality of the growth and/or applying external electric fields.

2. Resonant tunneling QD-LEDs. [238] By injecting the electrons and holes

directly into the lowest energy levels, this approach may significantly re-

duce the charge fluctuations around the QDs and avoid carrier relaxation

through the excited states. In the best case, these resonant-tunneling QD-

LEDs should provide (wavelength-tunable) single and entangled photons on-

demand via all-electric control. [97]

3. An alternative, more powerful approach to store the photons emitted by

our GaAs QD-LEDs. This approach may rely on electromagnetic-induced

transparency or Raman interactions in warm atomic clouds. [240]

4. Integration of hollow-core fiber cell [63, 64] to our all-electrically controlled

single-photon LED to realize on-chip hybrid quantum systems.
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A Permanent electric

dipole fitted by different

data range

Here we use our theoretical data to explain why the value of pz/e obtained by

fitting with Eq. (6.1) is unsatisfactory.

We find that the fitted values of pz/e highly depend on the range of Fd where

the fitting is performed. Namely, if the fitting of theoretical data by Eq. (6.1)

is done either for the whole range of Fd values, i.e., from −200 to 200 kV/cm

or just for Fd > 0 (Fd ∈ {0 − 200 kV/cm}) we find pz/e ∈ {0 − 0.4 nm}, i.e.,

positive for most of the computed QD sizes and both considered shapes. If

on the other hand, we perform the fitting for Fd ∈ {100− 200 kV/cm}, i.e., for

similar Fd range as for experiment we find pz/e < 0, matching experimental

data, (see Figure B.1)
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Figure A.1: (a) Permanent electric dipole moments (pz) and (b) Polarizability
(β) plotted as a function of the zero field energy E0 of the corresponding com-
plex X0 or X+. The fits of the theoretical data (full symbols and curves) were
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B Dependence of Coulomb

integrals on electric field
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Figure B.1: Dependence of Jeh, Jhh, and Jeh − Jhh on Fd computed by CI with
12×12 SP basis. Blue data correspond to h = 4 nm and red to h = 9.5nm.

In Figure B.1, we show the dependence of Jeh, Jhh, and Jeh − Jhh on Fd

computed by CI with 12×12 SP basis.
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C Valence band mixing of

the neutral exciton and the

positive trion

Here we show the effect of Fd on heavy (|HH⟩), light (|LH⟩), and spin-orbit

(|SO⟩) hole Bloch state mixing for X0 and X+ ground states. The correspond-

ing contents divided by the sum of those components, i.e., κ(HH) +κ(LH) +

κ(SO) where κ marks the respective content, is shown in Figure C.1.

Note that the method of extracting the Bloch band content of CI states was

discussed in Ref. [203] and the conversion between {|HH⟩, |LH⟩, |SO⟩} and

{|px⟩, |py⟩, |pz⟩} bases is provided as:
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Appendix C. Valence band mixing of the neutral exciton and the positive

trion

|S ↑⟩ =
∣∣∣∣12 , 12

〉
e

= |s ↑⟩ , (C.1)

|S ↓⟩ =
∣∣∣∣12 ,−1

2

〉
e

= i|s ↑⟩, (C.2)

|HH ↑⟩ =
∣∣∣∣32 , 32

〉
=

1√
2
(|px ↑⟩+ i|py ↑⟩) , (C.3)

|HH ↓⟩ =
∣∣∣∣32 ,−3

2

〉
=

i√
2
(|px ↓⟩ − i|py ↓⟩) , (C.4)

|LH ↑⟩ =
∣∣∣∣32 , 12

〉
=

i√
6
(|px ↓⟩+ i|py ↓⟩ − 2|pz ↑⟩) , (C.5)

|LH ↓⟩ =
∣∣∣∣32 ,−1

2

〉
=

1√
6
(|px ↑⟩ − i|py ↑⟩+ 2|pz ↓⟩) , (C.6)

|SO ↑⟩ =
∣∣∣∣12 , 12

〉
=

1√
3
(|px ↓⟩+ i|py ↓⟩+ |pz ↑⟩) , (C.7)

|SO ↓⟩ =
∣∣∣∣12 ,−1

2

〉
=

i√
3
[− (|px ↑⟩+ i|py ↑⟩) + |pz ↓⟩] . (C.8)

The kets |J, Jz⟩ give the total angular momentum J and its projection to z-

direction Jz, respectively.

We observe asymmetric dependencies around Fd = 0. The content of |HH⟩

increases with Fd with a concomitant decrease in the contribution of |LH⟩

states. Since the holes are pushed towards the bottom of QD by positive Fd,

the h+ SP state feels little the broken translation symmetry along z-axis, since

the lateral confinement is weaker at the bottom of the QD. Without broken

symmetry the hole states tend not to mix, which causes an increase of the

amount of |HH⟩ Bloch states. On the other hand, negative Fd (Fd applied

along the opposite direction) pushes the holes towards the top of QD, thus,

increasing the valence-band mixing (increase of the content of |LH⟩ and |SO⟩

Bloch states). According to Appendix IV while |HH⟩ Bloch states are purely

|px⟩ and |py⟩-like, |LH⟩ and |SO⟩ Bloch states consist also of non-negligible

amount of |pz⟩ states. However, for the |SO⟩ states, the same amount of |px⟩,

|py⟩, and |pz⟩ Bloch states are involved, which leads to more symmetric trend

than in the case of |HH⟩ and |LH⟩ states.

Interestingly, for negative Fd, the content of |HH⟩ states changes the trend
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Figure C.1: Contribution of |HH⟩, |LH⟩ and |SO⟩ states normalized to total
sum of contributions of these components, i.e., κ(HH) + κ(LH) + κ(SO), in
X0(top row) and X+(bottom row) versus electric field Fd. The colors identify
the heights of QDs in the same fashion as in Figure 6.5 where blue corresponds
to h = 4 nm and red to h = 9.5nm. The Bloch state contents for both X0and
X+ were calculated using the CI model with the basis consisting of 12 SP e−

and 12 SP h+ state, with the effects of the direct and the exchange Coulomb
interaction, and the correlation effect being included.



130
Appendix C. Valence band mixing of the neutral exciton and the positive

trion

after an initial decrease for Fd values close to zero and starts to grow again

for Fd < Fd,crit, which is dependent on the QD height. Note, that this change

is more pronounced for X0. Since the contents of |HH⟩, |LH⟩, and |SO⟩ are

normalized to the total sum of all valence band components, we can directly

compare X0 and X+. In the case of X+ the direct and exchange Coulomb

interaction between e− and h+ is twice as large as that for X0. Also the

direct and exchange Coulomb interaction between two holes is included and

the correlation affects the complexes in a different way, see Eq. (6.4) and

Eq. (6.5). As one can see, the aforementioned effects influence valence-

band mixing rather strongly.

Now we focus on the dot size dependence of the contents of |HH⟩ and |LH⟩

Bloch states. For Fd < 50 kV/cm (Fd < 125 kV/cm) for X0 (X+), the amount

of |HH⟩ (|LH⟩) Bloch states decreases (increases) with increasing height of

the dot, as smaller QDs display larger energy separation between confined

|HH⟩ and |LH⟩ SP states. Since the variation of valence band mixing is ob-

served more pronounced in larger QDs (increased height), we observe the

crossing of the HH curves for Fd = 50 kV/cm (Fd = 125 kV/cm) in case of X0

(X+). Thereafter, for Fd > 50 kV/cm (Fd > 125 kV/cm) for X0 (X+), the trend

of the size dependence is reversed, i.e., bigger QDs have larger amount of

|HH⟩ states than QDs with smaller height. For such large fields the dominant

part of the SP hole wavefunction leaks into the wetting layer and laterally de-

localizes, leading to the faster increase of the content of |HH⟩ states. We

assume that for the same Fd (Fd > 50 kV/cm for X0) all wavefunctions leak

into the wetting layer with the same amount of probability density. Hence, the

wavefunctions, with larger volume, i.e., for bigger QDs, consist of more |px⟩

and |py⟩ Bloch states and so also the larger contribution of |HH⟩.
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aperture of collection

optics on intensity

enhancement

By using a microscope objective with a NA 0.65 (Mitutoyo Apo NIR HR

50X/0.65), the average raw integrated intensity of the QDs from the cavity

sample were found to be ∼ 47 times higher than in the as-grown sample, as

shown in the Figure D.1. For comparison, using an objective with NA 0.85,

the enhancement factor is 17 (see Section 4.5).
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Figure D.1: (a) Saturation intensity of X0 peaks of different QDs in an an-
tenna structure and in the corresponding as-grown sample for collection optics
with an NA of 0.65. Note that the average intensity enhancement is, in this case,
47 times. (b) Typical photoluminescence spectra of two different single QDs in
the antenna and the as-grown sample obtained under above-band excitation. For
the QD in the as-grown sample, the spectrum is amplified by 66 times for better
comparison.



133

E BFP of different

polarization components

783 787785781

100

300

200

0

In
te

n
s
it
y

Min

Max

(a)

(b)
Wavelength (nm)

Polarization direction (degree)

783.458

783.462

783.466

W
a
v
e
le

n
g
th

100 3002000

(n
m

)

min

max

P
o
la

ri
z
a
ti
o
n

d
ir
e
c
ti
o
n

(d
e
g
re

e
)

Figure E.1: (a) Linear polarization dependent photoluminescece spectra of a
QD in an antenna structure; (b) Central wavelength of the X0 peak obtained by
a Gaussian fit of spectra acquired for different polarization directions. The wavy
pattern stems from the excitonic fine-structure-splitting.

In the measurement, the two FSS components of the X0 line have a wave-

length difference of ∼0.01 nm (see Figure E.1), which cause only a negligible

difference in the BFP images.
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factor and collection
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planar antennas

In the following tables, we show all the measurement results of QDs men-

tioned in Section 4.5 and the corresponding sample structures. We also list

the parameters used for simulation in 4.5.

Table F.1: Wavelength, decay time, Purcell factor, collection efficiency and
count rate for X0

QD number X0 wave-
length (nm)

X0 decay
time (ps)

X0 Purcell
factor

X0 collection
efficiency

X0 count
rate on
τ -SPAD

QD1 771.2 180.3±5.3 1.46±0.07 0.13±0.02 82479
QD2 771.4 204.2±4.8 1.29±0.05 0.19±0.02 117000
QD3 776.2 267.3±6.3 0.99±0.04 0.18±0.02 112686
QD4 779.0 305.8±7.3 0.86±0.04 0.18±0.02 111449
QD5 781.1 350.6±9.5 0.75±0.03 0.18±0.03* 95946
QD6 781.6 355.0±12.5 0.74±0.04 0.07±0.01 42565
QD7 783.5 352.2±17.4 0.75±0.05 0.09±0.01 56127
* Blinking measured as 0.25.
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Table F.2: Wavelength, decay time, Purcell factor, collection efficiency and
count rate for XX

QD# XX Wave-
length (nm)

XX decay
time
(ps)

XX Purcell
factor

QD1 773.2 101.5±4.9 1.27±0.11
QD2 773.5 112.9±3.5 1.14±0.09
QD3 778.2 128.6±3.3 1.00±0.08
QD4 781.0 139.8±3.3 0.92±0.07
QD5 783.0 160.3±3.7 0.81±0.06
QD6 783.4 192.3±5.7 0.67±0.05
QD7 785.4 164.5±4.8 0.78±0.06

Table F.3: Sample structures and simulation parameters

Constituent
layer

AS0
(Simulation
of AS1)

AS1 AS2 AS3

Simulation
of
AS2/AS3

Top director 20nm Ag*
∼ 19 − 20nm
Ag ∼ 25nm Ag ∼ 25nm Ag 25nm Ag*

Top oxide
layer 8nm (n =

2.0)

∼ 5− 7nm
HfO2

36nm
Al2O3

36nm
Al2O3

36nm
(n = 1.63)

Semiconductor 298nm
(n = 3.3)

280nm
Al0.33Ga0.67As
+ 8nm GaAs

274nm
Al0.4Ga0.6As
+ 8nm
GaAs

274nm
Al0.4Ga0.6As
+ 8nm
GaAs

27nm
(n = 3.3)

Bottom
oxide layer 7nm (n =

2.0)

∼ 5− 7nm
HfO2

28nm
Al2O3

28nm
Al2O3

28nm
(n = 1.63)

Cr 0nm ∼ 1− 2nm ∼ 1− 2nm ∼ 1− 2nm 0/1.8nm**

Bottom mir-
ror 250nm Au* 250nm Au 250nm Ag 250nm Ag 250nm Ag*

Substrate GaAs wafer GaAs wafer

100µm
PMN-PT
piezoelectric
actuator

* Refractive index data of Au and Ag from Ref.[177]
** Refractive index data of Cr from Ref.[241]
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J.; Ritter, S.; Dürr, S.; Rempe, G. Physical Review Letters 2011, 106 ,

210503.



Bibliography 141

(52) Figueroa, E; Vewinger, F; Appel, J; Lvovsky, A. Optics letters 2006,

31 , 2625–2627.

(53) Boller, K.-J.; Imamolu, A.; Harris, S. E. Physical Review Letters 1991,

66 , 2593.
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(117) Garćıa, J. M.; Mankad, T.; Holtz, P. O.; Wellman, P. J.; Petroff, P. M.

Applied Physics Letters 1998, 72 , 3172–3174.

(118) Wang, L.; Rastelli, A.; Schmidt, O. G. Journal of Applied Physics 2006,

100 , 064313.

(119) González, D.; Flores, S.; Ruiz-Marín, N.; Reyes, D.; Stanojevi, L.; Utrilla,

A.; Gonzalo, A.; Gallego Carro, A.; Ulloa, J.; Ben, T. Applied Surface

Science 2021, 537 , 148062.

(120) Costantini, G.; Rastelli, A.; Manzano, C.; Acosta-Diaz, P.; Songmuang,

R.; Katsaros, G.; Schmidt, O. G.; Kern, K. Physical Review Letters

2006, 96 , 1–4.

(121) Kawazu, T.; Mano, T.; Noda, T.; Sakaki, H. Applied Physics Letters

2009, 94 , 1–4.

(122) Somaschini, C; Bietti, S; Koguchi, N; Sanguinetti, S Nanotechnology

2011, 22 , 185602.

(123) Somaschini, C.; Bietti, S.; Koguchi, N.; Sanguinetti, S. Applied Physics

Letters 2010, 97 , 2008–2011.

(124) Tarntair, F. G.; Hong, W. K.; Ku, T. K.; She, N. J.; Chen, C. F.; Cheng,

H. C. Japanese Journal of Applied Physics, Part 2: Letters 2000, 39 ,

37–40.



146 Bibliography

(125) Schupp, T.; Meisch, T.; Neuschl, B.; Feneberg, M.; Thonke, K.; Lischka,

K.; As, D. J. Journal of Crystal Growth 2010, 312 , 3235–3237.

(126) Prongjit, P.; Ratanathammaphan, S.; Ha, N.; Mano, T.; Sakoda, K.;

Kuroda, T. Applied Physics Letters 2016, 109 , 171902.

(127) Heyn, C.; Stemmann, A.; Schramm, A.; Welsch, H.; Hansen, W.; Nem-
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S.; Lu, C. Y.; Pan, J. W. Nature Physics 2019, 15 , 941–946.

(184) Tighineanu, P.; Dreeßen, C. L.; Flindt, C.; Lodahl, P.; Sørensen, A. S.

Physical review letters 2018, 120 , 257401.



150 Bibliography

(185) Majumdar, A.; Kim, E. D.; Vučković, J. Physical Review B 2011, 84 ,
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