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Abstract

Entanglement is an essential tool in QIP, for example, to achieve a secure quantum
communication network and quantum computing. Semiconductor quantum dots can
generate on-demand entangled photon pairs via the biexciton-exciton cascade. These
solid-state sources are currently limited in their applications due to two major challenges:
first is the collection efficiency since only a fraction of a percent of the emitted photons from
the quantum dot can be collected due to its isotropic emission profile; and second is the F'SS
that causes an energy splitting of the intermediate exciton state —it arises due to strain
and structural asymmetry of the quantum dot and degrades its measured entanglement
fidelity. Quantum dots have been integrated into photonic structures such as microcavities
and nanowires to enhance their collection efficiency by coupling the emitted photons to the
cavity or fundamental nanowire waveguide mode. However, the fine structure splitting still
remains a major challenge, and although many post growth perturbation techniques have
been implemented to tune and completely erase the FSS of a self-assembled QD), erasing
the FSS of a QD in a photonic structure has not yet been achieved. In this thesis, we
propose and then demonstrate for the first time the tuning of the FSS for a InAsP QD in a
tapered InP nanowire by applying a quadrupole electric field.

Out of all the post-growth perturbation based FSS erasing techniques, electric fields,
and stress fields have been the most successful ones in erasing the FSS of a self-assembled
quantum dot. However, implementing them on a nanowire quantum dot source is not
a straightforward solution to its FSS problem. Stress field techniques are difficult to
implement on a nanowire quantum dot source due to the thick nanowire shell around
the quantum dot, where most of the applied external stress field relaxes and therefore
doesn’t reach the embedded quantum dot. The electric field on the other hand is known for

reducing the e-h overlap and therefore if implemented in its conventional form will reduce



the QD brightness while erasing its F'SS. Moreover, both stress and electric field techniques
require multiple perturbation axes to erase the F'SS of a quantum dot with any possible
dipole orientation or macroscopic asymmetry. We overcame these problems by developing
a novel approach of applying a quadrupole electric field along the plane of an embedded
quantum dot inside the nanowire. We show theoretically that a quadrupole electric field
corrects for the spatial asymmetry of the excitonic wave function for any quantum dot
dipole orientation (0 = 0°,10°,20°) inside a nanowire and completely erases its fine structure
splitting from 11 peV to 0.05 peV while maintaining a strong e-h overlap (8 = 99%, 90%

for a dot with 6 = 0°,20°) even after applying a correction quadrupole electric field.

To experimentally demonstrate our theory we fabricated two prototypes of electrically
gated InAsP/InP QD nanowire devices, with four metal gates precisely positioned around
an individual InAsP quantum dot inside a vertically standing InP nanowire. The electro-
optical characterization of an electrically gated nanowire quantum dot device shows the

F'SS tuning from 7 peV to 4 pueV by application of a quadrupole electric field.

Although we have achieved a FSS tuning in nanowire device, tuning and completely
erasing the F'SS of a nanowire device will require a significant improvement in the fabricated
device design. This will require reducing the dimension of the metal gates and aligning it
perfectly to touch the sidewalls of the vertical nanowires. We also observed the degradation
in the QD emission while exposing it to 100 kV e-beam. Therefore, we propose a bottom-up
approach of fabricating the device by first patterning the metal gates by e-beam lithography
on a wafer and then selectively growing the nanowire QD source at its center by the
conventional site-selected VLS growth method. In principle, such an electrically gated
device will erase the FSS of a nanowire quantum dot source and will bring it closer to
becoming a deterministic source of entangled photons with near-unity fidelity and collection

efficiency.
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Chapter 1

Introduction

1.1 Motivation

The generation of photon entanglement is of fundamental importance to quantum
information and communication [1]. Currently, in these applications, entangled photon
pairs are most commonly produced with parametric down-conversion in a non-linear crystal
with near-perfect entanglement fidelity [2]. Owing to their near-perfect entanglement fidelity
these sources have long been used in many ground-breaking quantum optics experiments,
secure quantum communication and also in addressing fundamental questions in quantum
mechanics [3, 4, 5]. However, these sources are Poissonian, which means that they are
probabilistic and most of the pulses are empty when operating with near 100 % entanglement
fidelity. At higher brightness, multiple photons are emitted in the process due to their
probabilistic nature, resulting in a rapidly decreasing entanglement fidelity. The extra
emitted photon is undesirable as it can be utilized by an eavesdropper, thereby compromising

the security of quantum communication. This limits such sources to operate at a source



efficiency below 1% to maintain near-unity entanglement fidelity. Furthermore, these
systems are incompatible with large scale integration as they are driven by complex lasers
and optical tools. Semiconductor (QDs can overcome these challenges as they generate single
pairs of entangled photons on demand [6], have the potential to reach near-unity source
fidelity and efficiency [7], are scalable [8] and can be easily integrated into semiconductor
devices [9, 10]. These qualities of QDs as an ideal source for entangled photons pairs have

attracted a lot of research in this field over the last decade.

An ideal solid-state QD-based entangled photon source should emit a pair of indis-
tinguishable photons on-demand. ‘On-demand’ here means that the source should emit
photons every time we activate it. Semiconductor quantum dots emit entangled photons
on-demand; however, typically used QD are embedded in a three-dimensional semiconductor
matrix with high refractive index. As a result the quantum dot emission is isotropic in
all directions, thus limiting its collection efficiency to a fraction of a percent. For this
purpose, QDs have been integrated into photonic nanowires [9] and micro-pillar cavities
[11] to increase their collection efficiency. However, two major challenges remain before
these QD sources can be used as a reliable entangled photon source in quantum optics
experiments and various applications such as in secure quantum communication. First, is
the degradation in the photon indistinguishably —this degradation is due to a fluctuating
charge environment around the quantum dot [12]. Second, is the FSS [13] between the
two bright exciton states, it reveals the which-path information in the biexciton-exciton

cascade[14] and degrades the measured entanglement fidelity.

The first challenge is addressed via resonant excitation of the QD, it suppresses the
charge noise around the QD, thereby, enhancing the indistinguishability of single photons
to near-unity [6]. To overcome the long-standing problem of FSS; several QD growth

techniques have been developed [15, 16, 17, 18], but reducing FSS below the exciton



radiative lifetime energy (~ 1peV’) remains a significant challenge. Hence, many post-
growth techniques have been developed to minimize the FSS, such as the application of
electric fields [19, 20], strain fields [21], magnetic fields [22, 23] and a combination of strain
and electric fields [24, 25]. These post-growth compensation techniques have been fairly
successful in addressing the challenge of FSS tuning. The next significant step, is to apply

these F'SS compensation techniques to bright QD sources in photonic structures[9, 11].

Electric and stress field perturbations are by far the leading techniques for F'SS compen-
sation. Both of them can be implemented by fabricating micro-structures around the QD.
Moreover, an electric field can also suppress the charge noise around the QD. However,
strain compensation techniques are difficult to implement on photonic nanowire structures
[9, 26] as the stress relaxes over a length scale of ~ 100 nm [27] in the nanowire and
therefore does not reach the QD. An electric field on the other hand reduces the brightness
of the QD since it reduces the e-h overlap as the electron and hole is separated by the
applied electric field [20]. Therefore, a novel device design and a perturbation approach are
required that can address the challenge of compensating the FSS for a QD in a photonic

nanowire [9] and micropillar cavity [11] without compromising its brightness.

In this thesis, we propose and demonstrate a novel electrical device that can tune the
F'SS of a single InAsP /InP nanowire quantum dot entangled photon source [8, 9] by applying
a quadrupole electric field in the plane of the QD. The nanowire acts as a waveguide for
directional QD emission and the tapered nanowire geometry enhances the photon collection
efficiency at the nanowire top by reducing total-internal reflection [28]. They are grown by
a selected area VLS growth [29] technique. Therefore, we can control the coordinates of
each nanowire quantum dot entangled photon source. The underlying theory for tuning
the FSS of a quantum dot by a quadrupole electric field has been discussed in detail in our

theoretical proposal [30]. We have proposed that a quadrupole electric field can erase the



FSS of the quantum dot for any dipole orientation, while maintaining a strong e-h overlap
and therefore the quantum dot brightness. Based on our theoretical modeling we developed,
we have fabricated a vertical nanowire with four electrical gates surrounding the quantum
dot and demonstrated the tuning of the nanowire quantum dot F'SS by application of a
quadrupole electric field. In principle, such an electrical device would erase the FSS of the
nanowire quantum dot and bring it closer to becoming a deterministic source of entangled

photons with near-unity efficiency and fidelity.

1.2 Photon Entanglement

Quantum entanglement is an intriguing phenomenon first proposed by Schrédinger [31]
in 1935 to describe the state of a quantum system which cannot be describe as a product of

its subsystems, for a bipartite system that is,
|\I]ab> 7é |“Ila> & |\Ijb> (11)

This means that a state of a system |W,;,) cannot be written as a tensor product of its two
constituent pure states [¥,) and [¥;). An example of such a state is [¢) = —5(|T4) + [{1))
for a system of two photons where 1,] are the two possible polarization states in its
computational basis. Quantum entanglement describes a strong correlation between the
quantum states that could not be achieved by any classically correlated states. Experimental
realization of an entangled photon pair has been used in experiments to demonstrate
the quantum nature of its polarization correlations [32]. These polarization-entangled
photon sources have been used in many ground-breaking experiments to confirm quantum

predictions [33, 34] and disprove semi-classical theories such as the violation of Bell inequality



l0>=H

1>=V

Figure 1.1: Bloch Sphere: A state of the qubit is represented by an arrow originating from
the origin to the surface of the sphere. |0) = H, |1) =V are the eigenstates in the computational
basis, |R) /|L) = %(|0> +i|1)) in the circular basis and |+£) = |D) /|A) = %(|0> +|1)) in the

circular basis

to exclude a local realistic description [35, 2]. Therefore, from the early stage on, photon

entanglement became an essential tool both in theory and experimental quantum physics.

We will keep our discussion for photon entanglement to two particles, but this definition
can be extended to multi-particle systems. Polarization encoded qubit of a single photon
can be represented graphically on a Bloch sphere as shown in Fig. 1.1 and it can take

values that are in a superposition of its two eigenstates |0) and |1):
V) = al0) +B1) (1.2)

where a and 3 can be any complex numbers which satisfies |a|?+|3]*> = 1. The polarization

state of a single photon can be mapped to this Bloch sphere by a vector that points towards



the three orthonormal planes representing three basis, these are:

[H) = 0), V) = [1)
1

\D>=%<10>+\1>>71A>= (0 = 1) (13)
R) = %um FilL). L) = %qm i)

These basis for a polarization state of light is called |H) |V) linear, |A) |D) diagonal
and |R)|L) circular.

The combined state of two photonic qubits has eigenstates in a four-dimensional Hilbert
space. The two photon state can be projected onto four special maximally entangled Bell

states:
1

V2
_ 1

W >12 = E(‘HM [H)y = V), [V),)
1

}¢+>12 - \/5(|H>1 ‘V>2 + ’V>1 |H>2)

_ 1
W >12 = ﬁ(lHM |V>2 - |V>1 |H>2)

67, = —=(H), [H)y + V), [V),)

(1.4)

These bell states cannot be written as a product of two single photon states. If the
two parties say Alice and Bob share a pair of photons that are entangled in the Bell state
|¢p*), both Alice and Bob can independently perform measurements on their photons and
share the information among themselves to verify the correlations. Now if Alice chooses
to measure her photon in a linear basis she will get |H) or |V) with equal probability.
However, Alice’s measurement will cause the state to collapse in either of the two |¢™)
states |[H) |H) or |V') |V). Therefore, Bob’s measurement would certainly result in the same

as Alice if he chooses the linear basis. However. the |¢T) state can be rewritten into the



diagonal and circular basis as follows:
1

67) = s (H) 1)y + V)1 1V)2) = (D)1 D)y + |4, 1 4)) =

(1R)y [L)y + [L)y [R),)

N (1.5)

V2

Therefore, Alice and Bob will observe a correlation in their measurements if they both
choose a linear and diagonal basis, and they will get anti-correlations if they choose a
circular basis. The possible combination of measurements that can be performed by Alice
and Bob are summarised in Table. 1.1. This strong correlation among the shared qubits

could not be achieved for any state prepared by a classical machine.

State: |¢T) | Alice choice of Basis | Bob choice of Basis | Measurement results
1 linear linear correlated
2 diagonal diagonal correlated
3 circular circular anti-correlated
No correlation for the other combination of Basis

Table 1.1: Measurement results for different choices of basis by Alice and Bob

Moreover, both Alice and Bob can independently apply a local unitary Pauli operation
to their photons to change the state from one Bell state to another. For example, Alice can
change the state from |¢™) to |¢~) by applying a o, Pauli operator to her qubit, similarly,
she can change it to the other Bell states by applying o, and o, operators, respectively.

Therefore, the entanglement is preserved under these unitary operations.

These maximally entangled Bell states are special cases and it is difficult to produce
these states experimentally. However, these states are used as a benchmark to calculate

the entanglement fidelity of an experimentally produced state. Fidelity gives the measure

7



of how easily the two quantum states can be confused. Therefore, a given two-qubit state

Y with a density matrix p = |¢) (| will have a fidelity to the other state ¢ with density

F(p,o) = try\/p2op2 (1.6)

Generally, the reference state ¢ is chosen as one of the Bell states and the reference state

matrix o = |¢) (¢| as follows:

1 can have a fidelity between 0-1 depending on how indistinguishable they are. Another
way of quantifying the degree of entanglement is by measuring its concurrence, it quantifies
the separability of a state. Bell states are not separable, hence, they have a high concurrence
value. To estimate the concurrence of an entangled system (p = [¢) (1), with a spin flipped
state (‘1;> = 0, |?)) and a density matrix p = (o, ® 0,)p* (0, ® 0,). The concurrence is
given by the overlap between the original state and its spin-flipped state [36] as,

Clp) = [{¢l¥)]| (1.7)

where o, is the Pauli matrix.

1.3 Entangled photon sources: State-of-the-art

The field of entangled photon sources has been developing rapidly over the last few
decades. Entangled photon pairs were first realized from atomic emissions [33] in the early
1970’s, but the major breakthrough in this field came with the arrival of SPDC sources [37].
In such SPDC sources, the coherent pulses of the laser are incident on a non-linear crystal
and subsequently down-converted into a pair of photons, called idler and signal, according
to the conservation of energy and momentum. Therefore, they are strongly correlated in

time and exhibit high polarization entanglement fidelity. Moreover, the detection of an



idler photon can turn the signal photon into a heralded single photon. Therefore, these
sources became the most preferred sources for quantum optics experiments (3, 4, 5] since
its inception. However, the wish-list for ideal entangled photon sources expanded over
time with the emergence of novel quantum communication protocols [38], linear optical
quantum computing [39] and the proposal for building a long-distance secure quantum
internet network [40] with quantum repeaters. These new avenues of quantum technologies

require an entangled photon source with the following desired properties:

e High entanglement fidelity: emitted photon pair should have a near-unity entangle-

ment fidelity.
e On-demand: 100 % excitation and collection efficiency.

e Low multiphoton emission: One, and only one, photon pair should be emitted from

each trigger.

e Indistinguishability: The successive photons emitted from the source should be
indistinguishable from each other in all degrees of freedom. i.e., energy, coherence
length, line-width, polarization, etc. This is a requirement for performing many

quantum communication and computing protocols.

e Tunable: Entanglement swapping in quantum repeater and linear optical quantum
computing protocols requires interfering photons from different sources. Therefore, it

is desirable to have sources with tunable energy, coherence length, linewidth, etc.

e High-brightness: A source with a high rate of photon-pairs is desirable for overcoming
the environmental noise and channel losses. In quantum key distribution (QKD), it
would allow a higher key generation rate and the transmission of the photons over

longer distances.



e Fourier limited photon: The emitted photons should be monochromatic and should

not have any inhomogeneous broadening.

e Gaussian mode: In order to efficiently couple the photons to a single-mode optical

fiber the emitted photon should have a Gaussian mode.

e Scalable: The sources should be compact and scalable; position controlled and can be

integrated on a semiconductor chip.

As discussed in the motivation section, entangled photon sources based on SPDC
are Poissonian and therefore have a fundamental limitation in reaching an on-demand
performance. In figure 1.2 we plot the entanglement fidelity versus the pair collection
efficiency at the first lens, for state-of-art SPDC sources, blue circles. The minimum
entanglement fidelity required to violate Bell’s inequality is given by the green dashed line
in figure 1.2. Even higher entanglement is needed for secure communication. For example,
the blue dashed line in figure 1.2 indicates the minimum calculated fidelity required to
ensure a secure key is transferred. However, in practice due to losses and noise in the
channel a much higher entanglement fidelity is needed (>95%, red dashed line in figure 1.2).
In order to overcome this limitation, there has been extensive research going on in the field
of semiconductor quantum dot sources. Quantum dot-based sources have the potential of
becoming an ideal entangled photon source required by many novel quantum technologies.
However, the first generation of QD sources, self-assembled QD [50, 51] suffered from a
very low photon collection efficiency since they were embedded in a high refractive index
material. As a result, the photons are emitted isotropically in all directions. In addition,
the photons that make its way towards the top experience a strong total internal reflection
at the semiconductor-air interface and only a very small fraction of them can be extracted

to the collection optics. In figure 1.2 the performance of many recent self-assembled QD
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Figure 1.2: Comparison of entanglement fidelity versus collection efficiency at the
first lens for SPDC and different quantum dot-based entangled photon sources. Per-
formance of: SPDC sources (blue circles); self-assembled QD sources (black triangles); QDs in
different nanostructures including a photonic cavity (black square), optical antenna and Bragg’s
bull’s eye cavity (black circle with cross), Bragg’s circular resonator cavity (blue circle with cross)
and photonic nanowire as used in this thesis (red circle with cross). Pair collection efficiency of
1 means 100 % probability of collection the entangled photon pairs at the first lens. The black
dashed line indicates the theoretical upper limit for the performance of SPDC sources. The lower
limit of the entanglement fidelity required to violate the Bell’s inequality and performing quantum
key distribution is shown by green dashed line, blue dashed line (theoretical QKD limit) and red
dashed line (practical QKD limit) respectively. The red arrow depicts the projection of where we

want to take the performance of our nanowire QD sources with this work. This figure is adapted

and modified from figure 6. in [49]
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sources are plotted, black triangle, whereby they all show a very low collection efficiency.
However, significant advances have been made in terms of their performance, Huber et al.
showed a near-unity ~ 0.98 entanglement fidelity [45], and Trotta et al. have achieved an

independent tuning of the QD FSS and the emission energy [52, 53].

In order to address the issue of collection efficiency the QD have been integrated into
photonic structures. Dousse et al. [11] was the first to show the extraction of entangled
photon pairs for a QD in a photonic micropillar cavity structure and succeeded in achieving
the extracting efficiency of 0.12 per pulse with an entanglement fidelity of 67 %, it is plotted
by the black square in figure 1.2. Muller et.al [6] have achieved a near-unity (~ 0.98) pair
generation with a very low mutliphoton emission, g?(0) = 7.5¢ — 5 from the photonic cavity.
Somaschi et al. [54] engineered the charge environment of the QD embedded in a micropillar
cavity by an external electric field to achieve near-unity photon indistinguishability (~ 0.99)
through resonant optical excitation. QD have also been very recently integrated with
a broadband antenna [47], and bull’s eye cavity [48] to achieve a remarkable collection
efficiency of 0.365 and 0.375 with a fidelity of 90 %, respectively. These are both plotted by
the black circle with a cross in figure 1.2. Liu et al. [43] have achieved the best performance
for any QD entangled photon source to date with an entanglement fidelity of 88 % and a
pair collection efficiency of 0.65 for a GaAs QD in a broadband photonic nanostructure
consisting of a circular Bragg resonator on a broadband reflector. This result is plotted by
the blue circle with a cross in figure 1.2. Reimer et al. [9] developed the QD in a photonic
nanowire. It was further shown by Bulgarini et al. [55] that the tapered nanowire can
guide the broadband QD emission into a Gaussian mode with a fidelity of 99 %. Fognini et
al. [7] have further achieved the fidelity of 88 % with a pair collection efficiency of 1.63
% from the nanowire QD sources by quasi-resonant excitation. In that work, they have

further shown that with resonant excitation and detection system with ultra-low timing
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jitter and dark counts it’s possible to achieve unity entanglement. The performance of the
QD nanowire source is plotted by a red circle with a cross in figure 1.2. The red arrow
on the figure 1.2 depicts the projection of where we want to take the performance of our
nanowire QD sources by erasing its FSS. However, with an optimized tapering (2°) and
the integration of mirror below the nanowire source, a near unity pair (0.94) collection

efficiency could be achieved.

1.4 Thesis overview

In chapter 2, we describe the background and fundamentals of an InAsP quantum
dot in an InP nanowire waveguide. This includes the band structure, optical transitions,
and biexciton-exciton cascade that leads to a pair of polarization-entangled photons. It
is followed by the discussion on the waveguiding effect of an InP nanowire that effiently
guides the quantum dot photons in the desired direction and the theoretical origin of FSS

in the QD: anisotropic exchange interaction.

In chapter 3, we propose our device design through which we can apply a quadrupole
electric field to the QD inside the nanowire. We then present the theoretical simulations
for the device to show its response to an applied external quadrupole and lateral electric
field. Finally, we show that such a device can correct and erase the FSS of a QD for any

dipole orientation while preserving the QD brightness.

In chapter 4, we present the fabrication recipes of an electrically gated vertical nanowire
device with four gates surrounding the nanowire quantum dot. We present the fabrication
steps for two types of devices. In the first generation of devices, metal gates were fabricated

by patterning the photoresist by UV lithography, and in the second generation of devices,
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metal gates were fabricated by patterning the photoresist by e-beam lithography in order

to achieve a closer spacing of the electrical gates.

In chapter 5, we present optical and electrical measurements performed on our devices.
We performed micro-PL and power dependent-micro-PL to identify the exciton and biexciton
transitions for the UV device. Next, we performed polarization-dependent micro-PL to
measure its intrinsic FSS value (7 peV'). Finally, we show that we can tune the FSS of our
device by applying a quadrupole electric field to 4 peV’, before our device starts leaking
current. We also measured the FSS of the same device as a function of lateral electric field
and showed that we can reduce the FSS to 5 pueV. This lower bound of FSS is expected in
our theoretical model when the dipole orientation of the QD is not aligned with our metal
gates. However, we were limited by an electrical leakage in our device to further reduce

the FSS. We then present the micro-PL measurements performed on the e-beam device.

In chapter 6, we summarise all of our results, discuss the strategies to overcome the

current limitations of our device, and provide an outlook for future research in this field.
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Chapter 2

Quantum dot in a Nanowire:

Fundamentals

In this chapter, we will discuss the fundamental properties of a quantum dot in a
nanowire. We will start by discussing the band structure of the QD and the quantum
confinement of the charge carriers inside the QD that leads to discrete energy shells. Then
we will discuss the optical selection rules, that govern the QD emission spectrum and the
biexciton-exciton cascade in its s-shell, which produces a pair of polarization-entangled
photons. It is followed by the discussion on the waveguiding effect of an InP nanowire
and how it suppresses the total internal reflection at its top due to its tapered geometry.
Finally, we present the theory of anisotropic exchange interaction that couples the spin of
electron and hole in an exciton and causes an energy splitting between the neutral exciton

states known as FSS.
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2.1 Band structure and quantum confinement in quan-

tum dots

Semiconducting quantum dot’s are nanostructures where a low bandgap materials eg.
GaAs, InAsP, are embedded inside a higher bandgap materials eg. AlGaAs, InP. Due to
the Type-I bandgap alignment, the nanoscale region of a low bandgap material forms a
three-dimensional confinement potential for the electrons and holes. In this chapter, we
will keep our discussion to the wurtzite InAsP/InP (quantum dot/nanowire) structure
with cylindrical geometry. However, the underlying physics can also be applied to the
other III-V group direct bandgap semiconductor quantum dots, with different geometries

(hexagonal, triangular, etc.).

Let us start by discussing the DOS of material and how does it change when we reduce
its dimensions (quantum confinement) along its different directions. In Fig. 2.1 (a-d), we
could see how the DOS of material changes from a continuum (bulk) to discreet energy
(quantum dot), as we reduce its dimensions (across its three axes) below its carriers Bohr
radius (ag). The discreet energy levels of the quantum dot can be numerically computed
by performing atomistic calculations and taking into account the many-body effect of all
its atoms(10%). However, this requires a lot of computing time and resources. Therefore,
we will use an effective mass approach [56] to analytically calculate its energy levels. The
main parameters that are required for this calculations are the bandgap values, effective
masses of electron (m), heavy-hole (m},), and the light-hole (m};,) of InP and InAs,P_,
quantum dot with a ternary variable x (values between 0 and 1). The ternary variable x is
the doping concentration of As in the quantum dot and its typical value is around 0.25.
The effective mass for the quantum dot is calculated by linear interpolation of InP and

InAs effective masses, m; (1 — X) +mj,4,X, i = e,hh ]h, and the growth direction for
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Figure 2.1: Plots for density of states vs energy for a material with a confinement
along its different dimensions: (a) Bulk. (b) 1D confinement (quantum well). (c) 2D

confinement (quantum wire). (d) 3D confinement (quantum dot).

the QD is considered to be along the z-axis.

A typical InAsP quantum dot in a nanowire has a height of 4-8 nm and a diameter of
20-30 nm. In Fig.2.2 (a) we sketch the schematic of a typical disc shape InAsP quantum
dot inside a InP nanowire. In this geometry, the axial confinement along the z-direction is
much stronger than the radial direction. Hence, we can treat the confinement along the
axial (z) direction and radial direction (r,#) separately. In the z-direction, the energy level
can be calculated by treating the quantum dot as a finite potential well of a width h. For a
quantum dot with h < 10 nm only a single energy level is confined in the conduction the
valance band for the electron and holes as shown in Fig 2.2 (b) [57]. A heavy-hole form the

ground state of valance band since they have lower confinement energy due to their heavier
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Figure 2.2: Geometry and Bandgap: (a) Sketch of a disk shaped InAsP quantum dot of
height h and dimeter d embedded inside a InP nanowire. (b) A band structure of an InAsg.25Py.75
quantum dot inside the InP nanowire when only a strong confinement along its z direction is

considered.

effective mass. However, the weaker lateral confinement (d>h) further splits this single
confined energy levels into sublevels. The lateral confinement potential can be modeled
as a two-dimensional harmonic oscillator, V(r) = %m*wr, where m* is the effective mass
of the carriers and w is the conduction or valence band harmonic oscillator frequency [57].
In the absence of an external magnetic field this potential can be analytically solved to
give energy eigenstates, E,; = (2n + |l| + 1)hwe/, known as Fock-Darwin states. Here, n
(=0,1,2,..) is the radial quantum number, 1 (= 0, £1, £2,...) is the angular momentum
quantum number of the oscillator and fuww,, is the confinement energy for the electron/hole.

Each energy shell can be occupied by two carriers of the opposite spin due to the Pauli

exclusion principle. By the convention of atomic physics the ground state Ej( is named as
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Figure 2.3: Two dimensional harmonics oscillator shell model: Electrons in a conduction
band with energy levels and spin degeneracy indicated by radial quantum number (n) and angular

momentum quantum number (1).

the s-shell, the degenerate energy levels Fy _;, Ey +1 as p-shell and the degenerate energy
levels Ey 2, 4 o, Ey o are named as d-shell, refer Fig. 2.3. The energy separation between

these shells can be calculated by the following formula [57],

[2AE, 1
AES_p - FL m CE (21)

where, AFE,. is the conduction band offset, m, is the electron effective mass, and R is the

radius of the quantum dot.

2.2 Optical Transitions

The optical transitions between the discreet energy levels of the quantum dot are gov-
erned by the optical selection rules. According to this selection rule, the angular momentum
should be preserved in the electron-hole recombination and the photon generation. The
total angular momentum of the carriers in the band is given by, J = Lpanga + L + S, where

Lpang is the angular momentum of the band, L is the orbital angular momentum of the
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Figure 2.4: Energy band structure of the quantum dot and the allowed optical
transitions between its ground states: (a) Energy Vs momentum band structure of quantum
dot. The conduction band has only one band for j, = 1/2, while the valance band has three bands
for heavy-hole, light-hole and split-off bands. j = 1/2 and j = 3/2 bands are separated in energies
by Ag, and j =3/2 band is further splitted into heavy-hole (j, = 3/2) and light-hole (j, = 1/2)
by App_in- (b) Allowed optical transitions (Al = 0) between the QD conduction and valance
band. Arrows with different color represent the transitions between different shells (s-shell = blue,

p-shell = red, d-shell = green).

orbital in the shell originating from the Fock-Darwin states and S is the carriers spin angular

momentum. The total angular momentum J can be represented by the quantum number j

and its z-component j, € {—j,—j+1,...,j — 1,5} , similarly, the quantum number of the
1

spin is s, with its z-component s, € {—s,—s+1,...,5s — 1, s}.

In the InP, the electron at the conduction band minima occupies the s-like orbitals i.e.
Lpana = 0, while hole at the minima of valence band occupies p-like orbital i.e. Lpang = 1.

The spin angular momentum is % for both electron and holes. Hence, the total angular
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momentum for the s-shell (L = 0) electron will be, j = s = 1 and j, = {—3,+1}, for hole,
J = Lpanda + S?] = {|lband+8‘7 |lband_8|} = {%7 %} with Je = {_%7 _%7 %7 %}7 Jz = {_%7 +%}
respectively.

The hole state, J = % is separated in energy from J = % due to the spin-orbit interaction
(Ao &~ 100 meV’s for InAsP Q.D.), and is known as split-off band. The J = % is further
split into two bands, j, = {+3, —1} (light-hole) and j, = {+3, -2} (heavy-hole). These
bands are degenerate in bulk InAsP. However, in InAsP Q.D. the degeneracy of these
bands are lifted due to the quantum confinement owing to a different effective masses
(m}, > mj,) of hole in these bands and the strain. The Energy vs Momentum (k) band
structure of the InAsP quantum dot is shown in the Fig. 2.4 (a). The conduction band
has the single j, = j:% electron state. While, the valence band has three separate bands
heavy-hole, light-hole and the split-off band. The heavy-hole (j, = :E%) and light-hole
(j. = £3) bands are separated by ten’s of meV’s (Ap,_y,) and the split-off is separated
from the J = 2 band by hundred’s of meV’s (A,,). Hence, we can neglect the split-off band
and light-hole band while considering the ground state transitions of the quantum dots.
The ground state transitions will be between j, = :l:% electron band and j, = :l:% heavy

hole band.

The angular momentum of the circularly polarized photon is +A and its spin is one.

Hence, the selection rule for an electron-hole recombination should be,

(2.2)

Since, the Lpanq in J takes care of Aj, = %1, the transitions between electron and hole

are only allowed when Al = 0 for shells. In Figure. 2.4. (b) the allowed optical transitions
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Figure 2.5: Emission spectrum InAsP/InP nanowire quantum dot source:(a) A broad-
band emission spectrum from a InAsP/InP QD nanowire quantum dot source when excited at
632 nm. The emission at 830 nm corresponds to the wutzite InP nanowire and the emission lines
at 895 blongs to the QD s-shell emissions. (b) A high resolution spectrum of the zoomed in region
of (a) indicated by dotted box. The three emission lines exciton (X), biexciton (XX) and charged

exciton (X7) corresponds to the InAsP QD s-shell emission

between the different shells of conduction and valance band are shown schematically by
an arrow. In Fig. 2.5 (a) we show a typical emission spectrum from a InP/InAsP QD
nanowire quantum dot source when it is excited by continuous HeNe laser at 632 nm. The
emission peak at 830 nm corresponds to the wurtzite InP nanowire bandgap transition [29],
while emission peaks around 895 nm are from InAsP s-shell (ground state) transitions. In

Fig. 2.5 (b) we show the high-resolution spectrum of the zoomed-in region of Fig. 2.5 (a),
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shown by the dotted box. The three emission lines are for exciton (X), biexciton (XX), and
the charged negative exciton (X7) respectively. A standard way of identifying the emission
lines is by performing power and polarization-dependent measurements. The exciton and
biexciton has a linear and quadratic dependence on an excitation power respectively, while
the charged exciton has no dependence on the linear polarization, unlike exciton and

biexciton transitions.

2.3 Biexciton-Exciton Cascade

The energy s