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Abstract
Long-distance quantum communication applications require sources of single photons, emitting at telecom wavelengths (around 1550 nm) with minimum attenuation losses of silica fiber.
Semiconductor self-assembled InAs/InP-based quantum dots (QDs) are possible candidates to
reach this spectral region. One of the challenges on the way is a QD asymmetry, which limits
the fidelity of entangled photons. Therefore, morphological and optical properties of QDs
should be improved in order to achieve the necessary quality and intensity level of emitted
photons.
In this dissertation QDs are grown in the ultra-high vacuum by using the solid-source
molecular beam epitaxy. QDs are systematically characterized with low-temperature microphotoluminescence and other techniques. Different growth parameters and sample structures
are optimized in order to achieve high-quality and low QDs density combined with the emission at telecom wavelength. Distributed Bragg reflectors and photonic crystal micro-cavities
are also grown and fabricated in order to enhance QD emission. All necessary technical details and fundamental growth processes are included and discussed. Achieved state of the art
results are a promising indication of InAs/InP QDs being used as an on-demand source of
polarization-entangled photons.
This PhD thesis is organized as follows: Chapter 1 contains brief introduction and motivation of the current work. Chapter 2 provides the necessary theoretical background. Chapter 3
is a description of experimental methods. In Chapter 4 experimental approach and results of
the epitaxial growth process are described. Chapter 5 contains results of QDs integration with
a distributed Bragg reflector, including statistical micro-photoluminescence measurements of
self-assembled QDs. Growth, fabrication and characterization of photonic crystal microcavity
structures with embedded single QDs are presented in Chapter 6. Finally, Chapter 7 summarizes the work.

Zusammenfassung
Langstrecken Quantenkommunikationsanwendungen erfordern Einzelphotonen-Quellen, die
bei Telekom-Wellenlängen (1550 nm) mit minimaler Dämpfung von Glasfasern emittiert werden. Selbstorganisierte Halbleiter-InAs/InP-basierte Quantenpunkten (QP) sind mögliche Kandidaten, um diesen spektralen Bereich zu erreichen. Eine der Herausforderungen auf dem Weg
ist eine QP-Asymmetrie, die die Messgenauigkeit von verstrickten Photonen begrenzt. Daher
sollten die morphologischen und optischen Eigenschaften von QP verbessert werden, um die
erforderliche Qualität und Intensität der emittierten Photonen zu erreichen.
In dieser Dissertation werden QP unter Ultrahochvakuum mithilfe von Molekularstrahlepitaxie angewachsen. QP werden systematisch mit Niedertemperatur-Mikro- Photolumineszenz
und anderen Techniken charakterisiert. Verschiedene Wachstumsparameter und Probenstrukturen werden optimiert, um eine hohe Qualität und niedrige QP-Dichte in Kombination mit
der Emission bei Telecom-Wellenlänge zu erreichen. Verteilte Bragg-Reflektoren und photonische Kristall-Mikrokavitäten werden ebenfalls angewachsen und hergestellt, um die QPEmission zu erhöhen. Alle notwendigen technischen Details und grundlegenden Wachstumsprozesse werden einbezogen und diskutiert. Die aktuellen Forschungsergebnisse geben den
vielversprechenden Hinweis, dass InAs/InP QP als on-demand-Quelle für polarisationsverstrickte Photonen dienen können.
Diese Doktorarbeit ist wie folgt aufgebaut: Kapitel 1 enthält eine kurze Einführung und
Motivation der aktuellen Arbeit. Kapitel 2 liefert den notwendigen theoretischen Hintergrund. Kapitel 3 ist eine Beschreibung experimenteller Methoden. In Kapitel 4 werden experimentelle Ansätze und Ergebnisse des Epitaxien-Wachstumsprozesses beschrieben. Kapitel 5
enthält Ergebnisse der QP-Integration mit verteilten Bragg-Reflektoren, einschließlich statistischer Mikrophotolumineszenzmessungen selbstorganisierender QP. Wachstum, Herstellung
und Charakterisierung photonischer Mikrokavitäts-Strukturen mit eingebetteten Einzel-QP
sind in Kapitel 6 dargestellt. Schließlich fasst Kapitel 7 die Arbeit zusammen.
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1 Introduction
Being at the doorstep of the "Industry 4.0" and second quantum technology revolution [1], it
is strategically important to investigate, control and improve properties of potential building
blocks of future quantum technologies. Various quantum information [2–4], communication
and cryptography [5, 6] applications require sources of single, entangled and indistinguishable
photons. Single self-assembled semiconductor quantum dot (QD) is a promising and practical
source of single [7] and entangled photons [8–10] since it allows on-demand light generation
and it can be integrated with existing semiconductor technology [11].

Figure 1.1: Attenuation in silica fibre versus wavelength (reprinted with permission from [12] © 2015
Springer Nature).

From Figure 1.1 one can see attenuation losses in silica fibre, which is widely used
for optical communication. It has losses of 0.35 dB/km at 1310 nm. This results in only
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0.03% signal transmission after 100 km. In case of minimum attenuation losses at 1550 nm
transmission signal after 100 km increases to reasonable 1% of initial value. Therefore, for
long-distance quantum communication emission is needed at telecom C-band window around
1.55 µm [13].
InP-based QDs are one of the possible candidates to reach this spectral range due to low
lattice mismatch of 3.2% between InP and InAs [14]. Low strain allows the formation of large
QDs, emitting at longer wavelengths. However, complex self-organised processes of QDs
formation is not yet completely understood and epitaxial growth process should be improved
in order to allow the formation of high quality QDs to be used as single photon sources.
In framework of German BMBF-Q.com project, this dissertation focuses on the optimisation of epitaxially grown indium arsenide (InAs) QDs on InP substrates. The goal of the
work is the realisation of high-quality and bright single InAs QDs emitting at 1.55 µm telecom
C-band wavelengths for secure quantum communication.

2

2 Fundamentals
Current chapter contains a short theoretical background. It starts with a description of molecular beam epitaxy and growth of semiconductor QDs, followed by a review of optical properties
of single QDs. Finally, light extraction strategies and basics of cavity quantum electrodynamics effects are mentioned, including photonic crystals and importance of high-quality factors
microcavities.

2.1 Molecular beam epitaxy (MBE)
Molecular beam epitaxy [15–18] (from Greek roots επι - above, τ αξισ - arrangement) is a
technology allowing to grow materials on crystalline surfaces (substrates /wafers) under ultrahigh vacuum (UHV, p0 ∼ 10−9 Torr) conditions. By definition, atoms of growing material
adapt to the crystal structure of the substrate. When the substrate and a growing material
are chemically identical, epitaxial growth process is called homoepitaxy. It is particularly
interesting when materials are different. In this case the growth process is called heteroepitaxy.
Usually heteroepitaxy is possible when lattice mismatch between the layer and a substrate
(as − al )/al is no larger than ∼15%, where al and as are respective lattice constants [19].
Figure 2.1 shows a schematic drawing of the MBE system. It consists of a stainless
steel vacuum growth chamber equipped with evaporation cells, substrate heater, pumps and
characterisation tools. The heater temperature is measured by a thermocouple and a substrate temperature itself is measured by the pyrometer through a heatable (to avoid arsenic and
phosphorus condensation) viewport. Sample is exposed to the atomic flux which is thermally
evaporated from the Knudsen effusion-cells. For better temperature and flux homogeneity
the sample is continuously rotated during the growth. Temperature of each cell is precisely
and independently controlled allowing stable flux formation. Flux, or more precisely beam
equivalent pressure can be measured by the beam flux monitor (BFM, ion gauge).

2 Fundamentals

Figure 2.1: Schematic of the MBE growth chamber (reprinted with permission from [20] © 2003 Elsevier).

UHV conditions lead to a set of characteristic MBE properties. Assuming ideal gas
approximation p = nkB T , the mean free path L, defined as an average distance atoms or
molecules travel between collisions at pressure p, can be written as [16]:
kB T
,
L= √
2πd2 p

(2.1)

where d is a diameter of the molecule and kB is the Boltzmann constant. For typical MBE
growth fluxes of 10−7 − 10−5 Torr, L = 50 − 0.5 m, respectively. Typical distance between the
cell and a substrate in a growth chamber is ∼ 0.2 m. This means that in such approximation
molecules do not interact with each other during their paths towards the sample. Typical MBE
growth rate is in the order of one monolayer per second (1 ML = aInAs /2 = 0.3 nm for InAs).
Therefore, simple mechanical shutter can switch on and off the beam and allow precise control
of thickness and doping levels.
The crystallization of single layer in the MBE system happens by a phase transition from
the supersaturated metastable atomic beam to an epilayer, growing on single crystal surface
(wafer). This atomic ordering is far from thermodynamic equilibrium and mostly determined
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by a surface kinetics of impinging beams. Figure 2.2 shows basic surface processes on the
substrate during the nucleation period of the first monolayer. The most important processes
are:
• adsorption of the impinging atoms
– physisorption, no electron transfer, van der Waals forces
– chemisorption, electron transfer leads to chemical reactions and creation of respective chemical bonds
• migration determines a low-temperature limit for the growth
• desorption determines a high-temperature limit
• incorporation
Atomic beam

Desorption

Surface
diffusion
Nucleation

Substrate
Interdiffysion

Lattice
incorporation

Figure 2.2: Elementary growth processes on the crystalline surface.

2.1.1 Epitaxial growth modes
Depending on the lattice mismatch and growth conditions, epitaxial process can be classified
in five most common growth modes which are illustrated in Figure 2.3. [19].
(a) Frank-van der Merwe (FM) or layer by layer growth mode. Atoms are more strongly
attached to the substrate than to themselves. In other words, substrate surface free en-
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ergy γs is larger than the sum of epitaxial layer free energy γe and interface energy
γe/s : γs > γe + γe/s . This means that total free energy decreases during the growth of
first monolayers. Such thermodynamically stable system is a typical growth mode for
lattice-matched semiconductor on semiconductor. Note, that impurities can lower the
free substrate energy. Therefore, substrates should be kept in clean conditions.
(b) Step-flow growth mode occurs on a misoriented substrate. Such substrate has a monoatomical steps with low-index terraces. When adatoms (atoms on a crystal surface) migration
length is larger than a terrace width, incorporation happens at the step edges and growth
happens on the terraces.
(c) Stranski-Krastanow (SK) or layer plus island growth mode. Growth is similar to FM
for the first few monolayers: γs > γe + γe/s . However, after certain critical thickness
(typically, few MLs) islands formation is becoming energetically more favorable. For
example, in a lattice mismatched system such as InAs/GaAs or InAs/InP, strained film
formed below the critical thickness which is later elastically relaxes as QDs formation.
(d) Volmer-Weber or islands growth mode. Atoms of deposited materials are clustered
because they are more strongly bound to each other than to the substrate material. γs <
γe + γe/s . Total free energy increases for the first layers. Thermodynamically unstable
with inhomogeneous regions system.
(e) Columnar growth mode occurs for systems with low atomic mobility. It is similar to
SK and island growth modes, but in columnar growth mode deposited structures do not
merge and therefore form separated columns.

 < 1 ML
1<

<2

>2
(a)

(b)

(c)

(d)

(e)

Figure 2.3: Schematics of the five most common growth modes. (a) Layer-by-Iayer or Frank-van der
Merwe, (b) step flow, (c) Stranski-Krastanov, (d) Volmer- Weber, (e) columnar (reprinted
with permission from [19] © 2004 Springer Nature).
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2.2 Semiconductor quantum dots
2.2.1 Density of states
Semiconductor quantum dots (QDs) [4, 21–23] are zero-dimensional nanostructures. The
characteristic property of QDs is a confinement of charge carriers (electrons and holes) in
all three spatial dimensions, which leads to the modification of electronic density of states
(DOS) and formation of quantised states. This happens when characteristic QD dimensions
√
are comparable with De Broglie wavelength of charge carriers λD ∼ h/ 2m∗ kB T , where h
and kB are Planck’s and Boltzmann’s constants, m∗ is the effective mass of carriers and T absolute temperature of the semiconductor. At low temperatures λD for electrons or holes is
of the order of 10-100 nm.

D(E)

Figure 2.4 (a) shows a schematic of an ideal 0D structure. One can show that 0D DOS is
P
a sum of δ functions and is given by g(E) = 2δ(E −Ej,l,n ), with indexes n, l, j = 1, 2, 3, ...
(Figure 2.4 (b)) [23]. These localised states exist for both conduction and valence band carriers
with discrete interband transitions. Because of such discrete spectrum QDs are therefore often
called as "artificial atoms".

Barrier

WL
QD

Substrate
0D
E

EC
(a)

(b)

(c)

Figure 2.4: (a) Zero-dimensional 0D QD structure. (b) δ - function electronic density of states of a
confined 0D quantum dot system. EC is a conduction band edge in the semiconductor.
(c) Cross-section schematic view of a Stranski-Krastanow QD confined in a barrier. WL
signifies a wetting layer of a SK QD (reprinted with permission from [23] © 2013 Springer
Nature).

2.2.2 Excitons in single quantum dots
In capped semiconductor QD carriers are confined by a barrier matrix with higher band gap
energy as illustrated in Figure 2.4 (c). Electrons and holes attract via Coulomb interaction.
When attraction is larger than thermal energy kB T , electron (in conduction band) and hole
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(in valence band) bind and form a quasiparticle called exciton, which can radiatively decay,
emitting photon with characteristic discrete energy (spontaneous emission).

Figure 2.5: Illustration of main physical processes during photoluminescence (reprinted with permission from [24] © 2009 Springer Nature).

Figure 2.5 displays energy levels which exist in a semiconductor QD as well as delocalised states in a 2D wetting layer for a direct-bandgap semiconductor. After a non-resonance
optical excitation above the band gap, carriers are created in a barrier matrix, wetting layer and
high QD-states. These carriers relax via carrier-carrier and carrier-phonon interactions to the
ground state. As far as at low temperatures of ∼ 10 K up-scattering is negligible and scattering
is fast, usually ground state is filled with electrons and recombination with emission of photon
is possible.
Single QD can have various recombination lines depending on the state filling with electrons and holes. For example, in Figure 2.6 is denoted an exciton (X, one electron-hole pair).
Also, typical configurations are biexciton (XX, formed by two excitons or two electrons and
two holes), and charged trions (X − , X + ) states. Due to a Coulomb interaction these transitions have different energy and can be spectrally resolved. Electrons can have the projection of
the spin on the growth axis (spin quantum number mz ) 1/2 or -1/2 and heavy-hole spin is 3/2
or -3/2 (light holes are usually not confined in small QDs). In case of biexciton, conservation
of spin/angular momentum allows transitions with a total angular momentum of ±1. +1 for
the left-hand circular polarised photon and −1 for the right-hand polarised photon. Transitions
with total angular momentum of ±2 are not allowed by selection rules for dipole transitions
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and therefore they are optically "dark". In general, all transitions can be used for a source of
single photons, however, the most attractive are the biexciton and the exciton transitions since
they allow polarisation-entangled photon pairs generation [8].
Optical properties and emission energy of confined electrons and holes in QD depends
on the size, shape, symmetry and composition of a particular dot [25–27]. For example, larger
QDs emit at longer wavelengths or smaller energies. Also, crystalline quality affects optical
properties of QDs. The narrow QD linewidth reflects a high-quality QD and surrounding
barrier material. Self-assembled nature of SK QDs results in a certain size distribution of
the formed QDs, therefore a variation of optical properties for single QDs grown in the same
conditions is expected.
Three typical µ-PL photoluminescence spectra of different QD density samples emitting
at telecom wavelength are shown in Figure 2.6. For high-density samples it is difficult to
perform single QD spectroscopy due to overlapping peaks. However, low-density sample
allows clear determination of single QDs by navigating on the sample surface and performing
power-dependent measurements.
EC

X

EV

High QD density

Low QD density

Figure 2.6: High-resolution micro-photoluminescence spectra showing sharp recombination excitonic
lines of samples with different QD density. EC , EV , X denote conduction, valence bands
and exciton respectively.

Narrow linewidth of the emission lines reflects δ function DOS of QDs and can originate
from different excitonic states. Spectral lineshape function gw (w) of an exciton transition can
have different shapes. For example, a Lorentzian lineshape happens for a pure two-level system due to a homogeneous (natural or radiative) broadening determined by the finite radiative
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lifetime and in accordance with the time-energy uncertainty principle: F W HMlif etime = 1/τ .
In semiconductors QD linewidth broadening can happen due to non-radiative transitions, for
example by phonon (heat) emission and also by carriers fluctuations around the QD, leading
to Gaussian lineshape [28].
Control of the density, emission wavelength and optical properties of InAs/InP-based
QDs is a significant part of current PhD dissertation.

2.2.3 Epitaxial growth of quantum dots
In current work InAs QDs are epitaxially grown by the Stranski-Krastanow based growth
mode. As mentioned in subsection 2.1.1, the driving force of QDs formation is the strain. Due
to a lattice mismatch between InAs layer and InP substrate, after InAs thin film deposition,
strain accumulates and grow with increasing film thickness. After a critical thickness, strain
is released in misfit dislocations [23]. However, below this point another way to reduce strain
is an elastic dislocations-free relaxation via QDs formation. In such scenario surface area is
increased and surface energy with total strain is reduced. The schematic of such strained QD is
shown in Figure 2.7 (g). One can also see a strained wetting layer, with ≥ 1M L thickness.

(g)
InAs

Figure 2.7: (a-f) Schematic illustration of the epitaxial capping of InAs QDs. (g) Strained single QD
(reprinted with permission from [23] © 2013 Springer Nature).

In general, minimisation of the total system energy is a key to describe process of QDs
formation. Depending on the growth parameters, this energy minimum can vary and therefore
QDs with a different size and density are formed. QDs also can be formed with multi-modal
size distribution due to the presence of kinetic barriers for the QDs formation.
QDs are capped as it is shown schematically in Figure 2.4 (c). This leads to charge
carriers confinement by a barrier material. QDs experience a strong morphological change
during the capping process. The detailed capping process for InAs/GaAs-based QDs is shown
in Figure 2.7 (a-f). Deposition of capping layer, which is mismatched to a QD layer is not
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favorable on the QD surface, therefore Ga adatoms migrate towards QD base, where they
bond with In atoms (a). For partially capped QD, strain is less, therefore In also migrated
towards QD base and QD flattens as it is illustrated in Figure 2.7 (c).
Single QDs consists of hundreds or thousands of atoms, therefore processes of QDs formation and evolution can be simulated. A kinetic Monte Carlo simulation show that in kinetic
regime with increasing substrate temperature during the growth, diffusion length of adatoms
increase and therefore nucleation probability is low, which leads to large-size and low-density
QDs. On the other hand, in thermodynamic regime size of QDs is decreasing at high temperatures in order to maximize areal density [29].
In the case of InAs/InP QDs, formation process is even more complicated, because one
needs to take into account As - P exchange reactions. Experimental results of InAs/InP-based
QDs growth (including As-P exchange reactions) are discussed in chapter 4.

2.3 Enhanced QD emission
2.3.1 Light extraction strategies
Single QDs confined in a semiconductor material emit light isotropically. Due to a large refractive index contrast between solid-state and air, efficient light collection from QD is challenging
due to total internal reflection (TIR). The fraction of photons escaping from the semiconductor QD to the air (nair = 1) is ∼ 1/2n2 , where n is a refractive index of a semiconductor.
For InP with refractive index of 3.16 at 300 K [30] this fraction is around 5% (Figure 2.8 (a)).
Also, significant part of photons is not captured by the collection optics, as it is illustrated in
Figure 2.8 (b). Therefore, in real experiment collection efficiency is usually below 1% [31].
Collection < 1%
(a)

(b)

(c)
Objective

Extraction < 5%
Air

Air

Semiconductor

Semiconductor

Objective

Air

Microcavity

Figure 2.8: (a) Illustration of total internal reflections and (b) collection efficiency issue with semiconductor QDs. (c) Illustration of enhanced single QD emission coupled to a microcavity.
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It is possible to improve the collection efficiency by using geometric approach. For example, microlenses can be fabricated above selected individual QDs. In combination with a
distributed Bragg mirror at the back side such approach demonstrates up to 20% of photonextracted efficiency [32].
Second approach is based on modification of the QD environment. Spontaneous emission
of the QD is not an intrinsic property, but it depends on density of states (DOS) and DOS can
be changed by coupling the emitter to the cavity. Coupling with electromagnetic waves in
the environment enhances the spontaneous emission probability/rate and reduces relaxation
time (Purcell effect) [7, 33]. Purcell factor for ideal spatial, spectral and polarisation coupling
quantifies the enhancement of the single-photon emission rate and is given by:
FP =

3(λ/n)3 Q
,
4π 2 V

(2.2)

where λ, n, Q, V are cavity wavelength, refractive index, quality factor and a modal
volume, respectively. Obviously, the largest Purcell factor is achieved for high-quality and
small modal volume cavities.
The Purcell-enhanced light emission of a QD, coupled to a photonic microcavity is
schematically illustrated in Figure 2.8 (c). Ideally, QD emit at higher repetition rate and emission is coupled to a single high-quality and low-modal volume mode with far-field mode pattern, allowing good coupling to the collection optics. However, usually it is difficult to achieve
perfect coupling between the QD and a cavity due to a self-assembled nature of QDs and experimental FP is lower than simulated values due to imperfections during cavities fabrication.
Interactions of emitter and cavity is a topic of cavity quantum electrodynamics [28, 34, 35].
There are various available photonic cavity designs such as micropillars, photonic crystal and
microdisk cavities [36–39]. This work will focus on photonic crystal (PhC) microcavity.

2.3.2 Photonic crystals
Photonic Crystals (PhC) [40, 41] are structures with periodic dielectric function. The optical
thickness periodicity of PhC is comparable with a wavelength of propagating light. PhCs are
often compared with semiconductors because of similar effects, which originate from the periodicity in the structure (semiconductor like InP is a crystal with periodic array of atoms).
Semiconductors (also called as "man-made crystals") made revolution in XX century by controlling electrical properties [42]. PhCs allow control of optical properties: they can perfectly
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reflect, guide (PhC waveguides, PhC fibres), confine (PhC cavity) light and they are already
widely used in technology. For example, combination of optical elements on a chip is called
photonic integrated circuit (PIC), similar to an electronic integrated circuit. PhCs are usually
classified depending on the periodicity as 1D, 2D and 3D as it is illustrated in Figure 2.9.

Figure 2.9: Schematics of one-, two- and three-dimensional photonic crystals (reprinted with permission from [40] © 2008 Princeton University Press).

The most simple example of PhC is a set of periodic low-loss layers with different dielectric constants (refractive index). For a stacked structure with altering layers of optical
thickness of λ/4 light with a wavelength λ is completely reflected. Such structure is called
distributed Bragg reflector (DBR), one-dimensional (1D) photonic crystal, a structure which
prohibits the propagation of the light by a photonic band gap (like in semiconductors). The
density of states in the photonic band gap is zero. A single defect in a periodic structure breaks
a periodicity and creates a localized mode state within the photonic band gap [40]. Such structure forms a planar (Fabry-Perot) resonator. It is well-studied and used for example to enhance
light emission for a single QD spectroscopy or resonant cavity light emitting diodes (RCLED)
[43]. However, such structure is not ideal due to leaky modes at big angles, where DBR is less
efficient. Improved design with reduced dimensionality is called micropillar and it is usually
fabricated by dry etching of planar structures [11, 44].

2.3.3 L3 photonic crystal microcavity
According to the Purcell effect, for the strongest modification of QD spontaneous emission
(high Purcell factor), cavity with a small modal volume and high-quality factor is required.
One of the most common cavity designs, meeting high FP specifications is the L3 PhC micro-
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cavity. PhC structure consists of a thin suspended membrane with air holes, forming hexagonal
lattice (Figure 2.10 (a)). L3 cavity is created by 3 missing holes. Ideally, the emitter is located
in the middle of the cavity. The emitted light is confined in the membrane plane by photonic
band gap (Figure 2.10 (b)) and in perpendicular direction by total internal reflections. However, usually there are more than one emitter in the cavity, they introduce absorption. Also
typical issues, lowering FP are spatial, spectral, polarisation decoupling and imperfections of
fabrication.

Figure 2.10: (a) Schematic of a 2D PhC with hexagonal lattice. (b) Schematic density of states (DOS)
of PhC structure with cavity mode in the middle of a photonic band gap [28] © 2006
Oxford University Press.

For high-quality factor, when in an ideal case the cavity emission energy is aligned with
respective emitter, a strong coupling can be achieved. In such scenario atom-photon coupling
parameter g0 is much more than cavity photon decay rate κ and non-resonant decay rate γ:
g0  (κ, γ). In other words, the interactions between emitter and a photon is larger than sum
of cavity and dipole decay rates. This means that interaction between cavity mode field and
an emitter is reversible, there is an energy exchange between the cavity mode and an emitter
(cavity quantum electrodynamics) [28].
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3 Experimental methods
The experimental procedure such as growth and characterization methods as well as basic
physical principles are described in this chapter.

3.1 Molecular beam epitaxy system
The investigated samples were grown using Veeco™ Gen II solid-source MBE. The MBE
system consists of entry/exit (E/Ex), buffer and growth chambers. A semiconductor wafer is
loaded into a molybdenum sample holder using 1/4 2” configuration for a test sample and 2”
or 3” for a final structure. Holders are loaded onto a trolley which can be transferred from the
E/Ex to a buffer chamber. Prior to the transfer, E/Ex chamber is evacuated by combination
of mechanical and turbomolecular pumps and degassed at 200 °C during 30 minutes. During
the next step the sample is further outgassed in the buffer chamber at 300 °C. This step can
be combined with hydrogen (H2 ) source cleaning for better soft removing of residual carbon
and oxygen contaminations of the wafer [45]. However, hydrogen source was not used in this
work. The outgassed sample can finally be transferred into the growth chamber to a transfer
position after pumping the buffer chamber with ion pump.
The growth chamber is equipped with high-purity Al, Ga, two In group III elements
evaporation cells, solid-source As2 and P2 group V elements crackers and Si, Be dopant (nand p- type, respectively) cells. Typical background pressure in the chamber before growth
is in the range from 3 × 10−10 to 2 × 10−9 Torr. Such pressure is created by combining ionand cryo- pumps with cryo-panels cooled by liquid nitrogen, where the residual gases are
absorbed. Residual gas analysis can be performed by a mass spectrometer, which is installed
in the buffer chamber.
For the epitaxial growth, the sample is rotated from transfer to the growth position (see
Figure 2.1), which is a few degrees tilted downwards to reduce defects density. Substrate
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temperature is controlled by a pyrometer, which itself is calibrated by GaAs oxide desorption
temperature using reflection high-energy electron diffraction (RHEED).

3.1.1 Reflection high-energy electron diffraction
Reflection high-energy electron diffraction (RHEED) is a powerful in situ analysis tool in the
MBE system. An illustration of the operation principle of RHEED is shown in Figure 3.1.
Electrons are emitted by cathode and accelerated to > 20 keV in an electron gun, which is
located under vacuum in the growth chamber. High-energy electrons strike the surface at a
small glancing angle (typically 1-2 degrees), diffract on top few monolayers of crystalline
sample according to the Bragg law and the resulting pattern can be observed on the phosphor
coated screen in real time. See section 3.6 for more info about basics of diffraction.

Figure 3.1: (a) Schematic of Reflection high-energy electron diffraction (RHEED) system [46]
© 1997 IEEE. (b) GaAs surface reconstruction map determined by RHEED for different
V/III ratio and substrate temperature (reprinted with permission from [23] © 2013 Springer
Nature).

Initially wafer, which is loaded to the MBE system, is covered with natural oxides (typically ∼ 3 nm thick). Amorphous oxide is clearly resolved by RHEED because there is no
diffraction maxima. While increasing the substrate temperature oxide desorbs, releases crystal surface, which is therefore exposed to electrons and RHEED pattern changes. With low
heating rate it is possible to determine oxide desorption temperature (which is usually relatively constant in case of similar oxide preparation) and calibrate the pyrometer.
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RHEED can also be used to measure the growth rate, monitor surface reconstruction
(including QDs growth and formation) and calibrate V/III ratio. For example, Figure 3.1 (b)
shows map of different surface reconstructions during GaAs growth at different V/III ratios
and temperatures. One of the easiest calibration points is a transition from (2x4) to (1x1)
reconstruction, which can be found by growing GaAs below oxide desorption temperature
(around 585 °C ) and gradually decreasing arsenic overpressure. As can be seen in Figure 3.1 (b), this transition has certain tolerance to the growth temperature.
Growth rate calibration by RHEED can be done locally on the wafer by determination
of the diffraction intensity oscillations, which occur during layer-by-layer growth (see subsection 2.1.1 (a)) due to reflectivity change during gradual layer formation by adatoms. One
oscillation period corresponds to a growth of one monolayer or half of the lattice constant (for
III-V compounds). However, this method is not very precise, because measurements are done
locally and without substrate rotation. More precise growth rate calibration can be achieved
using the pyrometer [47] and XRD (see section 3.6).

3.1.2 Molecular beam epitaxy initial calibration
After system maintenance and growth rate calibration, a multi quantum well (MQW) sample
is grown in order to determine MBE system conditions. The sample structure is shown in
Figure 3.2 (b). After the growth of a 100 nm GaAs buffer layer, a short period superlattice is
grown to reduce dislocations [48] and to improve optical quality [49, 50]. Photoluminescence
emission originates from confined 400 nm bulk GaAs layer followed by a GaAs/AlGaAs QWs
with different thickness. Finally, sample is capped with GaAs layer to avoid AlGaAs oxidation.
Figure 3.2 (a) shows pyrometer temperature measurements during the growth of two calibration samples. Knowing refractive indexes of growing materials (at growth temperature) and
a pyrometer wavelength, it is possible to determine a growth rate from temperature oscillations
[47]. Sometimes it is difficult to determine a precise sample surface temperature due to the
mentioned interference oscillations or parasitic reflections. For high precision measurements,
MBE system can be equipped with a band edge spectroscopy system [51].
It is possible to extract information about the surface roughness from the amplitude of
short-period oscillations. For example, in Figure 3.2 (a) one can see that sample B-2224 has
a smaller oscillations amplitude and therefore a smoother surface in comparison with sample
B-2223.
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Figure 3.2: (a) Temperature measured by the pyrometer as a function of time during the sample growth.
(b) Schematic energy band diagram of a calibration sample.

Finally, the inset of Figure 3.2 (a) shows a short-period temperature oscillations originating from the substrate rotation. As can be seen, azimuthal rotation speed is 12 rotations per
minute or 1 rotation per 5 seconds. This is a sufficiently high speed to achieve a homogeneous
material distribution as long as the growth rate of the InP is 1.25 Å/s and one monolayer (ML)
of InP, which is half of lattice constant, is 2.93 Å.
Low-temperature (10 K) PL measurements of two calibration samples are presented in
Figure 3.3 (a). Each GaAs QW has an emission peak and the thickest QW of 15 nm emission is naturally approaching to bulk GaAs emission. Peak positions give information about
the growth rate and alloy composition, while PL intensity indicates the sample quality. The
dramatic difference between the samples is PL intensity and peaks linewidth (shown in inset).
For example, sample B-2223 has almost no pronounced GaAs emission. Such result is an
indication of a problem with the growth conditions.
The main reason for the low optical quality of sample B-2223 is due to a small leakage
in the MBE system. Figure 3.3 (b,c) shows the RGA of the system with a leakage (recorded
before sample B-2223 growth) and with a fixed leakage, respectively. In the buffer chamber,
the dominant gases are hydrogen (from hydrogen source) and water (after recent chamber
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Figure 3.3: (a) Low-temperature PL spectra of MQW calibration samples. Inset: FWHM of QWs with
different thickness. (b) Residual gas analysis (RGA) by mass spectrometer of the MBE
system with a leakage. (c) RGA of the MBE system with a closed leakage.

opening). In the growth chamber pumping conditions are better, therefore increased levels
of main atmosphere gases N2 , O2 and Ar is another indication of the issue. After problem
localisation and solving, sample B-2224 shows sufficiently good quality in comparison with
previous campaigns.
Growth of such structure after each MBE maintenance is the good way to track system
conditions. On the next calibration step we could check optical properties of QDs and a final
quality test is good real device performance.

3.2 Atomic force microscopy
Morphological properties of the grown samples were determined by Danish Micro Engineering (DME) DualScope™ 95 series [52] Atomic Force Microscope (AFM) [53]. The schematic
of main AFM building blocks is shown in Figure 3.4 (a). The core element of AFM is atomically sharp silicon tip of cantilever, which interacts with the sample surface. The current work
uses the so-called AC SenseMode™ scanning mode. In this mode cantilever oscillates at resonance frequency in close proximity to the sample surface. When cantilever tip approaches to
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the sample surface, resonance frequency increases due to small tip-sample interactions (Figure 3.4 (b)). This leads to a cantilever phase shift and damping of the oscillation amplitude.
Both can be detected by the optical system. With a proper feedback loop therefore it is possible
to determine the morphology of the sample surface by moving the cantilever with piezoelectric
motors. An advantage of such mode is minimum tip-sample interaction force, which prolongs
cantilever lifetime.

(a)

(b)

Figure 3.4: (a) Schematic of AFM building blocks. (b) Interaction force of the AFM cantilever tip with
the sample surface depending on the distance between them [52] © 2010 DME.

AFM scan quality can degrade due to many reasons. For example, environmental vibrations increase noise and lower the cantilever quality factor. Broadening of the cantilever tip
decreases scanning resolution. Therefore, in order to achieve reliable and comparable results,
a known reference sample is measured before the investigated samples.

3.3 Scanning electron microscopy
Nowadays a scanning electron microscopy (SEM) is a routinely used technique for bulk specimens morphology analysis. It broadens resolution of optical microscope (OM). In case of
OM detection is limited by the order of wavelength of visible light (hundreds of nanometers).
In SEM information about the sample is collected via much shorter wavelength electrons interacting with the specimen, allowing resolution of ∼ 1 nm.
The basic working concept of the SEM can be described as follow: electrons are emitted
from the cathode in the ultra-high vacuum and accelerated by anode to the tens of keV . Then
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electron current is collimated and focused by combination of magnetic and electrostatic lenses.
Finally, the primary electron (PE) beam interacts with the sample in a raster mode. Depending
on the scattering process different types of electrons can be detected, containing information
about the sample: secondary (SE, inelastic scattering), backscattered (BSE, elastic scattering),
Auger electrons and X-ray quanta. Respectively there are different types of detectors with
their own advantages and disadvantages. The most common scanning mode is based on SE,
which are emitted by excited atoms. This mode is used for surface analysis because mostly
surface atoms are exited. More information about SEM principle can be found in [54].
In current work is used Hitachi™ s-4000 SEM at acceleration voltage of 10 kV and
current of 1 µA for morphology analysis.

3.4 Photoluminescence spectroscopy
3.4.1 Micro-photoluminescence spectroscopy
Optical properties of single QDs were investigated by the micro-photoluminescence (µ-PL)
spectroscopy. In such experiment, the sample is located in a low-vibrations Helium-flow cryostat which can be moved using computer-controlled xy-linear stages with a spatial resolution
of 100 nm as shown in Figure 3.5. A non-resonance 532 nm continuous wave (cw) laser is
used for optical excitation. Laser light passes through attenuation filters and is focused by an
microscope objective (NA = 0.7) to a spot size of ∼ 1 µm, this will allow accessing single QDs
from low dot density samples. The emitted light is collected with the same microscope objective and guided to a spectrometer equipped with a liquid nitrogen-cooled InGaAs detector.
Additional light source and a USB-camera can be used for navigation on the sample.

3.4.2 Macro-photoluminescence spectroscopy
A fundamental difference between Macro-PL and µ-PL setups is a laser spot size. In the macro
PL setup, the light is focused by a lens, which results in a laser spot size of few hundreds
µm2 . This will allow to collect only a PL signal from ensemble of QDs. The emitted light
is collected by the lens, focused on the monochromator, spectrally filtered, detected, lock-in
amplified and finally recorded to the PC.

21

3 Experimental methods

Spectrometer

LN2 cooled
InGaAs CCD camera
Optional
Sample

Objective
NA = 0.7

Figure 3.5: Schematic of micro-photoluminescence (µ-PL) experimental setup (based on [55, 56]).

3.5 Reflectivity
For the reflectivity measurements a broad light source is used for a sample illumination. Reflected light is recorded, spectrally filtered and compared with a reflectivity of a gold sample,
which has almost 100% reflectivity.
In this work were used self-made reflectivity setup (with optical spectrum analyser)
and PerkinElmer™ Lambda 900 UV/Visible/NIR spectrometer with a detection range from
175 nm to 3000 nm.

3.6 X-ray diffraction
Crystalline quality of epitaxial structures is investigated using PANalytical™ X’Pert™ Pro
MRD high-resolution X-ray diffractometer (HRXRD). The basic concept of measurements
is summarised in Figure 3.6. Collimated X-ray beam with wavelength λ of 1.54 Å reaches
the crystalline sample, which can be positioned on a goniometer. High-energy photons have
wavelength comparable with the distance between atomic planes d and therefore diffraction
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occurs on parallel lattice planes. From geometrical considerations one can see that constructive interference condition is fulfilled when phase (optical path) difference between beams
2dhkl sin θ is an integer number of λ: 2dhkl sin θ = nλ, where n is an order of the reflection.
This is nature of Bragg’s law: by knowing λ and measuring θ one can extract information
about crystal parameters.

Figure 3.6: (a) Illustration of X-ray diffraction on a crystal. (b) Schematic of High-resolution X-ray
diffractometer (reprinted with permission from [23] © 2013 Springer Nature).

HRXRD is a powerful tool not only for measuring composition and thickness of epitaxial films, but also it can extract information about sample strain, dislocations, mosaicity,
curvature. All measurements can be done in different positions on the wafer, therefore giving
information about the growth uniformity. These measurements are more complicated, require
multiple scans and the broadened theoretical model called reciprocal lattice. More information
about HRXRD can be found in [57, 58].

3.7 Sample processing
After epitaxial growth sample is characterised (by methods mentioned above) and analysed
in details. In cases when specification targets are reached, additional sample processing can
be performed. For example, in this work photonic crystals (PhC) and mesa structures are
fabricated in "clean room" by K. Fuchs (PhC sample B-2000 was fabricated by K. Fuchs and
L. Rickert). In current section only a very short overview of main semiconductor processing
steps used in the work is given. More details about sample processing technologies can be
found for example in [59].
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3.7.1 Lithography
UV lithography
Photolithography is usually one of the first steps in the micro-fabrication process. It is used
in order to pattern the structure. The main components of photolithography are photosensitive resist, mask with desired pattern and UV light for resist exposure. Process starts with
spin-coating of the sample surface with the resist. After resist baking, it is exposed by UV
light through the mask. Parts of resist, covered by a mask, remains unaffected. Therefore
after resist development sample surface is patterned by resist with design of the mask (see
Figure 6.2 (b)). Later this pattern serves as a basis for next processing steps, for example, for
contacts deposition.

Electron beam lithography
Electron beam lithography (EBL) is a more advanced technique in comparison with standard
UV lithography. For EBL is used a thinner resist. Exposure (writing) is done by an electron
beam (see section 3.3 for physics of e-beam) instead of UV light. Both factors increase the
resolution. Disadvantages of EBL are more time-consuming processes and costs, but they are
compensated by a sub-nm resolution with proximity corrections and writing design flexibility.
In this work Raith™ eLiNE system and Allresist™ AR-P 672.03 PMMA-based positive
resist are used for PhC sample fabrication. Such writing system also can operate in a Fixed
Beam Moving Stage, which solves a stitching problem for large exposure fields in e-beam
lithography.

3.7.2 Electron beam enhanced physical vapor deposition
During physical vapor deposition target material is evaporated in the high vacuum and condensed on a substrate. There are different approaches for material deposition. In current work
SiO2 is heated by an electron beam in Pfeifer™ PLS 500 system. In case of PhC sample,
SiO2 mask is deposited on the whole sample surface and then it is patterned with a resist as it
is shown in Figure 6.2 (a-c).

24

3.7 Sample processing

3.7.3 Etching
Dry etching
With help of dry etching process, mask pattern can be transferred to the structure. Ideally mask
material should have a much greater resistivity to the etching process than etching material.
For a small etching thickness, resist can serve as a mask as it is illustrated in Figure 6.2 (b).
For deeper etching usually is used a metal hard mask. Depending on parameters, etching
can be either isotropic or anisotropic. In current work inductively coupled plasma reactive
ion etching Oxford Plasmalab 100 systems is used, which has two independent RF power
supplies for etching flexibility. One drives an induction coil, which controls plasma density
and another RF generator is connected to the table with the sample and controls ion energy.
ICP-RIE combines ion bombardment (physical etching) with chemical etching in plasma. For
PhC fabrication SiO2 hard mask is etched in fluorine atmosphere and InP material is etched
in chlorine atmosphere.
Selective wet etching
Selective wet etching, or electrochemical etching, is used to selectively remove layers by
placing a sample into a liquid etching solution. The process relies on a few orders magnitude
difference in etching speed for different layers. Layers with different composition can be
either etched or serve as an etch stop layer. Usually, wet etching speed also depends on the
crystal directions and therefore wet etching is an anisotropic process.
In current work, InGaAs sacrificial layer is selectively wet-etched for PhC fabrication
with F eCl3 solution, forming free-standing InP membrane.
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4 Epitaxial growth and
characterization of InAs quantum
dots
This chapter contains experimental results related to the MBE growth and processing of InAs
QDs grown on InP substrates. The core of the chapter constitutes the growth optimisation
together with systematic characterisation of morphological, structural and optical properties
of the grown QDs. Low-density QD samples were investigated by low-temperature microphotoluminescence in order to determine optical properties of single QDs emitting at telecom
wavelength.

4.1 Experimental approach
Schematics of typical QD test sample structures are shown in Figure 4.1 (a, c). In such design embedded InAs QDs are used for optical macro- and micro- photoluminescence (µ-PL)
characterisation and top QD layer is used for AFM morphology characterisation.
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Figure 4.1: (a) InAs/InAlGaAs test sample structure (b) Simplified substrate temperature profile during
the growth of a test sample (c) InAs/InP test sample structure.

The initial growth parameters for current thesis were obtained by a previous PhD student
of our group M.Yacob et al. [60–62]. The idea of the method is as follow: in order to achieve

4.2 Influence of growth parameters
a low-density QDs emitting at telecom wavelength, InAs layer is deposited below critical
thickness of ∼ 2 MLs, which results in formation of strained 2D layer. On the next step, the
substrate temperature is decreased with a constant cooling rate under As2 overpressure as
schematically shown in Figure 4.1 (b). For the top QD layer, arsenic was switched off after
the same ripening time as for embedded QDs. It was shown that without arsenic overpressure
ripening is suppressed and a reliable comparison of PL and AFM QDs can be done. Results
showed that during the ripening process QD density is decreasing and the emission is shifted
towards telecom C-band wavelength.
The test samples were grown on semi-insulated Fe - doped (100) oriented InP substrates.
Initially substrate is degassed during 30 minutes at 300 °C in a buffer chamber in UHV conditions in order to remove water from the sample and a holder. Later the sample is transferred into a growth chamber and located on the heater with possibility of continuous azimuthal rotation (CAR). Temperature profile during the test sample growth is schematically
shown in Figure 4.1 (b). After 6 minutes of oxide desorption under phosphorus overpressure
of ∼ 10−5 Torr at 490 °C (pyrometer temperature, calibrated by GaAs oxide desorption at
582 °C) the substrate temperature is decreased to 460 °C with a cooling rate of 30 K/min and
100 nm InP buffer layer is grown with a beam equivalent V/III ratio of 20 and growth rate of
450 nm/h (calibrated by InGaAs or InAlAs lattice matching samples, see [63]). During InP
buffer layer growth sample surface is atomically smoothing after thermal InP decomposition
at 480 °C [64]. Also, during buffer layer growth MBE chamber is pumped from residual gases
after oxide desorption and degasation.

4.2 Influence of growth parameters
As it was discussed in chapter 1, control of the QDs properties is crucially important for the
formation of an ideal QD. The effects of the main growth parameters on the properties of
InP-based QDs will be discussed below.

4.2.1 Barrier matrix material
In the work of Yacob et al., QDs are embedded in In0.53 Al0.24 Ga0.23 As barrier material matrix
lattice matched to InP as it is shown in Figure 4.1 (a) [60].
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To further investigate the ripening process, a set of samples is grown with different aluminium compositions and similar growth parameters. Figure 4.2 shows AFM images of InAs
QDs grown on InAlGaAs barrier, which is lattice-matched to InP with aluminium concentration of 48%, 24% and 10%. The QDs were grown by deposition of 2 MLs of InAs at 490 °C
with a V/III ratio of 25, the substrate temperature is then decreased to 350 °C with a cooling
rate of 5 K/min where arsenic flux was switched off. As can be seen, QD density is decreasing
and height with lateral size are increasing for samples with low Al concentration. It is well
known that Al adatoms are less mobile than Ga or In adatoms [65, 66]. Therefore, during
the growth, alloy with higher Al composition has higher roughness on atomic scale. During
InAs QDs formation high surface roughness results in higher nucleation probabilities, lower
migration length and therefore higher density.

Figure 4.2: AFM images of QD test samples grown for different Al concentrations: (a) B-2068,
In0.52 Al0.48 As (b) B-2052, In0.53 Al0.24 Ga0.23 As, (c) B-2056, In0.53 Al0.1 Ga0.37 As.

For photoluminescence measurements another set of samples is grown with embedded
QDs, which are capped with 20 nm of InAlGaAs at the same ripening temperature. Then the
temperature is increased to improve the quality of the capping layer. Low-temperature (10 K)
PL spectra in Figure 4.3 (a) confirm the formation of large QDs emitting at telecom wavelength. Intense peaks are originating from the barrier materials, wetting layer with a fraction
of small sized QDs. For B-2012 sample, InP emission peak is also visible around 900 nm
since In0.52 Al0.48 As has a higher bandgap energy than InP. Second characteristic feature of
the sample is bimodal QDs distribution (peaks at 1200 and 1600 nm). Due to a PL detector
limit around 1900 nm it is difficult to compare PL and AFM QD density and size distribution since some fraction of emitting QDs are not detected by experimental setup. However, it
could be seen that maximum size of QDs for high-Al composition sample B-2068 is around
25 nm (see AFM height distribution in Figure 4.3 (b)) and emission wavelength of respective
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PL sample B-2012 is limited to 1850 nm, while other samples demonstrate larger dots and
emission beyond detector limit around 1900 nm. This observation could also be explained in
terms of larger migration length.
Low-Al sample B-2034 shows lowest QD density as seen by low PL intensity and AFM
measurements. AlAs oxidises on the air and is quite sensitive to the growth conditions (especially challenging is low-temperature capping), from that point of view sample structure with
low Al concentration and low-QD density is the most interesting for further investigations.
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Figure 4.3: (a) PL spectra of QD test samples embedded in In0.52 Al0.48 As, In0.53 Al0.24 Ga0.23 As and
In0.53 Al0.1 Ga0.37 As barriers. (b) AFM QD height distribution from respective uncapped
test samples.

InAs/In0.53 Al0.1 Ga0.37 As - based QDs
Figure 4.4 shows morphological and optical properties of QD test sample with 10% Al concentration. QD growth details are slightly different from B-2034 and B-2056 samples: 2 MLs
of InAs are deposited at 520 °C followed by 30 K/min ripening to 420 °C. AFM scan shows
low-density large QDs. PL emission is centred at 1.55 µm with a long-wavelength shoulder.
In order to isolate and locate single QDs, round-shaped mesa structures are processed
by e-beam lithography and dry etching with diameters ranging from 200 nm to 1000 nm.
Figure 4.5 (a) shows optical microscope image of fabricated mesas. In Figure 4.5 (b) are
shown typical µ-PL spectra from fields with different diameters. For example, in the field
with 750 nm diameter few spectrally separated lines originating from single QDs are visible. This is a first observation in Kassel university of clear spectrally-resolved emission lines
at telecom wavelength without any DBRs or cavities. When decreasing the mesa diameter,
number of QDs in the field decreases until single QD emission line remains for 200 nm mesa
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Figure 4.4: (a) AFM image of B-1786 QD test sample, (b) respective low-temperature photoluminescence spectrum.

diameter (Figure 4.5 (c). Narrow linewidth of 50 µeV reflects good optical quality of single
QD and barrier material. This value is in agreement with previously published results from
InAs/In0.53 Al0.24 Ga0.23 As - based QDs [60].
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Figure 4.5: (a) Optical microscope image of round-shaped mesa structure of B-1786 sample with
1000 nm (A1-E1), 750 nm, 500 nm, 300 nm, 200 nm (A5-E5) nominal diameter. (b) Lowtemperature micro-photoluminescence spectra from fields with different diameters. (c)
Narrow-linewidth single QD emission at telecom wavelength from the field with 200 nm
diameter.

To collect additional information, temperature-dependent measurements of a single QD
from the same sample were performed. Figure 4.6 (a) shows evolution of a single QD emission line depending on the sample temperature. At high temperatures emission shifts towards
longer wavelength because of decreased band gap energy, in agreement with Varshni dependency [67]. QD energy shift is plotted as inset of Figure 4.6 (b). The peak linewidth also
broadens at higher temperatures due to increased phonon interactions. Linewidth of 90 µeV
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at 10 K is larger than the above-mentioned value of 50 µeV due used to high excitation lase
power, which is necessary for temperature-dependent measurements. PL intensity sharply
drops after 25 K, as it is shown in Figure 4.6 (b).
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Figure 4.6: (a) Temperature-dependent measurements of a single QD in a mesa structure from sample
B-1786. Inset: emission linewidth as a function of a temperature. (b) Integrated PL intensity
as a function of an inverse temperature. Inset: exciton emission energy as a function of a
temperature.

In order to perform single QD measurements without any mesa processing QD density
should be further decreased. Also, the QD linewidth should be improved for higher quality
QDs.

4.2.2 Ripening time
In this section is discussed the growth of QDs directly embedded in the InP matrix, as it is
shown in Figure 4.1 (c). With such sample structure arsenic-phosphorus exchange reactions
play an important role in QD formation and should be carefully controlled. In general growth
approach remains similar to the one described in section 4.1 and subsection 4.2.1.
In order to investigate the effect of the ripening time, a set of QD samples is grown.
2 MLs InAs layer are deposited at the temperature of 490 °C, then the substrate temperature
is reduced with a rate of 5 K/min for different ripening times of 0 min, 2.5 min and 5 min (see
AFM in Figure 4.7). Such temperature range and cooling rate are selected in order to avoid
desorption and have sufficient migration length and time.
After InP growth and substrate temperature stabilisation, a 50 s P-As exchange time
(growth stop) is introduced. During that time phosphorus is pumped down by 2 orders of

31

4 Epitaxial growth and characterization of InAs quantum dots
magnitude and arsenic flux is stabilised. At such temperature phosphorus incorporates less
than arsenic [68]. This allows to minimise the phosphorus incorporation into a QD layer. It
was shown that in metalorganic chemical vapor deposition QDs can be formed by exposure
of InP layer to the As overpressure [69], however, at the above mentioned low MBE growth
temperatures and fluxes this effect was tested and has not been observed.
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Figure 4.7: AFM images of samples with different ripening time: (a) B-1984, no ripening, (b) B-1983
2.5 min and (c) B-1981 5 min.

After a 50 s P-As exchange time, 2 MLs of InAs were deposited at the temperature of
490 °C. For the growth of sample B-1984 without ripening, a growth stop for 20 s is necessary
directly after InAs layer growth. Longer waiting time will result in a decrease of the QD
size (blue emission shift, will be discussed in section 4.2.2) and shape modification by the
exchange reaction (this effect is used in double-capping method to control QD sizes [70]). As
can be seen in Figure 4.7 (a), only a wetting layer with small elongated structures are formed
after 2 MLs of InAs deposition. This result is in agreement with previously reported data on
InAs/InAlGaAs QDs [60].
Note that for surface InAs layer arsenic valve is closed directly after ripening process in
order to mimic embedded QDs (as was mentioned during test sample structure description in
section 4.1). For sample B-1984 As2 is switched off at 490 °C,- temperature where desorption
can happen. In order to avoid significant changes in QD morphology, substrate temperature is
decreased to 200 °C with cooling rate of 100 K/min at high temperatures.
In case of sample B-1983 with 2.5 min ripening time (Figure 4.7 (b)) after an InAs layer
deposition, the temperature is decreased from 490 °C to 465 °C with a cooling rate of 5 K/min.
Round-shaped QDs with dot density of 1.2 × 1010 cm−2 and almost no elongated structures
were achieved. One can also see from the AFM image a clustering of QDs: are formed larger
structures by consuming material from smaller QDs.
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Figure 4.8: (a) PL spectra of QD samples with different ripening time from 0 to 5 min. (b) AFM QD
height distribution for samples B-1983 and B-1981.

For 5 min ripening time (sample B-1981, Figure 4.7 (c)) the QD density is decreased to
2.1 × 109 cm−2 and average size is increased (see AFM analysis in Figure 4.8 (b)). Ripening
effect is confirmed by low-temperature photoluminescence measurements as shown in Figure 4.8 (a). Sample B-1984 without ripening has intense PL peak around 1050 nm from the
InAsP layer and emission from nanostructures with a maximum at 1250 nm. With increasing
ripening time to 2.5 min, spectrum broadens and red-shifts towards telecom wavelength. Finally, after additional 2.5 min sample B-1981 shows a significant red shift and decrease of PL
emission intensity, indicating bigger QD formation with lower densities, respectively. Statistical AFM measurements in Figure 4.8 (b) strengthen these observations and indicate that there
is no ripening process without arsenic overpressure.
Reflection high-energy electron diffraction measurements
In situ confirmation of the ripening process is obtained via reflection high-energy electron
diffraction (RHEED [71]) measurements. Electron beam is created in an electron gun which
is directly installed in the MBE growth chamber as it schematically shown in Figure 2.1. A
diffraction pattern is observed on the fluorescence screen and recorded with CCD camera.
Figure 4.9 demonstrates the evolution of the RHEED diffraction pattern during the ripening process. First image from the left shows a streaky pattern during the InP layer growth,
indicating an atomically flat surface. After exposure to arsenic atmosphere the sample surface
remains flat, with no QD formation by As-P exchange reaction. However, intensity is de-
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Figure 4.9: Reflection high-energy electron diffraction measurements (RHEED) showing different
stages of QDs formation during the ripening process (reprinted with permission from [72]
© 2018 AIP Publishing).

creased, indicating roughening of the surface and InAsP layer formation. Directly after 2 MLs
of InAs deposition a strained smooth layer is formed. During t1 - t3 the substrate temperature
is decreasing under the arsenic overpressure and ripening is visible by gradual RHHED pattern
transition from streaky to spotty pattern, indicating QDs formation. Finally, QDs morphology
is changed during the As-P exchange reaction. All observed effects are in agreement with the
above described experimental data.

Overgrowth of QDs
Typical pyrometer temperature readings during the QDs sample growth are shown in Figure 4.10 (a). QDs are grown at 490 °C and followed by the 5 minutes ripening process with
a cooling rate of 5 K/min. After As - P exchange, QDs are capped with InP layer. During
the overgrowth process, increased temperature oscillations are observed. As it is mentioned
in subsection 3.1.2, it is an indication of the increased surface roughness. To check sample
morphology, another test sample is grown with the same conditions, but after QDs formation
it is capped with only 20 nm of InP. Figure 4.10 (b) shows the corresponding AFM image. All
QDs and large nanostructures are covered with InP layer, however, surface roughness is not
negligible. Also, nanoholes are visible. With further overgrowth holes are closed, but roughness still remains even after thick structure growth. It was found that changing InP capping
growth parameters does not change situation drastically and a bigger effect originates from
the size of QDs.
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Figure 4.10: (a) Typical pyrometer temperature readings as a function of the InAs/InP QD sample
growth time. (b) AFM image showing sample surface roughness after QDs capping with
20 nm of InP.

High resolution X-ray diffraction measurements
To study capping issue in more details we selected sample B-1984 without ripening and sample B-1983 with 2.5 min ripening time for high resolution X-ray diffraction measurements
(for XRD fundamentals see [23]). Figure 4.11 summarises measured reciprocal space maps
for samples without (a-c) and with QDs (d-f). Figure 4.11 (a, d) shows symmetrical (004)
maps for ω = θ and asymmetrical ω 6= θ (115) scans (b, e). For asymmetrical (-115) measurements (c, f) samples are rotated 90 °. From the peak position on the symmetrical map
one can extract information about the strain and tilt. However, it is not possible to differentiate strain and composition changes. Therefore, asymmetrical space map is used to separate
mismatch/composition and strain.
Symmetrical reciprocal space map in Figure 4.11 (a) shows results for the sample B-1984.
The most intense peak originates from the InP substrate. Marked InAs layer demonstrates
typical intensity oscillations in rocking curve, demonstrating good sample quality. Looking
at asymmetrical maps in Figure 4.11 (b,c), one can conclude that InAs lattice parameter is
identical to the InP, therefore InAs layer is fully strained in both directions.
For QDs sample B-1983 InAs layer shows less pronounced intensity oscillations in rocking curve (d). InAs layer remains strained in both directions as sample B-1984. Another
difference between the samples is increased diffusion scattering of the QD sample B-1983. It
can be seen by increased background signal around main peaks. One can see, that diffusion
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Figure 4.11: (a) (004) symmetrical HRXRD reciprocal space map of sample B-1984. (b) (115) asymmetrical reciprocal space map of sample B-1984. (c) (-115) asymmetrical reciprocal space
map of sample B-1984. (d) (004) symmetrical reciprocal space map of sample B-1983.
(e) (115) asymmetrical reciprocal space map of sample B-1983. (f) (-115) asymmetrical
reciprocal space map of sample B-1983. Measurements are performed by Dr. Jarosław
Serafińczuk.
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scattering in (-115) map (f) is larger, than in (115) map (e). From this observation one can
conclude that [-110] direction is more dislocated than [110].
From elongation of InP peak in symmetrical map (d) for QDs sample one can conclude
that lattice planes are tilted - about -0,0004 degree. From InP peak elongation in asymmetrical
map (f) one can see that InP capping layer has a larger lattice parameter b about 0.0022 Å in
comparison with the substrate. The second lattice parameter in the base of the unit cell a is
the same (additional measurement show that a also changes for longer ripening times).
Conducted measurements confirm not optimum conditions for capping of QDs. Even if
quality of individual QDs is good (as will be shown below), increased surface roughness is a
limiting factor for example for fabrication of very high-quality photonic crystals.
As - P exchange reaction
QDs shape, size, barrier material composition play a crucial role in optical properties of QDs
[73–75]. One of the growth parameters, directly affecting InAs/InP based QDs properties is
the As - P exchange process during the capping of QDs. With increased As - P exchange
time, QDs are longer exposed to P atmosphere, thus one should expect more pronounced As-P
exchange reaction, material redistribution, which depends on sample temperature - and decrease in QDs size and change the QDs shape. Longer As - P reaction also leads to a smaller
arsenic incorporation in the capping InP layer because of longer pumping time in MBE. Barrier matrix composition is important since barrier matrix affects fine-structure splitting [73].
On other hand, longer exchange time means also longer QDs expose to residual gases inside
the MBE chamber. This can lead to undesirable impurities incorporation.
Comparison of two low-temperature PL spectra illustrating effect of the increased As - P
exchange time after QDs formation is shown in Figure 4.12 (c). Sample B-1981 was already
discussed in subsection 4.2.2: it is a low-density QD sample, where 2 MLs of InAs are grown
at 490 °C with a V/III ratio of 20 and a ripening time of 5 minutes with a 5 K/min cooling ramp
followed by 20 s As - P exchange time prior to the capping with InP. Sample B-2190 has 105 s
longer As - P exchange time after ripening process for embedded QDs. QDs are later capped
with 100 nm of InP at the same temperature of 465 °C. The AFM image of capped sample
surface is shown in Figure 4.12 (b).
As expected, after longer InAs QDs exposure to P2 atmosphere, emission is blue-shifted
as it is resolved by low-temperature PL measurements in Figure 4.12 (c). Shift towards shorter
wavelength means formation of smaller QDs. Peak around 1000 nm is also blue-shifted, indi-
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Figure 4.12: (a) AFM image of sample B-2191, where QDs are additionally exposed to P2 atmosphere.
(b) AFM image of sample B-2190, showing InP surface after 100 nm capping of QDs.
QDs are based on sample B-2191. (c) PL spectra of sample B-1981 and sample B-2190
with increased As - P exchange time. (d) µ-PL spectra of same samples.

cating As - P exchange reaction for this InAsP layer too. Decreased PL intensity and increased
linewidth might be a signature of layer degradation or preferable carriers tunneling towards
formed QDs with smaller sizes. Notable that these processes are happening at relatively low
temperature of 465 °C.
Usually (and in case of sample B-1981) for AFM investigations after the ripening process
As2 is switched off and sample is quickly cooled down to stop morphological transformations.
To understand As - P exchange reaction another sample B-2191 is grown. It contains only
surface QDs (on InP buffer layer), which are additionally exposed during 2:05 min to P2 atmosphere to imitate As - P reaction during capping process after the ripening process. After
P2 exposure, the sample is quickly cooled down without any overpressure.
Interesting morphology transformations occur during As - P exchange reaction. Combination of intense PL spectrum and AFM scan indicate increased QD density for sample with
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increased As - P exchange time after QDs formation and ripening. Similar effects were observed in [76]. Another observation is a tendency towards more squared-shaped (pyramidal)
QDs. This observation is in agreement with transmission electron microscopy measurements
in [77].
Increased QD density is also confirmed on single QD level. Figure 4.12 (d) shows microphotoluminescence spectra recorded with 532 nm and 3000 nW laser excitation conditions.
Collection time for spectra is 1 s. Sample B-1981 demonstrates pronounced background-free
single QD emission. It will be discussed with more details in section 4.2.2. Sample B-2190
with increased As - P has high-density sharp emission lines at macro-PL maximum around
1.3 µm. At 1.5 µm background signal increases and single QDs are not easily resolved.
One of remaining challenges is increased surface roughness after QDs formation and
capping. For example, even despite on decreased QDs size by long As - P reaction, after
100 nm QDs capping with InP layer, B-2190 sample surface remains not atomically smooth
(Figure 4.12 (b)).
As can be seen, InAs/InP QDs formation from one side is a quite complex process, depending on many parameters and from the other side QDs formation is flexible and can be
optimised in many ways. For example, As - P reaction in combination with partial QDs capping (few nanometres) and desorption can be used to remove the largest dislocated clusters
and improve the capping process. In addition, different growth parameters such as growth
temperature, V/III ratio, QDs and capping growth rates can be further optimised.

Micro-photoluminescence measurements
Figure 4.13 (a) shows a low-temperature µ-PL spectra of the mentioned above samples with
2.5 min and 5 min ripening time. Clearly visible is a ripening effect resulting in a density
decrease. Also low-QD density sample shows a low background signal. Such sample quality
allows single-QD measurements. Figure 4.13 (b) shows a high-resolution µ-PL spectrum of
two sharp PL lines, marked by a green rectangle. Selected QD emit close to the desired
telecom C-band. Spectral linewidth is measured by the Gaussian fitting of the experimental
points. A resolution-limited (below 35 µeV) full width at half maximum (FWHM) value is
measured for the best QDs. The Gaussian-like shape of excitonic lines might be related to
the resolution limit and a spectral broadening due to the charge fluctuations around the QD
[72].
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Figure 4.13: (a) Micro-photoluminescence spectra for 2.5 min and 5 min ripening time. (b) Highresolution spectrum of B-1981 sample showing single QD emission with exciton (X) and
biexciton (XX) emission lines.

Power-dependent measurements on the same QD are shown in Figure 4.14 (a). At low
excitation power of 590 nW only an exciton (X) peak is visible. With increasing excitation
power an additional peak appears at lower energies. Figure 4.14 (b) shows these two peaks’
intensities as a function of excitation power in a double logarithmic scale. Before the saturation region, which is around 2 µW both peaks’ intensities can be fitted linearly with a slope of
about 1 for X and 2 for XX, which is a signature of a biexciton emission.
Figure 4.14 (c) shows polarisation-resolved measurements of these peaks. X peak is
nearly polarisation-insensitive. Only with a careful Gaussian fitting it is possible to resolve ∼
2 µeV difference in the peak position. XX peak demonstrates more pronounced polarisationdependence. A maximum XX peak deviation can be estimated as 10 µeV.
There is also clearly visible an additional peak between X and XX lines, which has orthogonal polarisation and it’s position is polarisation-insensitive, which can be a dark excitonic
signature [78].

4.2.3 InAs thickness
In subsection 4.2.2 the mechanisms of InAs/InP based QDs ripening process are discussed,
including As - P exchange reactions. It is shown that 2 MLs of InAs can form a strained layer
or QDs with different densities depending on ripening time. For large clusters a capping issue

40

4.2 Influence of growth parameters
1000

(a)

11370

xx
x

(b)

nW

6370 nW

XX

4320 nW

X

1000

2855 nW
500

XX
300

Intensity (a.u)

Intensity (a.u)

1500

Intencity (arb. units)

2000

8450 nW

0
45
90

(c)

Slope = 1

X

200

100

Slope = 2

1916 nW

100

1148 nW
0
0.810

590 nW
0.812

0.814

0.816

Energy (eV)

0.818

1000

Excitation power (nW)

10000

0.8175

0.8180

Energy (eV)

Figure 4.14: (a) Series of power dependent measurements of single QD for sample B-1981. (b) Exciton
and biexciton intensity as a function of an excitation power. (c) Polarisation-resolved
measurements of same QD.

appears, resulting in increased surface roughness. In current subsection the effect of the InAs
deposition thickness on the properties of QDs is discussed.
Figure 4.15 (a) shows photoluminescence spectra of three different samples with 0, 0.5
and 1 ML of InAs deposited at 490 °C followed by 5 minutes ripening like for sample B-1981.
For sample B-2006 with 0 ML there is a P - As reaction at 490 °C, then sample temperature
is decreased to 465 °C, where happens As - P atmosphere exchange and further growth of
InP layer. For AFM investigations As is switched off after 5 minutes ripening at 465 °C and
sample is cooled down. AFM scan of 0 ML sample B-2006 shows surface modification, which
is not typical for InP layer (Figure 4.15 (b)). Optical measurements confirm formation of the
InAsP layer by As-P exchange reaction.
1 ML sample B-2109 has similar spectral shape with 2 ML sample B-1981. The difference between 1 and 0.5 ML samples is mostly in the QDs intensity, while shape and peak
position remains constant. Unfortunately, AFM images are not available for these two samples, however, one can speculate that low intensity corresponds to a low density and this means
that QDs parameters like shape and size are determined by a ripening process. Insensitivity of
QDs height and radius of QDs on initial growth conditions are also observed by [79].
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Figure 4.15: (a) PL spectra of 0, 0.5, and 1 ML of InAs samples deposited at 490 °C with 5 minutes
ripening process. (b) AFM scan of 0 ML sample B-2006 showing a layer rather than QDs
formation.

4.2.4 V-III ratio
One can see that after 2 MLs of InAs layer deposition, QDs sizes on average are larger for
InP-based samples than for samples with As-compound barriers. This effect can be explained
by a mass transport and As-P exchange reaction [76, 79]. In subsection 4.2.2 it was shown that
without arsenic overpressure there is no ripening process. It is also known that As flux directly
affects migration length and therefore one can expect a strong impact of As overpressure on
the ripening process.
7RSRJUDSK\

>QP@QP

(a)
V/III = 15

7RSRJUDSK\

QP

>QP@QP

(b)
V/III = 20





P







>QP@QP

(c)
V/III = 25





P





7RSRJUDSK\

QP


QP





P














P

P

P

Figure 4.16: AFM images of samples with different arsenic overpressure (V/III ratio) during 2.5 min
ripening process. (a) B-1996, V/III = 15, (b) B-1983, V/III = 20, (c) B-1997, V/III = 25.

Figure 4.16 shows a set of samples grown with a systematic variation of arsenic overpressure. 2 MLs of InAs are grown at 490 °C followed by a 2.5 min ripening process with different
V/III ratio (during the InAs deposition and ripening). As far as for 2 MLs there was no pro-
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nounced QDs formation (Figure 4.7 (a)), one can focus more on the ripening itself rather than
on initial nucleation moment. Sample B-1996 grown with a smallest V/III ratio of 15 shows
QD density of 1.5×1010 cm−2 (Figure 4.16 (a)). Sample grown with a V/III ratio of 20 exhibits
similar density of 1.2×1010 cm−2 and additionally larger-sized structures. With increasing the
V/III ratio to 25 the QD density is decreasing one order of magnitude to 1.7 × 109 cm−2 and
large clusters form. Photoluminescence measurements shown in Figure 4.17 demonstrate systematic intensity decrease with increasing the V/III ratio. Similar influence on QDs properties
is observed by increasing ripening time (see subsection 4.2.2). For example, sample B-1981
grown with a V/III ratio of 20 and 5 min ripening time shows comparable QD density and PL
intensity with a sample B-1997 grown with a V/III ratio of 25 and a 2.5 min ripening time.
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Figure 4.17: PL spectra of samples grown with different V/III ratio.

Usually low V/III ratio leads to an increased migration length and a low QD density.
However, in case of ripening the result is opposite since As overpressure is responsible for
the mass transport in As/P exchange reaction. Higher V/III ratio leads to faster ripening and
formation of larger QDs.
Micro-photoluminescence measurements
As it is mentioned in subsection 4.2.4, samples B-1981 and B-1997 demonstrate quite comparable macro-PL intensity and QDs density. However, it will be shown that optical properties
on single QD level can be different.
Figure 4.18 (a) shows low-temperature µ-PL spectrum of sample B-1997 taken at the
same excitation conditions with sample B-1981 in Figure 4.13 (a). Sample B-1997, which
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is grown at higher V/III ratio and less ripening time, also demonstrates resolved single QD
emission lines, however, peaks’ density is higher and background is increased. Such QD
density is too high to perform single-QD spectroscopy. To address single QDs a mesa structure
similar to Figure 4.5 (a) is fabricated. A SEM image (Hitachi™ s-4000 SEM) of etched mesa
is shown as inset of Figure 4.18 (c).
200

(a)

1500

B-1997 3000 nW

(b)

600

B-1997, mesa

0o
45o
90o

3000 nW

1065 nW

100

2060 nW
1000

Intensity (a.u)

Intensity (a.u)

Intensity (a.u)

150

1520 nW
1150 nW
500

900 nW

50

(c)
200

635 nW
370 nW

0

0

0
1100

400

1200

1300

1400

Wavelength (nm)

1500

1506

1508

1510

1512

Wavelength (nm)

1514

1500

1502

1504

1506

1508

Wavelength (nm)

Figure 4.18: (a) Micro-photoluminescence spectrum of sample B-1997. (b) Series of power dependent
measurements of single QD in a mesa for sample B-1997. (c) Polarisation-resolved measurements of the same QD. Inset: SEM image of the fabricated mesa structure for single
QD spectroscopy.

Figure 4.18 (b) presents series of µ-PL power-dependent measurements taken from a single QD in a mesa structure. At low excitation power of 370 nW only single peak is resolved.
With increased power additional peak rises and dominates the spectrum at 3000 nW. In general, the power dependent measurements behavior is similar to X-XX system in sample B1981 (Figure 4.14 (a)), however, in case of mesa-sample peaks are broadened. XX-like peak
linewidth is increased up to 100 µeV and excitonic (X) FWHM is not anymore resolutionlimited as in case of B-1981 (which is 35 µeV), but around 50 µeV. This linewidth broadening
can be explained by created carriers traps in the proximity of the dot during mesa dry-etching
fabrication process. Despite on increased linewidth, polarisation properties of sample B-1997
remains comparable with B-1981 sample. From Figure 4.18 (c) one can extract excitonic
fine-structure splitting value below 5 µeV. Estimation for low-energy peak also remains below
10 µeV.
Ideally, statistical measurements are needed for more precise comparison between samples, however due to a low signal intensity, such experiment is a challenge. In chapter 5 enhanced QD emission and statistical measurements are presented for sample comparable with
the sample B-1981.
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4.2.5 Growth temperature
During the ripening process the substrate temperature is decreased with a constant cooling rate
to different temperatures, which correspond to a different cooling time. In order to distinguish
between the time and the temperature effects a set of samples was grown at fixed temperatures
and V/III ratio of 20 with a growth stop at 460 °C, 490 °C and 515 °C for 1 and 2.5 min.
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Figure 4.19: Effect of the growth stop at 460 °C on the QDs properties. (a) Photoluminescence spectra
of sample after 1 and 2.5 minutes growth stop. (b) AFM scan after 1 min GS. (c) AFM
scan after 2.5 min GS.

Figure 4.19 shows experimental results obtained from samples with a growth stop at
460 °C. In Figure 4.19 (b) is shown 2 × 2 µm2 AFM scan of sample B-2182 with a 1 min of
the growth stop time. Characteristic of the sample is dense and highly elongated structures.
Increasing the growth stop time, results in formation of large and asymmetric QDs with decreased dot density. Small elongated structures can also be resolved as a background in the
AFM image. PL spectrum of 1 min GS sample B-2182 demonstrates intense emission with a
maximum around 1.2 µm and therefore confirms the formation of high dot density. For sample
B-2183 with 2.5 min GS time PL emission is nearly one order magnitude less intense, with the
emission wavelength reaching 1.8 µm. Both spectra exhibit a characteristic feature of multiple
PL peak emission, which can be described as the formation of QDs with different sizes [77].
In general, PL intensity and emission wavelength are in agreement with the AFM data. At
low temperature of 460 °C mostly elongated structures are formed and variation of the growth
stop time can be used to control the QDs density and tune emission wavelength.
Figure 4.20 shows experimental results obtained from samples with a growth stop at
490 °C. 1 minute growth stop at higher temperature results in nearly round-shaped QDs (see
AFM in Figure 4.20 (b)). After additional 1.5 min (sample B-2181) we observe a trend similar
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Figure 4.20: Effect of the growth stop at 490 °C on the QDs properties. (a) Photoluminescence spectra
of sample with As-P exchange only (B-2006 black), 1 and 2.5 minutes growth stop after 2
MLs of InAs deposition. (b) AFM scan after 1 min GS. (c) AFM scan after 2.5 min GS.

to 460 °C sample. Density is decreased and larger QDs are formed with better symmetry in
comparison with 460 °C samples. QD size and density are comparable with sample B-2183.
At the growth temperature of 515 °C high-symmetry QDs are formed already after one
minute of a growth stop (see AFM in Figure 4.21 (b)). QDs size is larger than for 460 and
490 °C samples. Also QDs are with self-alignment tendency. One can see how coalescence
processes are starting for sample B-2186. PL spectrum shows a much clearer multi-modal
QDs distribution. After 2.5 min GS time dramatic changes happen for sample B-2211. Both
PL and AFM measurements show no signal from QDs. On the AFM scan only very large
irregular nanostructures are present with a size up to 80 nm. They are formed not only by
collecting material from QDs, but also by P - As exchange reaction [79]. It is clear that
desorption process dominates at such high temperatures.
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Figure 4.21: Effect of the growth stop at 515 °C on the QDs properties. (a) Photoluminescence spectra
of samples with 1 and 2.5 minutes growth stop after 2 MLs of InAs deposition. (b) AFM
scan after 1 min GS. (c) AFM scan after 2.5 min GS.
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In summary, at higher temperatures adatoms have a larger kinetics energy and therefore
mass transport including P - As exchange reaction is faster. Also, QDs are formed with a
high-symmetry. At low growth temperatures elongated structures are energetically-preferable.
In both cases a growth stop time under As2 overpressure after InAs deposition is important
parameter to control QDs properties.
Effect of V/III ratio
In the current subsection growth stop effect is further investigated for different V/III ratio on
example of 515 °C samples with a 2 min GS time. In subsection 4.2.4 effect of V/III ratio
is discussed for QDs grown at 490 °C with a ripening time of 2.5 minutes. In general, there
is systematic an increase of QDs size and decrease of QD density with increased V/III ratio
during the ripening process. Effect of V/III ratio on the QDs properties during the growth
stop is not yet completely understood. Leavitt et al. reported that there is "formation of
circular QDs during cooling in the absence of any group-III flux, rather than during growth
or annealing" [79]. In current subsection 4.2.5 we have shown that under certain growth
parameters there is systematic formation and evolution of QDs during the growth stop. To
clarify the question a set of samples is grown.
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Figure 4.22: Effect of the V/III ratio on morphological properties of InAs/InP QDs during 2 min growth
stop at 515 °C. (a) AFM scan of sample B-2253 with V/III ratio of 10. (b) V/III = 15. (c)
V/III = 20.

Effect of the V/III ratio during 2 minutes of growth stop at 515 °C after 2 MLs of InAs
deposition on QDs properties is shown in Figure 4.22. At low V/III ratio of 10 for sample
B-2253 there are no QDs formed and only atomic steps are visible on the 2 × 2 µm2 AFM
scan. With V/III ratio of 15 high-density round-shaped QDs are formed as well as larger
islands. With a V/III ratio of 20 coalescence processes dominate. Also QDs in background
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are localised in groups in contrast to homogeneous distribution of sample B-2252 with lower
V/III ratio and same growth stop time.
Optical properties of investigated samples are summarised in Figure 4.23. Macro-PL
spectra are shown in (a) and µ-PL are displayed in (b). For low V/III ratio there is no QD
signal above 1.4 µm due to desorption. For V/III ratio of 15, arsenic stabilises the sample
surface, decreases desorption rate, allows better mass transport and therefore smaller QDs can
be formed. For V/III ratio of 20 this process is more pronounced and smaller QDs can be
formed, emitting at 1150 nm (red and black lines in Figure 4.23 (a)). Due to high QDs density
there are no clear single emission lines for sample B-2252, however, QDs signatures can be
resolved in Figure 4.23 (b).
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Figure 4.23: Effect of the V/III ratio on optical properties of InAs/InP QDs during 2 min growth stop at
515 °C. (a) Low-temperature (10 K) macro-photoluminescence measurements. (b) Lowtemperature (10 K) µ-PL measurements.

Let us analyse achieved results together with previously discussed samples. One can conclude that under investigated conditions initial InAs layer is necessary for QDs formation and
InAs amount determines QDs density (subsection 4.2.3). Without InAs layer deposition, only
InAsP layer is formed. As2 is needed for the mass transport and ripening process. Without arsenic overpressure ripening is suppressed (subsection 4.2.2). In case of sample B-2253, 2 MLs
of InAs are deposited, however, there is no QDs visible on the AFM image after 2 minutes of a
growth stop time. One can therefore conclude that at such high temperature arsenic flux is not
sufficient to compensate desorption and adatoms are removed from the wafer without having a
chance to form a stable QD. With increased V/III ratio of 20 at the same temperature (samples
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B-2186: 1 min GS; B-2247: 2 min GS; B-2211: 2.5 min GS) QDs are formed, however, they
quickly migrate and form more stable large nano-islands.
To conclude, V/III ratio of 15 and a growth temperature of 515 °C in combination with
reduced InAs deposition amount might lead to low-QD density emitting at telecom wavelength.
Comparison with ripening process
PL comparison of 2.5 min growth stop samples (B-2181 at 490 °C and B-2183 at 460 °C) with
a 2.5 min ripening sample grown at 490 °C (B-1983) is shown in Figure 4.24 (a). Comparing
growth stop samples, one can see that growth stop at 460 °C leads to an emission maximum
around 1.2 µm, while 490 °C sample has maximum at 1.3 µm. This can be explained by a
faster migration process at higher temperatures.
The ripening sample has no pronounced multimodal PL shape in comparison with the
growth stop samples. A more interesting observation for low-density telecom wavelength
applications is a clear red shift of B-1983 sample in comparison with the growth stop samples. This sample combines advantages of symmetrical QDs grown at high temperatures and
reduced desorption at low temperatures.
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Figure 4.24: (a) Photoluminescence spectra illustrating comparison of the growth stop with ripening
samples. (b) Micro-photoluminescence spectra of same samples with more pronounced
single QD emission at telecom wavelength for ripening sample B-1983.

The most interesting results are achieved by low-temperature µ-PL measurements. Figure 4.24 (b) shows comparison of investigated samples recorded at same conditions with ex-
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citation power of 3 µW. Spectra are equally shifted for clarity. Sample B-2181 with a GS
at 490 °C has emission at telecom wavelength, but there is no sharp clear single QDs for
this sample at telecom wavelengths (black line). For 460 °C GS temperature sample emission at 1.55 µm is less intense, in agreement with macro-PL measurements (red line). This
sample demonstrates more pronounced spectral peaks, however, with a wavelength only below 1.3 µm. Finally, ripening sample exhibits sharp emission lines in all spectral range, also
covering telecom wavelength (blue line) with decreased background signal.
To understand the improved optical quality of InAs/InP QDs grown by the ripening technique let us review the process of QDs formation. First of all, a fully strained InAs layer is
formed (B-1984). Then the strain in InAs layer elastically relaxes through InAs QDs formation. During the ripening process there are complex migration, desorption processes, as well
as P - As exchange reactions resulting in coalescence and increase of QDs size. Naturally, the
strain is bigger for larger QDs and after critical thickness it releases via dislocations formation, which act as non-radiative recombination centres. Richardson et al. observed this effect
[80]. A classical way to reduce dislocations nucleation and formation is an epitaxial growth at
low temperatures [81, 82]. The ripening process occurs with decreasing the substrate temperature, which leads to formation of larger QDs. Also, at low temperatures As-P and all kinetic
reactions are suppressed, therefore QDs are less affected during the low-temperature capping
process and there is less material intermixing, which can lead to sharper interfaces.
Combination of all these effects might explain improved quality of QDs grown via a
ripening process. However, further investigations are needed. For example, comparison of
optical properties of single QD isolated in a mesa with high-resolution TEM measurements of
the same QD can lead to a new theory. There are already available such high-resolution TEM
measurements and analysis techniques related to the topic [62, 83].

4.3 Tunnel injection structures
Besides fundamental growth and quality optimisation, QDs properties can be also affected by
the environment around it. Tunnel injection (TI) quantum dot (QD) - quantum well (QW)
structures are currently actively investigated in order to combine advantages of QDs and QWs
for improved performance of QD-based lasers [84–86]. It is known that QW has higher carrier
capture efficiency and faster relaxation times in comparison with QDs. By placing QW in
close proximity to QD, one can achieve a condition when captured carriers from QW quickly
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tunnel through a potential barrier to QDs and thus carriers feeding and dynamical properties
of QDs are improving [85]. In current section hybrid QD-QW structures are investigated via
photoluminescence spectroscopy and effect of the QW thickness on single QD properties is
shown.
A schematic energy band diagram of the TI sample structure is shown in Figure 4.25 (a).
Unstrained InGaAs QW is grown directly in InP matrix separated from InAs/InP QDs by a
2 nm thick InP potential barrier. Barrier thickness determines the coupling strength between
QDs and QW. It is shown that a 2 nm-thick barrier is enough to have coupling between QDs
and QW, while avoiding technological difficulties related to the inter-diffusion and As-P exchange reactions during the growth of the sample [87]. Figure 4.25 (b) shows low-temperature
macro-PL spectra of four investigated samples measured at same conditions. Sample B-1997
(black line) is a reference QD sample with a medium QD density (sample is discussed in section 4.2.4). It has a broad QDs PL emission range from 1100 nm to above 1900 nm. Sample
B-2059 is a reference 4 nm-thick InGaAs QW sample. It exhibits intense Gaussian-shaped
PL peak from QW with FWHM of 16 meV centred at 1345 nm. Two additional TI samples
consist of 2 nm (in sample B-2057 emits at 1235 nm) or 4 nm-thick InGaAs QW separated
from QDs layer by 2 nm of InP barrier.
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Figure 4.25: (a) Energy diagram of tunnel injection sample structure. (b) Low-temperature macrophotoluminescence spectra of reference QD sample B-1997, ref. 4 nm QW sample B-2059
and two TI samples B-2057, B-2058 with 2 nm and 4 nm QW, respectively.

Coupled QW-QD system leads to carriers redistribution in the system. This can be seen
after analysis of Figure 4.25 (b). For example, first indication is absence of QDs emission
with energy above QW energy, because in this case carriers from QDs tunnel to QW, where
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electron-hole recombination takes place and photon is emitted. In case of large low-energy
QDs, one can see an enhancement of the PL emission. This effect is more pronounced for
4 nm-thick QW. At the same time, QW PL emission is highly reduced, indicating that most
charge carriers recombine in QDs.
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Figure 4.26: (a) Low-temperature normalised power-dependent macro-photoluminescence measurements of TI sample B-2057 with 2 nm QW. (b) Measurements of TI sample B-2058 with
4 nm QW.

Figure 4.26 (a) shows a series of normalised macro-PL measurements of sample B-2057
with 2 nm QW under excitation power varying from 10 mW to 370 mW. One can see, that
with increasing the excitation power, dynamical recombination properties of QDs and QW
remains constant. In contrast, 4 nm QW TI sample B-2058 shows different behaviour at the
same excitation powers. At low excitation emission from QDs is more preferable, like in the
sample B-2057. However, at higher excitation power density, QW PL intensity rises due to
contribution from high-energy QDs carriers, which tunnel to QW.
Low-temperature micro-photoluminescence measurements of reference QD sample and
two TI samples reveal effect of the InGaAs QW thickness in QDs proximity on properties
of single QDs. Figure 4.27 shows µ-PL spectra recorded at the same excitation conditions.
Reference sample B-1997 has a well-resolved single QD emission lines, while TI samples
exhibit significant changes in µ-PL spectra. For 2 nm-thick QW (red line) one can see a trend,
which is also observed by macro-PL: no QD emission below QW wavelength and enhanced
QD emission. However, emission lines are broader, more dense and background signal is
increased. Dramatic changes happen for a 4 nm-thick QW (blue line): no single QD peaks
found, only a broad emission.
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Figure 4.27: Low-temperature micro-photoluminescence spectra of reference QD sample B-1997 and
two TI samples B-2057, B-2058 with 2 nm and 4 nm QW, respectively.

Observed behaviour can be explained by charge carriers fluctuations, which occur during carriers tunnelling between QDs and QW. Such fluctuations create a disturbance of the
electric field in proximity of the single QD, therefore broadening of emission lines occur (see
subsection 2.2.2). In addition, in such coupled QW-QD system, electrons wave functions can
de-localise between QDs and QW and undesired indirect alignment can occur [88].
Achieved results illustrate carriers recombination dynamics in coupled QW-QD TI structures. A similar photoluminescence experiment can be used for tunnel-injection structures
optimisation. Next steps could be growth of strained QW and localisation of a single QD in
a mesa structure. However, for bright single-photon source, alternative approaches should be
used. For example, cavity structures (see theory in subsection 2.3.3).

4.4 Conclusion
In conclusion, various InAs QD samples are systematically grown, characterised and optimised by intelligent variation of growth parameters, including their different combinations
and cross-references for a control. A combination of atomic force microscopy, photoluminescence, high-resolution X-ray and reflection high-energy electron diffraction measurements are
used to determine morphological and optical QDs properties. The biggest attention is given
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to a ripening growth approach with the aim to achieve low-density QDs emitting at telecom
wavelength.
The test sample structure and the growth approach are developed, allowing reliable control and optimisation of QDs properties. More specifically, main growth parameters such as
growth temperature, V/III ratio, ripening time, growth stop time (at various temperatures and
V/III ratios), InAs deposition amount and related processes such as desorption, migration, coalescence and arsenic-phosphorus exchange reaction are discussed in detail. Obtained knowledge is used for optimisation of QDs shape, size, density, emission wavelength and properties
of single QDs. Various tunnel-injection structures and samples with different barrier matrix
composition are also investigated.
Besides significant fundamental contribution to state-of-the-art research, the current chapter demonstrates, for the first time at the university of Kassel, single QDs emission at telecom
wavelength with resolution-limited linewidth below 35 µeV and very small fine-structure splitting values below 5 µeV from the simple test sample structure. Obtained results demonstrate
possibilities of InP-based QDs and can be used for further development of QD-based technologies.
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Bragg reflectors
In this chapter is described a process and results of InAs QDs grown on top of distributed
Bragg reflector (DBR). As it was discussed in subsection 2.3.2, such approach can be used to
enhance QDs emission. Part of obtained results is published in [72].
Chapter starts with the section "experimental approach", where key materials, technical
details and general strategy are given. The following section contains main experimental
results such as reflectivity properties of the DBR and optical properties of QDs. Enhanced QD
emission is the main motivation of the DBR growth, therefore, attention is given to comparison
of the DBR with the reference low-density QD sample to determine enhancement factor.
The second part of the chapter deals with the growth of QDs on DBR. Few designs are
therefore grown and compared.
Finally, the chapter finishes with a discussion of DBR-based structures and demonstration
of initial work on the micro-pillar cavities.

5.1 Experimental approach
To fabricate a DBR with a broad stop band on InP substrate one needs to grow materials
lattice matched to InP with a highest possible refractive index contrast. The largest contrast is
between InP (n = 3.146) and In0.532 Ga0.468 As (n = 3.65) [63]. However, InGaAs has light
absorption at 1.55 µm at 10 K, therefore this material is not suitable for light amplification at
telecom wavelength. By incorporating aluminium (Al) and simultaneously decreasing gallium
(Ga) concentration in the alloy, one can shift a band gap and absorption area towards shorter
wavelength while keeping lattice matching conditions [60, 61]. Unfortunately, at the same
time refractive index contrast with InP will decrease. In this work In0.53 Al0.1 Ga0.37 As layer
lattice-matched to InP is used with a band gap around 1.4 µm and a refractive index contrast to
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InP of 0.364. With such refractive indexes simulations in (open-source) OpenFilters indicate
reflectivity values above 95% at 1.55 µm (without absorption consideration) after 20 DBR
periods. Described parameters are based on previously developed DBR structures for telecom
wavelength in University of Kassel [60, 61].
The proper MBE calibration and growth rate stability are key factors for the growth of
a DBR which will meet the specification requirements. High-resolution X-ray diffractometer
is used to determine film thickness and composition. Therefore, in case of cells stability, the
growth rate can be determined with a few nm per hour precision. Indium and gallium cells are
calibrated by the growth of 250 nm-thick InGaAs layer on InP substrate. InAlAs layer is used
for In and Al calibration. More details about HRXRD can be found in section 3.6.
Knowing the growth rate for a certain flux and a flux as an Arrhenius function of the cell
temperature, one can extract desired temperatures of the cells for growth of In0.53 Al0.1 Ga0.37 As
layer with desired composition. The XRD and low-temperature photoluminescence measurements can be used to get information about the thickness and composition of the grown
layer.
In order to achieve reproducible DBR growth, one need to grow calibration sample and
a DBR in the very similar conditions. For example, it is important to stabilise cells before
the growth and to grow DBR layers at the same temperature and V/III ratio with a calibration
sample to avoid any desorption effects, which change the growth rate.
Figure 5.1 shows the cross-section Scanning Electron Microscope (SEM) image of a
grown DBR sample B-2103 consisting of 25 pairs of 123 nm thick InP and 110 nm thick
In0.53 Al0.1 Ga0.37 As layers. Layers are grown with V/III ratio of 20 at growth temperatures
around 460-470 °C with 2 minutes of As − P exchange time between layers. For enhanced
spontaneous emission, QDs are located in a maximum of electric field as it is shown in simulation. In such configuration QDs are located in the middle of the InP cavity which is formed
by the DBR-mirror and InP-air interface (nair = 1) [89]. By placing QDs in the minimum of
electric field, one can suppress QDs emission, in agreement with cavity quantum electrodynamics.

5.2 Experimental results
DBR samples are characterised by reflectivity (see section 3.5) and photoluminescence (see
subsection 3.4.1) measurements. Reflectivity spectrum determines the position of DBR pho-
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Figure 5.1: SEM image of the DBR sample with embedded low-density QDs; Also shown simulated in
OpenFilters electric field profile and respective refractive indexes.

tonic stopband (see subsection 2.3.2), contains information about optical thicknesses (physical
layer thickness multiplied by the layer refractive index) of layers, including the cavity thickness, and indicates interfaces quality. Photoluminescence signal is originating from active
region (QDs) and it is modulated by the DBR structure.

5.2.1 Reflectivity and photoluminescence measurements
Reflectivity measurements shown in Figure 5.2 (a) indicate a good optical quality since photonic stop band is 100 nm broad and reflectivity almost reaches 100%. Both values are in a
good agreement with simulations. The dip in the middle of the stop band is originating from
the cavity and therefore at resonance one can expect more than two times emission enhancement.
It was found that for technical reasons the indium cell depletion was not negligible during the thick sample growth (around 12 hours), therefore the cell temperature was gradually
increased to compensate depletion and obtain stable growth rate. The fact that the cavity dip is
in the middle of the DBR stopband and centred around telecom C-band shows that all layers,
including the top InP layer have a proper thicknesses and composition.
Besides DBR design, another important aspect is related to QDs growth and integration
with resonator. How to reproducibly transfer QDs properties from a test sample to the DBR
structure? Since all DBR layers are lattice-matched to InP one should not expect a difference
due to strain effects. However, simple growth of QDs on top of the DBR sample results in a
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Figure 5.2: (a) Room-temperature reflectivity measurements of a DBR sample B-2103 with embedded
QDs. (b) Low-temperature macro-photoluminescence measurements of the DBR sample
B-2103 and a reference QD sample B-1981 (reprinted with permission from [72] © 2018
AIP Publishing).

higher QD density in comparison with the test sample. This is observed by macro- and microPL measurements. The reason for that is found to be high arsenic background which appears
in the MBE growth chamber after InAlGaAs layers growth (and it is not the case for InPbased QD test sample). Arsenic incorporation to InP leads to an increased surface roughness,
higher nucleation probabilities and therefore higher QDs density. Also, arsenic incorporation
to the InP layer leads to strained InAsP layer growth with refractive index different from InP.
In order to minimize the arsenic incorporation to InP layers, a 2 minutes As-P exchange time
is introduced on layers interfaces. In addition, a few hours of growth stop is done before
the cavity region growth to pump down residual arsenic. During the growth stop, sample
temperature is decreased to 200 °C (thermocouple readings) and sample is kept in a growth
chamber in transfer position (Figure 2.1) without any overpressure while cells remain heated
due to stability reasons.
A comparison of optical properties of the reference sample B-1981 and a DBR sample
B-2103 is shown in Figure 5.2 (b). PL emission is originating from low-density QDs with
a broad spectral distribution. The most important fact is that DBR sample exhibit an order
of magnitude enhanced PL emission of QDs which are in resonance with a cavity at telecom
wavelengths. The shoulders of the DBR spectrum approach a reference spectrum, demonstrating a full transfer of desired QD test sample to a DBR structure.
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5.2 Experimental results
Obtained results looks promising and therefore a sample is further characterised on single
QDs level and findings are discussed below.

5.2.2 Micro-photoluminescence measurements
For reliable µ-PL measurements and comparison, experimental setup is always tested and
aligned on a known sample until reference signal is reached. Also, samples are usually
recorded at the same excitation and detection conditions. This gives the possibility of samples
comparison even if they were not measured during the same experiment.
Comparison with reference sample
Figure 5.3 shows the µ-PL spectra of a reference low-density sample B-1981 (which was
already discussed in Figure 4.14) and a DBR sample B-2103, which is based on sample B1981. Spectra are recorded at the same excitation conditions on InGaAs detector: temperature
of 10 K, relatively high excitation power density of 3000 nW/µm2 . The DBR spectrum is
shifted for clarity reasons. Both spectra demonstrate background-free clear resolved spectral
lines originating from broad distribution of single QDs.
1200
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Figure 5.3: Comparison of low-temperature µ-PL spectra of a reference low-density sample B-1981
(black) and a DBR sample B-2103 (red).

An enhanced QDs emission at 1.55 µm is a demonstration of the DBR planar cavityeffect on single QD level. Obviously, PL signal intensity varies depending on the position
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on the sample due to local imperfections, however, one can estimate on average one order of
magnitude enhancement factor (in agreement with macro-PL in Figure 5.2 (b)). Notably, that
spectral lines are denser at 1.55 µm for the sample B-2103. Most of the lines have a signal
around 500 cps, which corresponds to 50 cps for the sample B-1981. This value is already in
the detector noise region, therefore such emission lines are not resolved in B-1981 spectrum.

101
104

Figure 5.4: (a) Micro-photoluminescence spectrum of a single QD on DBR B-2103. (b) Reference
spectrum of a sample B-1981 without DBR grown at similar conditions. (c) Comparison of
mentioned above excitonic PL intensities recorded at different excitation powers (reprinted
with permission from [72] © 2018 AIP Publishing).

High-resolution micro-photoluminescence measurements with 600 grooves/mm grating
are used to determine single QDs properties. Figure 5.4 shows a typical µ-PL spectra from
single QDs emitting at telecom wavelength from the DBR (a) and from the reference (b)
samples. Integration time for all spectra is 10 seconds. Spectra exhibit pronounced exciton
(X) and biexciton (XX) background-free emission with a resolution-limited spectral linewidth
below 35 µeV. Due to a low QD density, samples were analysed without the need of the mesastructures processing.
In order to estimate a DBR enhancement effect on a level of single QDs, power-dependent
measurements were performed on QD 1 (on DBR) and QD 2 (ref). Figure 5.4 (c) shows the
PL intensity of X as function of excitation powers for reference QD (red) and the QD on the
DBR (black). The results show an order of magnitude enhancement of PL intensity for sample
B-2103, compared to the reference sample.
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Figure 5.5: (a) Series of power dependent measurements of single QD for sample B-2103. (b) Detailed
single QD spectrum at 85 nW excitation power (reprinted with permission from [72] © 2018
AIP Publishing).

Biexciton emission

A series of power-dependent measurements of a single QD on DBR is shown in Figure 5.5 (a).
Figure 5.5 (b) displays a PL spectrum from a single QD taken at 85 nW. QD demonstrates
remarkably reproducible properties to the reference sample B-1981 (see Figure 4.14 for comparison). Excitonic emission linewidth also remains Gaussian-shaped with FWHM below
resolution limit of 35 µeV. Due to a better signal to noise ratio, power dependency perfectly
follows linear and quadratic dependencies for X and XX respectively (see Figure 5.6 (a)).
Also, additional excitonic transitions are clearly resolved. They start to appear after 100 nw,
when exciton transition saturates. This might be related to carriers redistribution. Now one can
clarify that dense peaks at 3 µW in Figure 5.3 indicate additional QD transitions (see [90] for
more information), which occur at higher excitation power, and not increased QDs density.
The polarisation-resolved measurements in Figure 5.6 (b)) reveal a relative peak position
shift in opposite directions, indicating fine-structure splitting and further strengthen X-XX
nature of investigated peaks. Remarkably, the polarisation properties of DBR QDs are in
agreement with QD test sample.
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Figure 5.6: (a) Series of power dependent measurements of single QD for sample B-2103. (b)
Polarisation-resolved measurements of the same QD (reprinted with permission from [72]
© 2018 AIP Publishing).

Statistical fine-structure splitting measurements
A detailed polarisation-resolved µ-PL intensity mapping of the QD described in Figure 5.6 (b)
is shown in Figure 5.7 (a) in a logarithmic scale. The XX line shows a small asymmetrical
broadening at 90 and 270 degrees. Due to a setup resolution, such asymmetrical peaks can not
reliably be fitted. In contrast, the X line peak is precisely fitted with a Gaussian function with
R2 value of 0.998, giving peak position as a function of polarisation angle, displayed in inset
of the Figure 5.7 (a). For the X line, a fine-structure value down to 2 µeV was measured. Clear
anticorrelated sinusoidal behaviour confirms X-XX nature of investigated peaks. Third visible
peak is polarisation-insensitive and therefore can be attributed to the dark exciton signature
[78].
Due to a self-organised nature of self-assembled InAs/InP QDs, there is always a distribution of the QDs properties. Therefore, statistical measurements are needed for careful QDs
analysis. Figure 5.7 (b) summarises statistical measurements of 19 QDs with X-XX signatures
emitting at telecom C-band (1530 nm - 1565 nm). QDs are preselected by power-depended
measurements: only QDs with indication of biexciton behaviour are recorded and analysed.
Top part of the figure shows exciton fine-structure splitting values for all measured QDs. One
can see that it is below 5 µeV and the average value is around 2 µeV. Although the experiment
is performed at the resolution limit and with limited statistical data, there is a tendency of
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Figure 5.7: (a) Color plot of exciton and biexciton intensities as a function of polarization angle. Inset:
relative exciton peak position as a function of polarisation angle for sample B-2103. (b)
(top) Exciton fine-structure splitting for 19 QDs emitting at telecom C-band. (bottom)
Biexciton binding energies for the same 19 QDs. Insets: respective distributions (reprinted
with permission from [72] © 2018 AIP Publishing).

decreasing of FSS for larger QDs emitting at longer wavelength. This might be explained by
reduction of impact of local asymmetries for larger QDs.
The biexciton binding energy does not show a dependency on the emitting wavelength
and remains nearly constant around 1 meV at telecom window. In addition, in all observed
QDs an exciton (X) peak is emitting at higher energies. Therefore, one can suggest that
structure, shape and composition of InAs/InP based QDs is nearly identical [62] at this spectral
window.

5.2.3 Overgrowth of DBRs
In chapter 4 was shown that test sample structure can be used for determination of single
QDs properties. However, the PL signal from the test samples is weak, therefore enhanced
light emission is needed for photonic devices and it also can simplify various possible experiments. This chapter already contains an experimental demonstration of the DBR-enhanced
emission. A one order of magnitude enhancement factor was determined by macro- and
micro-photoluminescence measurements. Measurements also revealed that carefully-grown
DBR sample does not change the key properties of single QDs such as emission linewidth and
fine-structure splitting. However, due to a low growth rate of ∼ 1 µm/h in molecular beam
epitaxy, growth of such thick DBR sample designed for 1550 nm takes around 12 hours, costs
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few calibrations and materials. A more cost- and time-efficient approach is to pre-characterise
QDs on test samples, select promising designs, grow DBR mirror without QDs (DBR growth
can be even done in multi-wafers production MBE or MOCVD system), cut the sample and
overgrow it with desired test QDs design. In current subsection we demonstrate possibility of
such approach and investigate few DBR samples.
7RSRJUDSK\

>QP@QP

(a)

100

(b)


110 nm In0.53Al0.1Ga0.37As
123 nm InP

SP

P






100 nm InP buffer



InP substrate
P

Reflectivity (%)

x 25

123 nm InP

(c)

80
60
40
20
0
1450

B-2049
1500

1550

1600

1650

Wavelength (nm)

Figure 5.8: (a) Schematic structure of the InP/InAlGaAs DBR sample B-2049. (b) 2 × 2µm2 AFM
scan of the top InP surface of the DBR sample B-2049. (c) Reflectivity measurements of
the DBR sample B-2049.

Figure 5.8 (a) shows the schematic of a DBR sample B-2049 structure, which consists
of 25 periods InP/InAlGaAs layers. Growth process and parameters are similar to the DBR
part of the sample B-2103. An AFM image (2 × 2µm2 ) in Figure 5.8 (b) demonstrates a quite
smooth top InP surface, however, morphology features are similar to sample B-2006, which
was exposed to the arsenic overpressure. This exposure resulted in InAsP layer formation
by arsenic-phosphorus exchange reaction (see PL and AFM in Figure 4.15). Since this DBR
sample is planned for overgrowth, detailed morphology investigations are out of the focus.
The most important is that reflectivity measurements in Figure 5.8 (c) indicate high reflectivity values and large stopband centred at telecom C-band. This means that sample is grown
according to the simulations. XRD measurements also demonstrate low strain in the structure
(not shown). Note, that there is few percent thickness distribution on the wafer, due to MBE
flux distribution with maximum in the middle of the wafer. This gives additional tolerance to
reach spectral goal.
For the overgrowth, the sample is cut in 4 quarters and prepared according to the standard procedure, which is described in section 3.1. Overgrowth process of the DBR sample
requires precise thickness control. It is known, that epitaxialy-grown surface oxidises immediately after exposure to the air. This natural oxide layer is later removed during thermal oxide
desorption step in the MBE chamber. This means that optical thickness of InP layer reduces.
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Ideally, one need to estimate oxide thickness and include thickness correction in overgrowth
process. But for the current experiment, correction was not implemented.
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Figure 5.9: (a) Low-temperature macro-photoluminescence measurements of B-2075 (InAs/InP-based
QDs), B-2076 (InAs/InAlGaAs-based QDs) overgrown DBR samples; DBR sample B2103 (InAs/InP-based QDs) for comparison and a reference InAs/InP-based QD sample
B-1981. (b) µ-PL measurements of InAs/InP based DBR and reference sample. (c) µ-PL
measurements of InAs/InAlGaAs based DBR and reference sample.

The DBR sample B-2049 is overgrown with QDs on quarters in two growth runs. Sample
B-2075 is a QD sample, grown similarly to the reference sample B-1981 (InAs/InP QDs with 5
minutes ripening and V/III ratio of 20). A 246 nm of InP is grown prior and after the QD layer
to form the cavity and place QDs in the maximum of electric field. Final structure of sample
B-2075 is therefore a copy of sample B-2103 (see Figure 5.1). Second sample B-2076 is based
on the sample B-2011 (InAs/InAlGaAs QDs with 5 minutes ripening and V/III ratio of 25; for
AFM see sample B-2052). In this case QDs are embedded in InAlGaAs barrier, but DBR
sample stops on InP layer, therefore oxide desorption was done in phosphorus atmosphere
and later it is switched to arsenic for 228 nm In0.53 Al0.24 Ga0.23 As growth prior and after 2
monolayers of InAs QDs to form the cavity. Final sample structure is in therefore similar to
[61], but with different QDs growth conditions.
A comparison of these two DBR samples and respective reference samples is shown
in Figure 5.9. Figure (a) shows the macro-PL measurements of investigated samples with
same excitation conditions. Both samples have low-density emission lines around telecom
wavelength. Sample B-2075 has a maximum intensity at 1517 nm, while sample B-2103 is
60% brighter with a maximum at 1575 nm. The reason could be related to the not perfect
cavity thickness of sample B-2075 (not shown). Also, should be noticed, that there was an
MBE system opening between samples B-20XX and B-2103. For technical reasons, sample
B-2103 was grown with different and freshly refilled indium cell. After system calibration, a
test sample was grown in order to reproduce sample B-1981 and it reached reference PL and
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AFM values (not shown). To achieve that, V/III ratio for QDs in B-2103 was changed from
20 to 16.4, due to different cell flux geometry. However, physical arsenic flux and InP growth
rate remained unaffected. Therefore, system opening in this case is another demonstration of
QDs reproducibility.
Micro-photoluminescence measurements of both overgrown DBR samples reveal enhanced QD emission with comparable PL intensity as it is shown in Figure 5.9 (b-c) (DBR
signal shifted 750 cps for clarity reasons). The previously discussed DBR sample B-2103 was
also measured at same excitation conditions and it also has comparable PL intensity above
1000 cps (see spectrum in Figure 5.3). Despite on high-quality morphology results, (see AFM
in Figure 4.2 (b)) sample B-2076, with QDs embedded in InAlGaAs matrix, does not perform
as good as InAs/InP-based sample B-2075. The reason for the bad performance is probably
due to lower quality capping layer, because it contains aluminium and it is grown at low temperature with a growth stop. In such conditions growth defects can easily be incorporated (also
see discussion in subsection 4.2.1). In µ-PL we can see broadening of emission lines, which
is an indication of quality degradation. Another complex of reasons for improved quality of
InP barrier was already discussed in subsection 4.2.2 and in [73].
With the current ripening approach and ripening parameters for low-density QDs emitting
at telecom wavelength, InP-based QDs show more promising results, however, this does not
mean that InAs/InAlGaAs-based QDs is a bad candidate for single-photon sources.

Figure 5.10: (a) Series of low-temperature µ-PL power-dependent measurements of a single QD for a
sample B-2075. (b) Polarisation-resolved µ-PL measurements of a different single QD for
a sample B-2075. Inset: zoomed polarization-resolved exciton and biexciton lines.
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5.2 Experimental results
High-resolution µ-PL power-dependent measurements of InP-based sample B-2075 are
shown in Figure 5.10 (a). In a broad spectral range one can see a signal only from one QD
without any mesa processing. Sample also shows low fine-structure splitting values.

5.2.4 Cavity effect
In this chapter we have demonstrated 10 times enhanced PL emission for QDs grown on the
DBR structure. This enhancement factor value is not possible to explain without considering
a cavity-enhanced emission (see theory in subsection 2.3.1 and [91]). In case of the DBR
sample, planar cavity is formed by a DBR mirror from one side and a semiconductor-air
interface from another side. An example of the field distribution in the DBR structure and
cavity is shown in Figure 5.1. To achieve maximum enhancement, QD should be spatially and
spectrally coupled to the cavity mode. By changing the position of QDs inside of the cavity
(in growth direction), one can either enhance or suppress QDs emission. By varying the cavity
thickness, one can either create a resonator or just a reflector.
Figure 5.11 experimentally demonstrates effect of the top InP layer thickness on the cavity formation. A reference QD sample B-2210 is compared with two DBR samples. First
DBR sample B-2209 has a QDs capping thickness of 123 nm instead of typical 246 nm. This
quarter of a wavelength destroys a cavity effect on semiconductor-air interface and DBR acts
like a mirror. One quarter of sample B-2209 is overgrown with 123 nm of InP and thus sample
B-2277 is formed in order to achieve typical DBR resonator design (like B-2103) and have a
direct comparison with sample B-2209. Micro-PL measurements in Figure 5.11 (a) show, that
DBR enhances PL emission by factor of two, while combination of BDR and air leads to a
significant enhancement above 10 times.
The growth details of QDs embedded in B-2209 and B-2210 are similar to sample B2103, but with few important variations. First of all, 2 MLs of InAs are deposited at V/III ratio
of 20, but at a higher temperature of 510 °C, followed by a two-step ripening process: from
510 to 480 during 1 minute with a cooling ramp of 30 K/min and from 480 to 460 during 4
minuted with 5 K/min ramp. These parameters are selected in order to combine advantage of
round-shaped QDs grown at high temperatures (like B-2186) and to have low-density QDs and
low-temperature capping like in sample B-2103. Another difference is that sample B-2209 is
growth without a growth interruption between DBR and QDs. However, in Figure 5.11 (a) QD
density is comparable to reference sample B-2210, probably due to increased As-P exchange
time.
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Figure 5.11: (a) Low-temperature µ-PL measurements of a reference QD sample B-2210 and two DBR
samples, demonstrating DBR enhancement effect. (b) Reflectivity measurements of samples B-2209 and B-2277. Sample B-2277 is obtained by overgrowth of the sample B-2209
with 123 nm of InP layer.

High-resolution µ-PL polarisation-resolved spectra of sample B-2277 are shown in Figure 5.12. Spectra are recorded at relatively high excitation power of 600 nW, therefore emission lines are quite dense and include different QDs and excitonic complexes. However, by
power-dependent measurements marked X-XX system is determined. This QD has a similar behaviour to previously discussed QD in Figure 5.6 (b) with stable X emission and small
asymmetry in XX polarisation. Sample B-2277 has slightly higher QD density and does not
show any superior performance in comparison with sample B-2103. In Figure 5.12 (a) the
blue lines shows the difference between normalised 0° and 90° polarisations. The most intense peaks show very small fine-structure splitting values, while there still remains lines with
FSS comparable with emission linewidth.

5.2.5 Towards micropillar structures
In Figure 5.11 (a) was demonstrated the importance of the semiconductor-air interface on the
photoluminesce intensity of QDs. A natural step to further increase PL emission is to position
QDs in the cavity between two high-quality DBRs. Figure 5.13 shows reflectivity measurements of such grown sample B-2213. It has a pronounced cavity dip almost in the middle of
the broad stopband close to telecom C-band. For such thick structure excitation from the top
with common 532 nm green laser is challenging due to laser light absorption by DBR layers.
As a result, in Figure 5.11 (b) photolumenescence shows only weak emission peak from the
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Figure 5.12: (a) Normalised low-temperature µ-PL measurements of sample B-2277 recorded at 0° and
90° polarisation. Blue line shows difference between these spectra and therefore reflects
fine-structure splitting for each peak. (b) Zoomed polarisation-resolved spectra of excitonbiexciton system.

cavity mode, which is, however, in telecom C-band. To overcome this issue and further enhance PL emission, pillar structures are usually processed (see explanation and references in
subsection 2.3.2). The challenge with pillar structures is usually related to the deep etching
and coupling between QD and cavity mode. Initial work by F. Schnabel shows possibility of
high-quality micro-pillars processing with diameters below 1 µm. However, efficient excitation is still a challenge for such structure. To overcome this issue further studies should be
done.

5.3 Conclusion
In conclusion, we have shown remarkable reproducibility of QD growth transfer from the test
sample to the DBR sample, which can be achieved after reduction of parasitic arsenic incorporation in InP layer. The DBR enhancement factor is carefully determined by various photoluminescence measurements. Result show a one order of magnitude enhanced PL emission at
telecom 1.55µm wavelength in comparison with test samples. The main QDs properties such
as small linewidth and fine-structure splitting remained unaffected.
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Figure 5.13: (a) Reflectivity spectrum of samples B-2213. Dip is formed by a cavity, which is located
between bottom and top DBRs. (b) Low-temperature macro-photoluminescence of asgrown sample B-2213. Signal below 1500 nm originates from InAlGaAs layers. Inset:
fabricated micropillar made from sample B-2171 with similar design.

Cost-effective way of DBR growth is suggested and demonstrated by overgrowth of DBR
with InAs QDs embedded in InP and InAlGaAs barrier matrix. Growth of such sample increases signal to noise ratio and allows easier statistical or correlation measurements of single
QDs. Systematic µ-PL measurements reveal a characteristic family of InAs/InP-based QDs
with multi-exciton structure. Statistical measurements of such QDs show low excitonic finestructure splitting values below 5 µeV and similar biexciton binding energies around 1 meV in
the whole telecom C-band spectral range. This result is a promising indication for InAs/InPbased QDs being used as a source of on demand polarisation-entangled photon pairs.
Available µ-PL setup provides us only with basic information about optical properties
of single QDs, therefore additional spectroscopy experiments should be performed with DBR
samples.
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photonic crystal microcavities
In chapter 5 we discussed growth of InAs/InP QDs on distributed Bragg reflectors (DBR).
With such approach we have obtained one order of magnitude enhanced photoluminescence
emission from the single QDs at telecom wavelength in comparison with a reference sample.
Main optical properties, such as FWHM and fine-structure splitting were maintained remarkably low. In current chapter we describe how photonic crystal micro-cavities with embedded
InAs/InP-based QDs are designed, grown, fabricated and characterised for further enhancement of QDs emission.

6.1 Sample structure
Our work is focused on InP-based L3 hexagonal air-hole slab PhC micro-cavity, which is
formed in a free-standing membrane (see subsection 2.3.3 and [92] for more information).
A schematic of the epitaxially grown PhC sample structure is shown in Figure 6.1 (a). InAs
QDs (red) are located in the middle of a 310 nm-thick InP layer which is grown on top of a
1.4 µm-thick InGaAs sacrificial layer, lattice matched to InP.
The design of the structure is aiming a free standing membrane with embedded QDs as
an optically active medium. In order to fabricate membrane structure, it is necessary to find
etching solution with a good selectivity between InP and a sacrificial InGaAs layer. F eCl3
is a known solution which selectively etches InGaAs [91], InAlGaAs or InAlAs [93, 94] and
almost not affecting InP. However, F eCl3 also etches InAs material, therefore it is important
to protect InAs QDs from direct contact with F eCl3 . Usually InAs QDs are grown with a
wetting layer formation, and this InAs strained layer also can be etched from the edge of the
sample or through etched air holes. To minimise this effect, the As-P exchange reaction can
be used during the growth of the sample to replace thin InAs wetting layer with InP, while
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keeping larger InAs QDs. Details of As-P exchange reaction are described in section 4.2.2
and in [79].

6.2 Epitaxial growth
A PhC sample is grown on 2 inch Fe-doped semi-insulating InP wafer with a standard pregrowth procedure, which was described in section 3.1. After the oxide desorption at 490 °C
with P2 overpressure, a buffer InP layer is grown at 460 °C with V/III ratio of 20. InGaAs
layer is grown at the same temperature of 460 °C and V/III ratio of 20. During the growth of
InGaAs layer substrate heating power is gradually decreased in order to compensate increased
InGaAs radiative heating and keep sample temperature at 460 °C, which is controlled by a
pyrometer.
7RSRJUDSK\

(a)

>QP@QP

(b)

QP

10-2

B-1531
B-1531 edge 3h etched with FeCl3



(c)

InGaAs
-3



P





Intensity (V)

10

InAs/InP QDs

10-4


10-5



-6

10

B-1529

1100

1200

1300

1400

1500

1600

1700

Wavelength (nm)

P

Figure 6.1: (a) Schematic of MBE grown photonic crystal (PhC) sample with underetched InGaAs sacrificial layer. (b) AFM image of the reference sample B-1529. (c) Low-temperature photoluminescence measurements taken in the middle of the PhC sample and on the underetched
area after 3 hours of etching in 0.86 mol/l F eCl3 solution.

InAs QDs are grown using the ripening process described in section 4.1 and in [60, 72,
92]. The growth details are as follow: after 155 nm of InP growth and P-As exchange, 2 MLs
of InAs are deposited at 510 °C, followed by 3 minutes and 15 seconds ripening with a cooling
rate of 30 K/min. Afterwards QDs are capped with remaining 155 nm of InP.
Growth of thick InGaAs layer leads to the increased arsenic background in the MBE
chamber. This issue was previously discussed in subsection 5.2.1. A growth stop solution to
pump residual arsenic can be applied to PhC samples. Effect of the growth stop time on PhC
properties is described in details in Master thesis of B. Fritsch [95].
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6.3 PhC sample processing
Figure 6.1 (b) shows an AFM image of the reference QD test sample B-1529 (grown by
M. Yacob). Round-shaped QDs with a relatively high density of 9 × 109 cm−2 are grown in
order to have a higher probability of spacial and spectral QD coupling with a high-quality (or
narrow spectral linewidth) PhC cavity mode. On the AFM scan one can see the initial stage of
clustering process, which causes the overgrowth issue, which was discussed in section 4.2.2.
For the sample B-1531 (grown by M. Yacob) it was possible to achieve acceptable PhC sample
surface roughness, which can be extracted from Figure 6.3 (c).
Low-temperature macro-photoluminescence measurements of the grown PhC sample are
shown in Figure 6.1 (c). QDs have a broad emission range from 1100 nm to 1700 nm. It will
allow the cavity modes investigations in a wide spectral range. Also, emission covers telecom
window of interest, where attention to single QDs will be given. Intense peak on the spectrum
around 1.6 µm originates from the InGaAs sacrificial layer.
In Figure 6.1 (c) red line represents the PL spectrum recorded at the edge of the PhC
sample after 3 hours of wet etching in F eCl3 solution. As can be seen, the InGaAs PL peak
is absent, which is an indication of selective etching of InGaAs layer from the edge of the
sample, as it schematically shown in Figure 6.1 (a)). Additionally, spectrum demonstrates
unchanged PL emission of InAs QDs (intensity fluctuations may happen in different positions
within the sample), therefore in first approximation stability of embedded InAs QDs to F eCl3
is confirmed and the structure could be used for the PhC processing.

6.3 PhC sample processing
Different PhC designs with systematic variations were fabricated by K. Fuchs in one run on a
piece of the sample B-1531. Table 6.1 summarises the experimental details. Designs BA BB
BC can be used for period investigations and structures AA, BA, AC can be used for optimum
radius determination.
A lithography pattern consists of on a field of 30 × 30 µm2 , containing 15 modified L3
PhC cavities. The arrangement is shown in Figure 6.3 (a). The L3 PhC cavity design is implemented with shifted end-holes for improved quality factor, according to [96]. There are
fabricated 3 copies of each field, which are closely located on the sample. In total sample contains 18 fields and 270 cavities, allowing statistical measurements while having a reasonable
e-beam writing time.
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Table 6.1: Target PhC lattice parameters for single fabrication process of sample B-1531.

Design
AA
AB
AC
BA
BB
BC

Period, nm
420
450
420
420
440
460

Radius, nm
105
140
115
110
110
110

Shift
63
63
63
63
63
63

The main PhC processing steps are illustrated in Figure 6.2. A two layered mask is deposited on the as-grown PhC sample (a). The top layer of PMMA positive resist with a thickness of 150 nm is patterned by an e-beam lithography with a proximity correction (b). The
resist pattern is transferred to the 150 nm-thick SiO2 mask via inductively coupled plasma reactive ion etching (ICP-RIE) in CHF3 and O2 atmosphere. After resist removal in O2 plasma,
the sample is etched through SiO2 mask via ICP-RIE in Cl2 , H2 , CH4 and Ar atmosphere
(c). Finally, residual SiO2 is removed in HF solution and the InGaAs sacrificial layer is selectively wet etched by a F eCl3 solution through holes in top InP layer, forming free-standing
membrane. More detailed processing description is available in [55, 56].

Figure 6.2: (a) Schematic of MBE grown PhC sample with deposited SiO2 and resist masks. (b) Structure after resist e-beam expose and development. (c) Structure after resist mask removal by
O2 plasma and InP layer etching with ICP-RIE. (d) Final PhC sample structure after SiO2
mask removal by HF and selective wet etching of InGaAs sacrificial layer with 0.86 mol/l
F eCl3 solution (reprinted with permission from [92] © 2017 AIP Publishing).
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6.4 Experimental results
6.4.1 Morphological characterisation
Figure 6.3 (b) shows a SEM image of the fabricated PhC sample with clearly seen wellarranged air holes. The L3 PhC cavity is located in the middle of the SEM image. Despite the
proximity correction, peripheral holes are smaller, then in the middle of the field due to lack
of e-beam exposure dose. However, since this change is in more than 10 periods away from
the cavity, we do not expect a significant cavity quality degradation.

Figure 6.3: (a) e-beam exposure pattern field containing 15 modified L3 PhC cavities. (b) SEM image of the fabricated L3 PhC sample. (c) AFM image measured after the sample B-1531
processing close to the field with cavities.

The AFM scan in Figure 6.3 (c) is measured after sample processing close to the field with
cavities. As can be seen, the sample is not atomically flat, however, roughness is acceptable
and comparable to the test samples (Figure 4.12). Note, that sample roughness might originate
not only from the sample processing, but also during the epitaxial growth of QDs capping
layer.

6.4.2 Micro-photoluminescence characterisation
During the micro-photoluminescence measurements, the PhC sample is placed in a cryostat
of the µ-PL setup under high vacuum at liquid Helium temperatures around 4 K. After setup
alignment, a 532 nm cw laser spot is focused on top of one of the cavities. The spot size is
small enough and the distance between cavities is large enough to have only one cavity excited
and detected. Cavity modes have certain spectral, spatial distribution and different far-field
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profiles [93]; spectrum of a single cavity can look differently in different excitation/detection
conditions. Therefore, special attention was given to control setup alignment, objective focus
and spatial position in order to have reliable and comparable experimental data.

Cavity Modes
Figure 6.4 shows typical room-temperature µ-PL spectra of cavities with different lattice parameters. The cavity parameters are listed in Table 6.1. The sample is excited with a relatively
high laser power of 100 µW and light from the cavity is collected during 0.1 second. In such
excitation conditions emission from different QDs with broad spectral distribution is coupled
to cavity modes. Due to homogeneous and broad QDs distribution, we therefore can probe
cavity modes in wide spectral range.
Cavity spectrum consists of few Lorentzian shape spectral lines. Narrow linewidth reflects high cavity quality factor Q as Q = E/∆E, where E and ∆E are cavity emission
energy and FWHM, respectively.
Figure 6.4 (a) summarises spectra with variation of the lattice parameter. With 420 nm
period, 6 cavity modes are visible. The mode with the highest quality factor centred around
1.55 µm is a fundamental mode (M1). Increasing the lattice parameter, the emission shifts
towards longer wavelength because of increased effective refractive index [97]. Design with
440 nm has middle group of modes at telecom wavelength and mode M6 is not present any
more. For period of 460 nm, fundamental mode shifts further beyond the InGaAs detector
limit at 1650 nm and cannot be recorded.
Radius variations for the most intense design of 420 nm are shown in Figure 6.4 (b).
Decreasing the radius from 110 nm to 105 nm leads to vanishing 1.3 µm mode. Increasing the
radius to 115 nm leads to stable intense emission from all 6 modes.
Figure 6.4 (c) demonstrates that even for increased period of 450 nm it is possible to
achieve similar modes structure by increasing the hole radius. However, the best quality
factor values around 8500 were achieved for design AC with smaller lattice parameters of
420/115/63 nm.

Temperature dependent measurements
µ-PL measurements for 420/115/63 nm design taken at 10 K and room-temperature are shown
in Figure 6.5 (a). The spectra are recorded at the same excitation and detection conditions. The
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Figure 6.4: (a) µ-PL spectra of modified L3 PhC micro-cavities with different lattice period. (b) µ-PL
spectra of micro-cavities with holes radius variations. (c) µ-PL spectrum from the cavity
with a lattice period of 450 nm and a holes radius of 140 nm.
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low-temperature spectrum demonstrates higher PL intensity and more narrow cavity modes.
A shift of around 15 nm from 10 K to 300 K is related to change of the refractive index. This
change is not so much in comparison with a change of semiconductor band gap (in order of
100 nm). Based on that principle, temperature change can be used to tune the cavity and an
emitter to a resonance.
A SEM image of L3 PhC cavity with the investigated design is shown in Figure 6.5 (b).
Note here a shift of end-holes of the cavity for improved quality factor.

Figure 6.5: (a) µ-PL spectra of the fabricated L3 PhC micro-cavity recorded at 10 K (blue line) and
300 K (red line). (b) A scanning electron microscope image of the fabricated L3 PhC cavity
with the same design (reprinted with permission from [92] © 2017 AIP Publishing).

Polarization-resolved measurements
Low-temperature polarization-resolved measurements from the same cavity are shown in Figure 6.6. The black line is a non-filtered spectrum, red and blue lines represent 0 (horizontal)
and 90 (vertical) polarization, respectively. Modes M3–M5 emit a linearly x-polarized light
and emission with orthogonal polarization (M1, M2, M6) is completely suppressed [92].
Imax − Imin
Polarisation degree P for fundamental mode M1 is P =
= 0.95 and for
Imax + Imin
M3-M6 this value approaches 1 since orthogonal polarisation is completely suppressed. However, at longer collection times it was possible to detect some weak signal, which has < 1%
impact. Figure 6.6 (b) shows a polar plot of modes intensities M1, M4 and M6 as a function
of the degree of polarizations, where intensity values are achieved by Lorentzian fitting of the
recorded spectra.
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Figure 6.6: (a) Low-temperature µ-PL spectra. Black line: without polarization, red line: with horizontal polarization (0 °) and blue line with vertical polarization (90 °). (b) Polar plot of cavity
modes M1, M4 and M6 intensities as a function of the polarization angle (reprinted with
permission from [92] © 2017 AIP Publishing).

Enhanced Single QDs Emission
At low excitation powers and temperatures, the PhC cavity spectrum exhibits significant
changes. The red line in Figure 6.7 (a) shows the µ-PL spectrum of modes M3-M5 from
440/110/63 nm design recorded at the 2 µW. Mode M3 is a low-quality factor mode, however it
has a Gaussian-like transverse mode far-field pattern [93]. This allows a better collection efficiency of emitted photons by a microscope objective. For more details see subsection 2.3.1.
For estimation of the cavity enhancement effect we recorded QDs spectrum on an unprocessed area of the PhC sample with a similar excitation power (black line). It consists of quite
dense and spectrally resolved peaks, which is in agreement with high-QD density, determined
by the AFM measurements (see AFM of the reference sample in Figure 6.1 (b)). The PhC
cavity spectrum has less dense QD emission lines probably due to the decreased number of
QDs in the laser spot size because of the etching of air holes.
For the marked peak with highest intensity we achieved 40 times enhanced PL emission
in comparison with the QDs outside of the cavity. This value is 4 times larger, than the DBR
enhancement effect. Another example of an enhanced QD emission is shown in Figure 6.7 (b).
Single sharp QD emission line is in resonance with a cavity mode at 1.55 µm. Actual Purcell
effect enhanced PL emission can greatly vary depending on the spatial, spectral and polarisa-
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Figure 6.7: (a) µ-PL spectra taken at excitation power of 2 µW from the cavity (red line) and from
the outside of the PhC cavity. Inset: polar plot of the PL intensity of marked QD line
as a function of polarization angle. (b) Another example of enhanced single QD emission
coupled to PhC micro-cavity (reprinted with permission from [92] © 2017 AIP Publishing).

tion coupling. For example, one can see different emission lines in spectral resonance with the
cavity, but they are not so enhanced because of low spatial coupling.
Perfect coupling is a big challenge of the cavity structures. Issues with spatial coupling
can be overcome by growth of cite-controlled QDs. Such technology is already available at
TP INA for GaAs [98] and Si [99] substrates. Alternatively, micro-cavities can be fabricated
around pre-selected QDs [32].
The inset of Figure 6.7 (a) shows a polar plot of PL intensity of a single QD emitting at
1514 nm as a function of the polarization angle. Despite of big detuning it has same polarisation as the cavity with a polarisation degree of P = 0.9. Unfortunately, due to a low PL
intensity it is not possible to determine the polarisation degree of bulk QDs for comparison.

Temperature tuning
One of the possible ways to achieve a spectral coupling of the cavity mode and QD is temperature tuning. Figure 6.8 (a) shows the µ-PL spectrum of the M3 PhC cavity with few sharp
QDs emission lines near the cavity resonance. QD emission wavelength has a stronger dependency on the temperature, than the cavity, therefore a resonance can be achieved. For example,
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Figure 6.8: (a) Micro-photoluminescence spectrum of low-quality mode (M3) with enhanced emission
of embedded QDs (sharp lines). (b) PL intensity map of temperature dependent microphotoluminescence measurements for the same M3 (reprinted with permission from [92]
© 2017 AIP Publishing).

marked QD emission at resonance at 60 K is 4 times the intensity in comparison with 6 K. This
QD crosses the cavity resonance, which is an indication of weak coupling.
Excitonic emission
Figure 6.9 (a) shows a series of power-dependent measurements of a single QD coupled to
a PhC cavity. At low excitation powers, the PL spectrum the QD emission is visible. With
increasing the excitation power, XX line quickly rises and additional spectral excitonic lines
appear.
The PL intensities of X and XX lines as a function of excitation power are shown in
Figure 6.9 (b). Dependency shows nearly perfect exciton and biexciton behaviour. One can
see that at powers exceeding 130 nW, X line saturates. This is a quite similar saturation power
value to a DBR sample B-2103 (see Figure 5.5 (b)). Also, one can see, that XX emission is
not so bright in comparison with X emission in Figure 6.7.
The polarisation-resolved measurements are shown in Figure 6.9 (c). Due to polarisation
of QDs coupled to L3 PhC micro-cavity (see inset of Figure 6.7 (a)), 90 ° spectrum is quite
weak and therefore it is multiplied by a factor of 10 for more representative comparison. The
polarisation measurements reveal fine-structure splitting values below 5 µeV, which is a typical
low value for InAs/InP-based QDs grown by the ripening technique.
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Figure 6.9: (a) PL spectra of single QDs taken at three different laser powers from sample B-1531.
(b) Exciton and biexciton intensity as a function of an excitation power. (c) Polarisationresolved micro-photoluminescence measurements of the same QD (reprinted with permission from [92] © 2017 AIP Publishing).

The spectral characteristics (few emission lines in Figure 6.9 (a)) of QD coupled to L3
PhC micro-cavity reflect similar multi-excitonic structure to previously discussed InAs/InP
based QDs. For example, see the spectra of bulk QD sample B-1981 in Figure 4.14 (a) and the
DBR sample B-2103 in Figure 5.5 (a). Important to remember here, that growth temperature,
V/III ratio and cooling rate are different for the PhC sample in comparison with samples B1981 and B-2103.

6.4.3 Low-density PhC sample
An additional membrane structure for PhC processing was grown with decreased QDs density
and with a growth stop to pump arsenic from the growth chamber and reduce arsenic incorporation into InP membrane (see discussion in subsection 5.2.1 for more information). QDs
design is based on the sample B-1997 (see AFM in Figure 4.16 (c)). 2 monolayers of InAs
are grown at 490 °C with V/III ratio of 25 followed by 2.5 min. ripening process with 5 K/min
cooling ramp rate. The low-temperature macro-photoluminescence spectra of the reference
sample B-1997 and the PhC sample B-2000 are shown in Figure 6.10 (a). The intense emission peak around 1.55 µm is originated from the InGaAs sacrificial layer of the PhC sample.
InAs/InP QDs have a broad emission spectrum to support cavity modes (like in case of sample
B-1531). The PL emission of sample B-2000 is roughly one order of magnitude less intense
in comparison with sample B-1531 (see PL in Figure 6.1 (c)), which indicates reduced QDs
density.
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Figure 6.10: (a) Low-temperature macro-PL spectra of the reference QDs sample B-1997 (black) and
the PhC sample B-2000. (b) Low-temperature micro-PL spectra of the same samples.

The micro-photoluminescence spectra from the reference and unprocessed PhC sample
are shown in Figure 6.10 (b). QDs density is significantly reduced in comparison with the PhC
sample B-1531 (see for comparison high-resolution µ-PL in Figure 6.7 (a)) and single QDs
peaks can be resolved even at relatively high excitation power of 3000 nW. The PhC sample
has negligibly higher QDs intensity, which could be explained by an impact in reflectivity of
the InGaAs layer with higher refractive index. QDs density of the PhC sample remained at
target reference level, therefore the PhC sample can be processed.
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intensities as a function of excitation power.
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The PhC sample B-2000 is processed by K. Fuchs and L. Rickert in a similar way with
previously discussed sample B-1531 (see section 6.3). The PhC design is based on a modified L3 design for improved far-field coupling efficiency of fundamental M1 mode (see more
details in [56, 100]). A reduced QDs density decreases InAs absorption in the PhC cavity.
The power-dependent µ-PL measurements of a single QD coupled to the L3 PhC cavity mode
are shown in Figure 6.11 (a). The QD has pronounced exciton (X) and biexciton (XX) lines.
XX line is almost at the resonance with the cavity mode. At high excitation power of 190 nW
and 665 nW one can see how additional excitonic QD emission lines appear. These transitions
are further detuned from the mode and therefore not so enhanced. Figure 6.11 (b) shows the
integrated X and XX intensities as a function of excitation power. Increasing the excitation
power, biexciton intensity rises 2 orders of magnitude.
PL enhancement greatly depends on the coupling to the cavity mode. Figure 6.12 (a)
demonstrates effect of the temperature spectral tuning of the XX line towards the cavity mode
(compare with high-density PhC sample B-1531 in Figure 6.8 (b)). At resonance XX emission line increased nearly by a factor of 2 despite on increased temperature. At the same
time, however, X line intensity reduced. Probably, this could be explained by temperature
degradation or more preferable emission of XX QD state, affected by the cavity environment.
Temperature-dependent measurements at different excitation power density could give more
information on carrier dynamics in such system.

5000

(a)

XX

Intensity (a.u)

Intensity (a.u)

4000

8K
26 K

3000
2000

1000

500

XX

0o
45o
90o

(b)
X

T=8K
p = 119 nW

1000

p = 119 nW
0

0
1495

1500

1505

0.8210

1510

0.8215

0.8220

0.8225

0.8230

Energy (eV)

Wavelength (nm)

Figure 6.12: (a) Temperature-dependent µ-PL measurements of a single QD. XX intensity is greatly
enhanced when in resonance with the cavity mode. (b) Polarisation-resolved µ-PL measurements of the same QD and cavity mode.
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6.5 Conclusion
Polarization properties of investigated X-XX cascade are shown in Figure 6.12 (b). QD
emission is recorded at 0 ° (black), 45 ° (red) and 90 ° (blue) polarization. As it was shown in
Figure 6.7 (a), QD coupled to the cavity mode is linearly polarised, therefore emission with
certain polarisation is suppressed. Fine-structure spitting of investigated QD is resolutionlimited, as it is can be seen in the figure. This result is in agreement with previously discussed
results of B-1531 PhC sample in Figure 6.9.

6.5 Conclusion
In summary of chapter 6, the low-temperature micro-photoluminescence measurements reveal
high-quality PhC fundamental cavity modes with quality factors exceeding 8500. Single QDs
coupled to PhC cavity modes at telecom wavelength demonstrate 40 times enhanced single
exciton and biexciton emission in comparison with a reference sample. Optical properties of
single QDs embedded in PhC cavities are similar to test and DBR samples, investigated in
chapter 4 and chapter 5, respectively. Such remarkably reproducible QDs properties might be
a related to the ripening technique with low-temperature capping.
Important issue remains-increased PhC surface roughness starting after capping of QDs,
which limits the quality factors of PhC. It can be solved by further QDs growth optimisation.
The biggest challenge-spectral and spacial coupling of QD with a cavity mode is a task for
further research.
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7 Summary

In conclusion, this PhD dissertation provides a detailed study of epitaxial growth of InAs/InPbased QDs (chapter 4) and results of QDs integration into photonic structures such as distributed Bragg reflectors (chapter 5) and photonic crystal micro-cavities (chapter 6). QDs
samples and photonic structures are grown by solid-source Molecular Beam Epitaxy (MBE)
and systematically characterised. A test sample structure and epitaxial growth approach are
developed in order to have reliable determination of optical and morphological QDs properties. Systematic growth optimisation is performed in order to find parameters responsible for
QDs density, size, shape and optical properties. Micro-photoluminescence(µ-PL) measurements of optimised structures reveal background-free exciton (X) and biexciton (XX) emission
lines at telecom wavelength with a resolution-limited linewidth below 35 µeV and excitonic
fine-structure splitting around 2 µeV.
In order to enhance QDs emission, distributed Bragg reflectors (DBR) structures are successfully grown on InP substrates and characterised. InAs QDs grown on top of DBR samples
show one order of magnitude of enhanced PL emission from single QDs in comparison with
a reference sample. Optical properties of single QDs are statistically investigated in the whole
telecon C-band spectral range. Results demonstrate good optical properties transfer (FWHM,
FSS) from the reference sample to the DBR sample and narrow optical properties distribution
within the DBR sample despite on a self-assembled nature of QDs formation.
Membrane structures with embedded QDs are developed for hexagonal air-hole photonic
crystal (PhC) slab micro-cavities processing. Technology allows selective wet etching of InGaAs sacrificial layer, while InAs QDs are unaffected in InP membrane matrix. The PhC
samples are fabricated from membrane structures for further PL enhancement of embedded
QDs. Low-temperature µ-PL measurements on L3 PhC micro-cavity demonstrate quality factors exceeding 8500 and 40 times enhanced single QD X and XX emission lines at telecom
wavelength.

Achieved results indicate that grown InAs/InP-based QDs potentially fulfil requirements
for a high-quality on-demand bright source of single and polarisation-entangled photons for
quantum information processing applications.
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